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SERIES FOREWORD

The emergence of nanotechnology has reached impressive 
heights in recent years and the development of special nanodevic-
es and nanomaterials has found intriguing applications in agricul-
ture and food sector. Most of the investigated nanotechnological 
approaches initially aimed to solve evolving problems in the agri-
food industry in order to impact on the economic potential. Soon 
after the implementation of new technologies and approaches that 
were using nanostructured materials, the worldwide concern was 
rapidly extended to numerous applications that could be devel-
oped by using the science of nanosized materials. Smart materials, 
biosensors, packaging materials, nutraceuticals, and nanodevices 
have been designed to address numerous agri-food related issues 
with direct impact in health, economy, ecology, and industry. As 
the engineering of nanostructures has constantly progressed and 
extended its applications, there is virtually unlimited potential in 
this sector. However, the widely differing opinions on the applica-
bility and usefulness of nanotechnology between both specialists 
and the general public has hampered progress. The main concern 
manifested by people is related to the potential risk for health and 
the environmental impact of the recently developed nanoengi-
neered materials and devices. Therefore, current approaches are 
strictly considering these concerns when designing nanotechno-
logical solutions for agriculture and food sectors.

This multivolume series was developed by the constant need 
to discover current inquiries and approaches on the field of agri-
food science and also to learn about the most recent progress, 
approaches, and applications that have emerged through 
nanotechnology.

As agriculture is the backbone of most developing countries, 
nanotechnology has the potential to revolutionize the agriculture 
and food sector by promoting productivity through genetic im-
provement of plant and animal foods. It can also ensure the deliv-
ery of drugs, genes, and pesticides to specific sites at cellular levels 
in targeted plants and animals, by limiting side effects. Nanotech-
nology can be used to evaluate gene expression under different 
stress condition for both plant and animal foods through the de-
velopment of nanoarray-based gene-technologies. Additionally, 
this technology can detect fertilizers, pesticides with high preci-
sion by smart nanosenors for an adequate management of the 
natural resources. Moreover, numerous industrial-related applica-
tions with direct impact on economy have emerged. For example, 
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nano- and micro-structured arrays can detect the early presence 
of pathogens, contaminants, and food spoilage factors. Other ap-
plications for this technology are smart integration systems for 
food processing and packaging, as well as nanoemulsion-based 
decontaminants for food equipment and storage compartments, 
and nanoparticles that facilitate the bioavailability and delivery of 
nutrients directly to cells.

The potential benefits of nanotechnology for agriculture, food, 
fisheries, and aquaculture were identified and supported by many 
countries, which invested a significant amount of money in the 
development of applications. Also, numerous campaigns are cur-
rently trying to increase awareness on the developing process 
and recent technologies in order to influence the acceptance of 
customers. Although nanoagri-food industrialized concept could 
help to find a sustainable solution for the current global food 
crisis, the offered advantages should balance the concerns regard-
ing soil, water, environment, and health related issues that such 
approach could bring.

The series entitled Nanotechnology in the Agri-Food Industry 
brings comprehensive and recent knowledge regarding the im-
pact of the science of nanometer-sized materials on the field of 
agriculture and food industry, but also discuss the current inqui-
ries regarding risks of these applications in all relevant fields such 
as environment and health, aiming to increase awareness to a 
wider amount of readers.

Dr Alina Maria Holban
Department of Microbiology and Immunology, Faculty of Biology, 

University of Bucharest, Romania

Dr Monica Cartelle Gestal
Harvill Lab, University Of Georgia, Athens, GA, United States



xxv

SERIES PREFACE

About the Series (Volumes I–X)
In a permanently changing society, health and well being re-

main the key drivers for the food industry. Despite the techno-
logical progress made in the agri-food industry, a true food crisis 
emerges in several areas of the globe. This can be explained by in-
sufficient food but mostly by inadequate food for a very distinct 
range of consumers. In this context, innovative technologies repre-
sent the core throughout the whole food chain from raw materials/
ingredient sourcing, food processing, quality control of finished 
products, and packaging. Nanotechnology, coupled with novel in-
terdisciplinary approaches and processing methods, has enabled 
some important advances recently flourishing in many of these 
areas. The science of nanosized materials can improve and even 
resolve the huge challenges faced by the food and bioprocessing 
industries for developing and implementing systems that can pro-
duce qualitative and quantitative foods that are safe, sustainable, 
environment friendly, and efficient. This emerging tool finds its 
applications in various fields and represents an endless approach 
for the development of innovative strategies in food development, 
processing, and packaging.

This multivolume set aims to bring together the most recent 
and innovative applications of nanotechnology in the agri-food 
industry, but also to present the future perspectives in the design 
of new or alternative foods.

The series contains 200 chapters organized in 10 volumes, pre-
pared by outstanding research groups that made significant im-
pacts on the field of nanotechnology and food-related research 
sectors. This comprehensive set represents an updated and highly 
structured material for undergraduate and postgraduate students 
in food science, biotechnological, engineering fields, but also a 
valuable resource of recent scientific progress, along with most 
known applications of nanomaterials on the food industry to be 
used by researchers, engineers, and academia. Moreover, novel 
opportunities and ideas for developing or improving technologies 
in the agri-food industry by innovative companies, biotechnologi-
cal industries, and other economical structures are highlighted 
and their potential is widely dissected. This series may be also 
valuable for the wide audience interested in recent nanotechno-
logical progress in the agri-food field worldwide.
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These 10 volumes cover almost all aspects related to the ap-
plications of Nanotechnology in the Agri-Food Industry and are 
named as:

Volume I Novel Approaches
Volume II Encapsulations
Volume III Emulsions
Volume IV Nutraceuticals
Volume V Nutrient Delivery
Volume VI Food Preservation
Volume VII Food Packaging
Volume VIII NanoBioSensors
Volume IX Water Purification
Volume X New Pesticides and Soil Sensors
Each volume contains 20 chapters, which were carefully com-

posed and illustrated to highlight the most innovative and inten-
sively investigated applications of nanotechnology on particular 
wide interest domains of the agri-food industry field.

Alexandru Mihai Grumezescu
University Politehnica of Bucharest,  

Department of Science and Engineering  
of Oxide Materials and Nanomaterials, 

Faculty of Applied Chemistry and  
Materials Science, Bucharest, Romania

http://grumezescu.com/

http://grumezescu.com/
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VOLUME PREFACE

Food flavor and aroma represent key elements in establish-
ing food quality. Therefore, it is imperative to choose a method 
for protecting them from reduction in flavor and aroma thresh-
olds. Nanoencapsulation is a new technique to protect food in-
gredients, such as flavor and aroma via isolation and protection 
from the environment with a matrix or a nanometer scale shell. 
The major benefits of nanoencapsulation for food ingredients in-
clude improvement in bioavailability of flavor and aroma ingredi-
ents, improvement in solubility of poor water soluble ingredients, 
higher ingredient retention during production process, higher ac-
tivity levels of encapsulated ingredients, improved shelf life, and 
controlled release of flavor and aroma. However, nanoencapsula-
tion is not widely utilized in the food industry due to costs and 
complexity of this approach. This volume discusses the main na-
noencapsulation processes such as: spray drying, melt injection, 
extrusion, coacervation, and emulsification. The materials used in 
nanoencapsulation including: lipids, proteins, carbohydrates, cel-
lulose, gums, food grade polymers; and applications that benefit 
from this technology such as controlled release, protections, and 
taste masking are explained in detail. Volume II contains 20 chap-
ters, prepared by outstanding international researchers from Bra-
zil, Chile, China, Egypt, France, Hungary, India, Mexico, Poland, 
Romania, Russia, Serbia, Spain, and USA.

In Chapter 1, Electrohydrodynamic Microencapsulation Tech-
nology, Anatol Jaworek present an up-to-date overview regarding 
electrospray drying, electrospray extrusion, electrospray coextru-
sion, electrospray mixing, electrospray cooling, submerged elec-
trospray, and electrospray encapsulation in reactive gas. Various 
applications of this technology in the food industry are discussed.

Sushama Talegaonkar et al., in Chapter 2, Exploring Nanoen-
capsulation of Aroma and Flavors as New Frontier in Food Tech-
nology, review the most investigated nanocapsules, versatile ma-
trices, methods, and analytical techniques of nanoencapsulation 
of flavors and aromas.

Chapter 3, prepared by Juan Felipe Osorio-Tobón et al., Nano-
encapsulation of Flavors and Aromas by Emerging Technologies, 
offers an up-to-date overview related to the application of emerg-
ing technologies based on supercritical fluids and ultrasonication 
to form nanoparticles/nanoemulsions of essential oils with appli-
cations in the design of flavor and aroma agents in various food 
products, besides to add value to these products and to promote 
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innovation in food industry through the obtaining of flavorings 
considered safe obtained by applying clean technologies.

In Chapter 4, Cyclodextrins as Encapsulation Material for Fla-
vors and Aroma, Miriana Kfoury et al., provides a brief history of 
aroma and cyclodextrins (CD) and discuss encapsulation tech-
niques as well as characterization methods for CD/aroma or fla-
vor inclusion complexes. This chapter also discusses parameters 
controlling the stability binding of aroma and flavors to CDs and 
reports the beneficial effects of encapsulation on the properties 
of aroma.

Maria G. Semenova et al., in Chapter 5, Structural and Thermo-
dynamic Insight Into the Potentiality of Food Biopolymers to Behave 
as Smart Nanovehicles for Essential Polyunsaturated Lipids, review 
the key structural and thermodynamic properties underlying the 
novel functionality of the complex nanosized particles formed by 
biopolymers (individual caseins; sodium caseinate and covalent 
conjugates of sodium caseinate with maltodextrins) and polyun-
saturated lipids. This new functionality includes both the protec-
tion against oxidation for the lipids, and their controllable release 
under the action of digestive enzymes in vitro.

Chapter 6, Encapsulation: Entrapping Essential Oil/Flavors/
Aromas in Food, prepared by Suphla Gupta et al., highlights new 
approaches related to the encapsulation of essential oil/flavor or 
aroma compounds in food and the importance of these approach-
es in food industry.

Tarik Bor et al., in Chapter 7, Antimicrobials From Herbs, Spices, 
and Plants, present the current knowledge about the role of several 
natural products and nanoencapsulation strategies to enhance the 
efficacy of these products and several methods of encapsulation 
processes and their activity in growth media and food systems.

Lucia Zakharova et al., in Chapter 8, Supramolecular Strategy 
of the Encapsulation of Low-Molecular-Weight Food Ingredients, 
describe the recent progress in the field of engineering of deliv-
ery and storage systems for food ingredients. Several lines of in-
vestigations have been reviewed, including the amphiphile and 
polymer-based nanocontainers, supramolecular guest–host strat-
egies involving macrocycle platforms, as well as binding/release 
behavior of loads.

Kata Trifković et al., in Chapter 9, Novel Approaches in Nano-
encapsulation of Aromas and Flavors, discuss the current state 
of knowledge on nanoencapsulation methods of aromas and 
flavors, overviewing the processes and techniques utilized for 
coacervation, nanoprecipitation, molecular inclusion, and pro-
duction of nanoparticulate formulations such as nanoemulsions, 
liposomes, solid–lipid nanoparticles (SLNs), and nanostructure 
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lipid carriers (NLCs). Furthermore, the chapter gives insights into 
physicochemical and morphological characteristics of aroma 
nanoencapsulates, summarizing advantages, and limitations of 
aroma nanoscale formulations versus microparticle formulations 
produced by conventional microencapsulation technologies. 
Finally, a critical prospect of potential application of aroma na-
noencapsulates in real food products is given, supported by ex-
amples available in the recent literature.

Daibing Luo et al., in Chapter 10, Nanocomposite for Food 
Encapsulation Packaging, present new concepts of nanotechnol-
ogy in the overall food industry and its benefits in providing rich 
nutritional value, quality packaging, smart sensing and relevant 
research for safer techniques for incorporation of nanotechnology 
in the food industry.

Leslie Violeta Vidal Jiménez, in Chapter 11, Microencapsulated 
Bioactive Components as a Source of Health, reveals the current 
knowledge about microcapsules with antioxidant capacity from 
a maqui (Aristotelia chilensis) leaf extract by emulsification and 
subsequent retention after microencapsulation.

Sergio Enrique Flores-Villaseñor et al., in Chapter 12, Biocom-
patible Microemulsions for the Nanoencapsulation of Essential Oils 
and Nutraceuticals, report an up-to-date overview about food-
grade microemulsions, examined and compared with the exam-
ples based on physical characteristics: pH, conductivity, viscosity, 
particle diameter, shape, zeta potential, and surface tension.

Sandra Pimentel-Moral et al., in Chapter 13, Nanoencapsula-
tion Strategies Applied to Maximize Target Delivery of Intact Poly-
phenols, present the state of the art in encapsulation technologies 
for delivery of bioactive compounds, focused on polyphenols. For 
each type of delivery system the authors describe its properties, 
advantages, and limitations.

Jayamanti Pandit et al., in Chapter 14, Nanoencapsulation 
Technology to Control Release and Enhance Bioactivity of Essential 
Oils, report an up-to-date overview about various nanoencapsula-
tion systems used for essential oils with their methodology, prop-
erties, advantages, and limitations. This review also gives a brief 
account of various products available on market.

Sumit Gupta and Prasad S. Variyar, in Chapter 15, Nanoen-
capsulation of Essential Oils for Sustained Release: Application as 
Therapeutics and Antimicrobials, highlight the various categories 
of nanocarriers, that is, polymeric nanoparticulate formulations, 
lipid-based nanoparticles such as nano- and microemulsions, 
liposomes, and solid lipid nanoparticles. Apart from polymeric 
and lipid nanocarriers, cyclodextrin-based molecular inclusion 
complexes are also discussed. Various uses of nanoencapsulated 
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flavors for therapeutics, antimicrobials, and sustained release for 
fragrances are also detailed.

Shailesh Ghodke et al., in Chapter 16, Nanoencapsulation- 
and Nanocontainer-Based Delivery Systems for Drugs, Flavors, 
and Aromas, outline the different types of nanocontainers, the 
mechanism of response, and the different active molecules such 
as drugs, flavors, and aromas for delivery purposes. The potential 
further developments of sustainable biocompatible nanocontain-
ers are also broadly covered.

Paweł K. Zarzycki et al., in Chapter 17, Cyclodextrins-Based 
Nanocomplexes for Encapsulation of Bioactive Compounds in 
Food, Cosmetics, and Pharmaceutical Products: Principles of 
Supramolecular Complexes Formation, Their Influence on the 
Antioxidative Properties of Target Chemicals, and Recent Advanc-
es in Selected Industrial Applications, summarize the literature 
search concerning general information about cyclodextrins and 
related macrocycles, their supramolecular nanocomplexes with 
low-molecular mass compounds, physicochemical properties of 
host-guest complexes, encapsulation of bioactive target compo-
nents in food and cosmetics products as well as pharmaceutical 
formulations, based on the research communications, mainly 
published over a period of the past 3 years (2012–15). In addition, 
reviews concerning the use of macrocyclic nanoadditives as the 
ingredient of food, pharmaceutical formulations, cosmetics, and 
related products that are considered theoretically important as 
well as present on the market are reported.

Eva Fenyvesi and Lajos Szente, in Chapter 18, Nanoencapsula-
tion of Flavors and Aromas by Cyclodextrins, present an up-to-date 
overview regarding the technological advantages, such as stable, 
standardized compositions, improved wettability, simple dos-
ing, and handling of dry powders, reduced packaging and storage 
costs, more economical manufacturing processes and reduced 
labor costs, which justify cyclodextrins application in the food in-
dustry. The possible methods for formulation of flavors and aro-
mas are discussed and the analytical methods for their character-
ization are described. Several examples of the application in foods 
and beverages are given.

Mohamed H. Abd El-Salam and Safinaz El-Shibiny, in Chap-
ter 19, Natural Biopolymers as Nanocarriers for Bioactive Ingredi-
ents Used in Food Industries, present updated knowledge about 
natural biopolymers certified as GRAS (generally recognized safe) 
either in use or of potential use as nanocarriers for bioactive ingre-
dients, methods of their fabrication, and applications in encapsu-
lation of different groups of bioactive food ingredients.
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Siddhartha Singha et al., in Chapter 20, Process Technology of 
Nanoemulsions in Food Processing, present an up-to-date under-
standing of emulsions involving nanosized dispersed phase. This 
chapter also address some specific issues to implement them into 
various applications in food systems. Thermodynamics of both ki-
netically stable emulsions and so-called spontaneous nanosized 
emulsions have been included in the scope of the text. However, 
main attention has been given to the production technology of 
kinetically stable emulsions both via high-energy and low-energy 
routes. Critical examination of established methods like high-
pressure homogenization, microfluidization, and ultrasonic ho-
mogenization as well as some emerging techniques has been 
done. A brief survey of the nanosized emulsions (both commercial 
and promising one) applicable in food processing concludes the 
chapter.
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1 Introduction
Electrohydrodynamic microencapsulation is a method of fab-

rication of microcapsules by employing the same physical pro-
cesses as in electrohydrodynamic atomization (EHDA), and can 
be regarded as a version of EHDA. Electrohydrodynamic atomiza-
tion (also known as electrospraying) is a process in which liquid 
flowing from a capillary nozzle is subjected to electrical forces 
due to a strong electric field generated nearby the nozzle, usually 
by imposing a high electric potential. Driven by an electric field, 
the electric charge carriers move within the liquid and distribute 
under the liquid surface of the meniscus. First, the electric forces 
cause deformation of the natural spherical meniscus to a coni-
cal shape, known as the Taylor cone. This cone results as an ef-
fect of equilibrium of surface tension, and electrical and gravita-
tional forces. When the electric charge accumulated at the apex 
of this cone generates an electric field sufficiently high to pro-
duce electrodynamic pressure that overcomes the liquid surface 
tension, a thin liquid jet emerges from the apex, which removes 
the excess charge. This electrically charged jet is accelerated by 
an electric field and disrupts into droplets at its free end due to 
electrical repulsion of charges placed at its surface. The process 
of droplets production can be a pulsating or continuous one, de-
pending on liquid physical properties, liquid flow rate, and the 
magnitude and polarity of high potential imposed to the nozzle. 
In order to maintain the liquid flow from this meniscus, a con-
tinuous liquid supply with flow rate equal to that of expelled liq-
uid is necessary. No additional mechanical energy, other than 
that from the electric field, is applied for electrohydrodynamic 
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atomization. Droplets produced by electrohydrodynamic atomi-
zation bear an electric charge of magnitude usually about half of 
the Rayleigh limit. The Rayleigh limit is the magnitude of electric 
charge on a drop that produces repulsive force equal to the sur-
face tension force.

Devices used for electrospraying comprise of a liquid feeder, 
usually a syringe pump, a capillary nozzle, usually a blunt hy-
podermic needle, and high voltage supply. Typically, the voltage 
applied to capillary for electrospraying is within 5 and 30 kV of 
positive polarity, and the liquid flow rate varies between 0.1 and 
10 mL/h depending on liquid physical properties.

Electrospraying has many advantages over conventional me-
chanical spraying systems with droplets charged by induction:
1. Droplets size distribution is usually narrow, with low standard 

deviation, and in some spraying modes (dripping and micro-
dripping, or for cone-jet mode with jet breakup due to varicose 
instabilities), the droplets can be of equal size.

2. Droplets’ sizes can be smaller than those available from con-
ventional mechanical atomizers, and can be smaller than 1 µm.

3. Droplets are electrically charged to a higher magnitude that 
causes their self-dispersion in the space and lack of droplet ag-
glomeration and coagulation.

4. The motion of charged droplets can be easily controlled (in-
cluding deflection or focusing) by electric field that allows in-
creasing deposition efficiency on an object.
Employing the same electrohydrodynamic processes, elec-

trohydrodynamic atomization has been employed as technology 
from microcapsules production.

2 Electrohydrodynamic Atomization
The meniscus and jet at the outlet of capillary nozzle can 

behave in various ways depending on voltage magnitude at the 
capillary, the flow rate at which the liquid is fed to the nozzle, 
nozzle inner and outer diameters, and liquid properties: surface 
tension, viscosity, electrical conductivity, electric permittivity, 
and density. Those behaviors have been classified as electro-
spraying modes (Zeleny, 1915; Hayati et al., 1987a,b; Cloupeau  
and Prunet-Foch, 1990, 1994; Grace and Marijnissen, 1994; 
Shiryaeva and Grigorev, 1995; Jaworek and Krupa, 1999a,b). 
There is still a lack of general theory predicting the modes of 
electrospraying and properties of electrosprayed droplets, and 
phenomenological classifications, based on visual observations 
of geometrical forms of meniscus, jet, and droplet, are the most 
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frequently used. The modes of spraying can be grouped into two 
main  categories:
•	 Dripping	modes,	producing	fragments	of	liquid	ejected	directly	

from the capillary nozzle due to electrohydrodynamic distur-
bance of the meniscus. These fragments can be in the form of 
regular large drops (dripping mode), micron-size droplets (mi-
crodripping mode), or elongated spindles (spindle or multi-
spindle modes). When irregular fragments of liquid are ejected 
in random directions from elongated irregular meniscus, this 
mode is classified as ramified meniscus. At some distance from 
the nozzle outlet, however, these fragments of liquids contract 
into spherical droplets under the action of surface tension 
force.

•	 Jet	 modes,	 which	 comprise	 those	 modes	 in	 which	 a	 fine	 liq-
uid jet or a few jets emerge from the meniscus. The jet can be 
smooth and stable at a certain distance, much larger than its 
diameter, stretching from the meniscus apex along the nozzle 
axis (cone-jet mode), can oscillate in one plane lying on the 
capillary axis (oscillating mode), or rotate around the capillary 
axis (precession mode). In certain circumstances, a few jets 
are simultaneously ejected at the circumference of the capil-
lary, and this mode is known as multijet mode. In each case, 
the jet at its end disintegrates into fine droplets, which are one 
or two orders of magnitude smaller than in the case of dripping 
modes.
In practice, the most useful are those modes that generate 

droplets of equal size in regular manner, that is, dripping, micro-
dripping, and cone-jet modes. These modes have been employed 
for electrohydrodynamic microencapsulation processes. In the 
cone-jet mode, the liquid meniscus assumes the form of regular, 
axisymmetric cone, known as the Taylor cone (Taylor, 1964; Taylor 
and van Dyke, 1969), with fine jet (<100 µm in diameter) formed 
at its apex. The free end of the jet undergoes electrohydrodynamic 
instabilities of one of two types: varicose or kink (Cloupeau and 
Prunet-Foch, 1990, 1994). The produced droplets are of nearly 
monodisperse size.

In the case of dripping and microdripping modes the droplets 
are monodisperse. However, in some cases, a droplet detaching 
the meniscus can be connected to it with a thin thread, which 
breaks into one or a few droplets due to electric charge accumu-
lated on it. These droplets are called satellite droplets, and are 
much smaller than the main drop. At higher electric fields, a simi-
lar thread can be produced at the front side of the droplet, which 
assumes a conic form, generating thus additional plume of sibling 
droplets, resembling a fine mist. Measurements have shown that 
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in the presence of satellite or sibling droplets, the size distribution 
of droplets is bimodal or multimodal. In order to remove these 
satellite droplets, a screening plate electrode with circular open-
ing coaxial with capillary nozzle, placed some distance from the 
nozzle, is used (Hong et al., 2008).

The net charge on the droplet detaching the jet is that on the 
jet length from which the droplet was formed, which equals to the 
wavelength λ of waves generated on the jet (Schneider et al., 1967; 
Brandenberger et al., 1999):
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(1.1)

where R
cyl

 is the radius of charging cylindrical electrode, U is the 
potential of this electrode and R

jet
 is the mean radius of the jet 

within the charging electrode.
For inviscid liquid, the wavelength is:

λ π= d2 jet 
(1.2)

where d
jet

 is the diameter of the undisturbed jet.
The size of droplets in electrospray is of fundamental impor-

tance for micro- and nanoparticle or microcapsules production. 
The mean size of the droplets produced by the cone-jet mode was 
determined theoretically and was confirmed by experimental re-
sults. Fernandez de la Mora and Loscertales (1994) determined the 
following equation for the droplet diameter produced in cone-jet 
mode of electrospraying:
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where α is a constant depending on spray conditions and liquid 
permittivity, k

l
 is the liquid conductivity, ε

0
 is the permittivity of 

the free space, ε
r
 is the dielectric constant of liquid, and Q

l
 is the 

liquid flow rate.
Based on the scaling laws, Gañan-Calvo (1997, 1999) have ob-

tained another equation for the size of droplet in cone-jet mode:
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where ρ
l
 is the liquid density, σ

l
 is the surface tension of the liquid, 

and α was assumed to be equal 2.9 in this case.
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Chen and Pui (1997) developed a model, which predicts the drop-
let size in the cone-jet mode, depending on permittivity of the liquid:

α ε
ε ε
κ
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(1.5)

The variable α(ε
r
) depends on the relative permittivity of liquid 

(Chen and Pui, 1997):

α ε ε ε= − +− −( ) 10.9 4.08r r
6/5
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 (1.6)

Hartman et al. (2000), for the cone-jet mode obtained:
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Regardless of the model developed, it can be concluded that 
the size of droplets is proportional to the square or cube root of 
liquid flow rate Q

l
, and can be decreased by increasing liquid sur-

face tension or conductivity.
These scaling laws of droplets size distribution were confirmed 

by many experiments for a single and two coaxial jets (Gañan- 
Calvo, 1999; Lopez-Herrera et al., 2003; Barrero et al., 2004; Bo-
canegra et al., 2005; Mei and Chen, 2007), and can be applied for 
all techniques of electrospray encapsulation.

The minimum flow rate at which the cone-jet mode can oper-
ate at steady-state is (Barrero and Loscertales, 2007):

σ ε ε
ρ κ

≈Qmin
l 0 r

l l 
(1.8)

In this case, the size of droplets can be on the order of 1 µm, 
when the liquid’s electrical conductivity is 10−3 S/m (water). The 
droplet’s size decreases to about 10 nm when the conductivity is 
of 1 S/m (liquid metal).

Scheideler and Chen (2014) found the scaling law for the mini-
mum flow rate of highly viscous liquids:
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Poncelet et al. (1999a,b) assumed that the effect of voltage can 
be considered as decreasing the effective surface tension of liquid:
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With this assumption, the effect of voltage on droplet diam-
eter in microdripping mode was determined by Poncelet et al. 
(1999a,b):

= −
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where d
0
 is the droplet diameter for U = 0, and the critical volt-

age U
cr

 of transition from dripping mode to microdripping mode 
is (Poncelet et al., 1999a,b):
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where d
c
 is the inner diameter of the capillary, k is the parameter 

whose value depends on characteristic times of the formation of 
liquid drop.

The effect of voltage polarity on the critical voltage for micro-
drops formation and on the size of droplets has been explained by 
Poncelet et al. (1999a,b) for the case of sodium alginate solution. 
For negative polarity of the nozzle, the negative alginate polyelec-
trolyte ions migrate from the solution to the surface due to repul-
sive electric field. The mobility of these ions at negative polarity of 
nozzle is lower than Na+ ions at positive polarity, and their migra-
tion to the meniscus surface is much longer than Na+ ions. For the 
same magnitude of voltage and flow rate, the surface charge den-
sity for the negatively charged nozzle is lower, and, consequently, 
the effective surface tension of liquid will be higher than for posi-
tive polarity that results in larger droplets and higher critical volt-
age of droplets formation. For positive polarity, the Na+ ions build 
faster the surface charge on the meniscus surface, which reduces 
the effective surface tension that causes smaller droplets genera-
tion at lower critical voltage.

Physical restrictions regarding cone-jet or microdripping 
modes generation result from liquid properties. However, because 
of complexity of these phenomena and the fact that parameters of 
liquid important to electrospraying (electric conductivity, viscosity, 
density, surface tension, electric permittivity) cannot be changed 
independently, the regimes of electrospraying modes operation 
have not been studied systematically for all parameters, and have 
not been determined unambiguously. For example, the effect of 
liquid conductivity on cone-jet mode generation determined 
by different authors varies as follows: 10–5 – 10–11 S/m by  Mutoh 
et al. (1979), 10–1 – 10–11 S/m by Smith (1986), or 10–1 – 10–9 S/m by 
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Cloupeau and Prunet-Foch (1988). Nowadays, it is assumed that 
semiconducting liquids, which can be sprayed in cone-jet mode 
by electrohydrodynamic method, are those of conductivity rang-
ing from 10–4 to 10–8 S/m. Smith (1986) also found that liquids with 
surface tension higher than 50 mN/m cannot be atomized by elec-
trostatic forces.

3 Micro- and Nanoencapsulation 
Techniques

Encapsulation is a method of capturing of solid particles, liq-
uid droplets, or gas bubbles, in a solid or liquid envelope, made 
of another immiscible material. Two types of capsules are pro-
duced: core/shell and particle/matrix (Fig. 1.1). In the first case, 
the core material in the form of continuous phase is surrounded 
by a membrane-like envelope, called shell, while in the second 
case the micro/nano particles or micro/nano droplets, forming 
a dispersed phase, are uniformly distributed within a homoge-
neous solid-phase matrix. Material forming the shell in micro-
capsule is called also envelope, coating, membrane, or external 
phase. Micro- and nanoencapsulation within a solid phase is 
frequently considered as a “conversion” of liquid phase to solid 
phase (or a liquid to powder) with physical and chemical proper-
ties of the shell or matrix. Such particles can be fluidized in order 
to their pneumatic transportation or further processing. Under 
certain circumstances, the core material can be released by diffu-
sion through the shell or matrix, or via dissolution, volatilization, 
or removing the shell material by another way. Microcapsules 
find application mainly in food, pharmaceutical, or cosmetic in-
dustries, and in medicine therapy.

Figure 1.1. Core/shell (a) and particles/matrix (b) types of microcapsules.
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An important problem with microcapsule formation is proper 
selection of shell material for a specific application of the cap-
sules. With respect to intra- and intermolecular interactions of 
micro- and nanocapsules, the responsive chemical composi-
tion of monomer unit, its molecular weight and its physical and 
chemical characteristics, such as hydrogen bonding, electrostatic 
interactions, and hydrophobic interactions, have to be taken into 
account (de Vos et al., 2009). Usually, various types of polymers, 
natural or synthetic, are used for microcapsules production.

In food industry, by microencapsulation an environment-
sensitive core material is protected by shell that allows slowing 
down of its degradation and prolongs the shelf life of the prod-
uct (Desai and Park, 2005). Microencapsulation is usually used for 
the protection of cultures, vitamins, flavors, dyes, enzymes, salts, 
sweeteners, acidulates, nutrients, or preservatives against the en-
vironment. Depending on shell material physical properties, the 
transfer rate of core material to the outside environment can be 
controlled by temperature, mechanical stress, shell dissolution, 
changing pH of liquid environment, or the activity of enzymes 
(Desai and Park, 2005).

In case of drug delivery by micro- or nanoencapsulation, the 
core material containing the medicine can be transported by 
blood-vessel system to a target organ where it is released in a con-
trolled manner (Jono et al., 2000; Mishra et al., 2010). Of particular 
interest for drug delivery applications are porous capsules. Active 
substances housed within shell or matrix diffuse through the pores 
of microcapsule and can modify physical and chemical properties 
of such particle, which can be used as a novel medicine material 
tailored to a specific therapy. Due to their designed porous micro-
structure and large specific surface area, microcapsules can be ap-
plied as drug carriers or scaffolds in tissue engineering (Wu and 
Clark, 2007, 2008). The goal of targeted drug delivery is to mini-
mize the risk-to-benefit ratio and eliminate side effects (Zamani 
et al., 2013).

In medicine therapy, via bioencapsulation, the tissue, DNA, 
or other biologically active substances are captured within semi-
permeable membrane to protect the enclosed biological struc-
tures from potential hazardous processes in environment (de Vos 
et al., 2009; Orive et al., 2003a,b, 2004, 2014). Microencapsulation 
of cells is a method of immobilization of bioactive cells within a 
microparticle formed by a polymer membrane. Such a membrane 
permits free transport of nutrients and oxygen to the cells with suf-
ficient rate, and release of therapeutic protein or insulin and waste 
products outside. Encapsulation allows protection of entrapped 
cells from mechanical stress and, in the case of allergenic tissue, 



 Chapter 1 ElEctrohydrodynamic microEncapsulation tEchnology  9

from host’s immune response. Microencapsulation of cells is used 
in regenerative medicine in order to overcome the difficulties with 
organ graft rejection and minimize the side effects associated with 
the use of immunomodulatory protocols or immunosuppressive 
drugs, for acceleration the process of organs regeneration, or for 
drug delivery for therapeutic purposes (Orive et al., 2014).

In agrochemistry, microcapsules are applied in order to limit 
environment pollution by controlling the release rate of insecti-
cides or pesticides. In this way, the quantity of active substance 
necessary for a given application can be decreased (Hirech 
et al., 2003). In textile industry, fragrances added to textile and 
skin softeners enclosed in microcapsules can be released step-
wise, elongating the time of their activity (Nelson, 2002). Phase-
change materials used for latent heat storage/recovery were also 
produced in the form of microcapsules (Jin et al., 2008; Li and 
Li, 2007).

Conventional techniques of micro- and nanoencapsulation 
encompass (Gouin, 2004; Desai and Park, 2005); Ye et al., 2010; 
 Jyothi et al., 2010; Mishra et al., 2010; Nedović et al., 2001;  Nedović 
et al., 2011):
1. Spray drying (Edris and Bergnstahl, 2001; Kaushik and Du-

reja, 2015). In this process, the encapsulated material is ho-
mogenized with the material forming the matrix, and next this 
mixture is atomized by any type of atomizer. The solid particle/
matrix structure is formed after solvent evaporation in hot air.

2. Extrusion (sol–gel encapsulation). By this process a colloidal 
suspension (sol) is gelatinized after spraying into a gelling 
bath, to form a network in a continuous phase (matrix) bearing 
the dispersed phase (Gouin, 2004; Herrero et al., 2006).

3. Coextrusion, which is a process of simultaneous spraying of 
two liquids from two coaxial nozzles. Core liquid is pumped 
through the inner nozzle, while the shell material is pumped 
through the outer one (Sze et al., 2002). A version of coextru-
sion is the flow-focusing method developed by Gañan-Calvo 
et al. (2015) and Lopez-Herrera et al. (2003).

4. Spray cooling (spray chilling). This process proceeds by 
hardening the matrix material at normal temperature after 
dispersion of the core and matrix mixture at a higher tem-
perature (Desai and Park, 2005). Some kinds of paraffin, wax, 
diacylglycerols, fat, or stearin are used as matrix material in 
this process.

5. Fluidized-bed coating. By this process, larger particles (core 
material of the size of about 100 µm) are fluidized in gas-
eous phase, and in this state are mixed with smaller particles 
(usually about 1 µm) or fine droplets (De et al., 2002; Szafran 
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et al., 2012). These small particles form a self-assembled mono-
layer on the surface of a core particle due to electrostatic forc-
es, when a contact potential is formed between them  because 
of the different forbidden energy band or different work func-
tions of those materials. The particle layer can next be stabi-
lized by spraying a coating formulation. When fine droplets are 
used, they also form a thin layer on the particle surface and the 
shell is obtained after solvent evaporation.

6. Emulsification. Core liquid in emulsified in a continuous 
phase, which will be the shell material, or will form a suspen-
sion in the matrix. The shell material can next be hardened 
via gelling or solvent evaporation from the atomized suspen-
sion (Tiarks et al., 2001; Jafari et al., 2006). Two combinations 
of emulsions, water/oil emulsion and oil/water emulsions, are 
the most commonly used as liquid/liquid microcapsules.

7. Coacervation. In this process, two immiscible soles are sepa-
rated from the initial solution after addition of an electrolyte. 
In the next step, the separated hydrocolloids are deposited 
around an active ingredient suspended in the same media, 
forming a shell over it. The film thickness depends on pH, 
temperature, ionic strength, and humidity (Fery et al., 2004; 
Gouin, 2004; Mishra et al., 2010).

8. Solvent extraction/evaporation. The process consists of four 
major steps: (1) dissolution or dispersion of core material (bio-
active compound) in an organic solvent containing matrix ma-
terial, (2) emulsification of the dissolved compound in another 
liquid immiscible with the first one, (3) removal of the solvent 
from the dispersed phase, and (4) filtration or centrifugation 
and drying of the microcapsules (Freitas et al., 2005).

9. Rapid expansion of supercritical solution of core and shell ma-
terials in a supercritical fluid (usually CO

2
) (Fages et al., 2004; 

Dos Santos et al., 2002; Wang et al., 2004; Lee et al., 2008). In 
this process, a rapid pressure drop of the solution flowing from 
a nozzle causes desolvation of shell material, and formation of 
a coating layer around the core.
Electrohydrodynamic atomization has been adapted to some 

of these techniques of microencapsulation in order to increase 
the process efficiency and decrease the size of microcapsules 
(cf. Electrohydrodynamic Micro- and Nanoencapsulation).

The following parameters are used for the characterization of 
the encapsulation process, independently of the method used:

Encapsulation efficiency is defined as the ratio of mass m
ec

 of 
encapsulated core material to the mass m

dc
 of the material used 

for the encapsulation (Leo et al., 2006; Xie et al., 2006b; Xu and 
Hanna, 2006, 2007).
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Loading capacity is the ratio of mass m
ec

 of encapsulated core 
material to the mass m

p
 of produced capsules (Leo et al., 2006; Xu 

and Hanna, 2006, 2007).
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In the case of living cells, the material viability is defined as 
the ratio of live cells n

l
 to the total number of cells in the capsules 

specimen (live n
l
 and dead n

d
) (Townsend-Nicholson and Jayas-

inghe, 2006; Stankus et al., 2006):

=
+

V
n

n n
100%l

l d 
(1.16)

In the case of enzyme particle/matrix system, the efficiency of 
immobilization is defined as (Knezevic et al., 2002):
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−
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where E
0
 and E

f
 are the initial and filtered immobilized enzyme 

activity in the International Unit of enzyme activity, respectively, 
and V

0
 and V

f
 are the initial and filtered volume of the enzyme, 

respectively. The international unit of enzyme activity (1 IU) is de-
fined as the amount of enzyme required to produce 1 µmol of free 
fatty acid per minute.

The release kinetics of core material is characterized by Avra-
mi’s equation (Desai and Park, 2005):

( )( )= −R ktexp
n

 
(1.18)

where R is the retention of core material during release, t is the 
time, k is the release rate constant, and n is a parameter specific to 
the release mechanism.



12  Chapter 1 ElEctrohydrodynamic microEncapsulation tEchnology

4 Electrohydrodynamic Micro- and 
Nanoencapsulation

The following electrospray techniques of micro- and nano-
encapsulation have been developed. Those processes are called 
electro-microencapsulation (Jaworek, 2008).
1. Electrospray drying (Fig. 1.2) (Ding et al., 2005; Xie et al., 2006a; 

Ho and Lee 2011). A colloidal suspension of core material in 
a solution containing an envelope formulation (polymer) is 
electrosprayed and next the shell is solidified by solvent evap-
oration. Usually a surfactant is added to colloidal suspension 
prepared for electrospraying to prevent particle coagulation, 
aggregation, or flocculation. By this method particle/matrix 
microcapsules are formed. Electrospray drying via spraying of 
colloidal suspension requires low concentration of particles in 
order to generate core/shell microcapsules from droplets with 
only one particle inside, and the loading capacity is not very 
high. Depending on the evaporation rate of shell-material liq-
uid, capsules of various morphologies can be produced. When 
the solvent evaporates too fast, irregular and porous capsules 
are obtained. For slow drying, the capsules are spherical, uni-
form in size, and with a smooth shell surface (Xie et al., 2006a).

2. Electrospray extrusion (Fig. 1.3) (Lewińska et al., 2004, 2006; 
Sato et al., 1996a). A colloidal suspension or solution of core 
material is electrosprayed into a gelling bath with gelatinizing 
or polymerizing agent. The agent forms a hard envelope on the 
core material. Ultraviolet light has also been tested for surface 

Figure 1.2. Electrohydrodynamic microencapsulation by electrospray drying.
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polymerization in order to form a hardened envelope. In or-
der to obtain capsules with only one particle within a shell or a 
single droplet, sufficiently low concentration of core particles 
in colloidal suspension is required. But in that case, some of 
the shell droplets are not loaded with particles, and they have 
to be removed. That results in low encapsulation yield of this 
method. In order to prevent particle coagulation, aggregation 
or flocculation, a surfactant, which spontaneously forms mi-
celles around the particle and separates it from the other ones, 
is added to colloidal suspension (Perez-Masia et al., 2014). For 
example, for pure carbohydrate solutions, unstable jetting and 
dripping modes occurred, but with the addition of surface ac-
tive molecules (Tween-20, Span-20, or Lecithin), micelles were 
formed on droplet’s surface that, above certain critical micelle 
concentration, facilitated regular microcapsules production. 
With surfactant concentration increasing, smaller and more 
homogeneous microcapsules have been formed that was at-
tributed to lower surface tension and higher conductivity of 
the solutions (Perez-Masia et al., 2014).

3. Electrospray coextrusion (Fig. 1.4) (Bocanegra et al., 2005; 
 Lopez-Herrera et al., 2003; Loscertales et al., 2001, 2002; Chen 
et al. 2005; Xie et al., 2008). In this process, two different 

Figure 1.3. Electrohydrodynamic microencapsulation by electrospray extrusion 
and gelling.
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 liquids are simultaneously electrosprayed from two coaxial 
capillary nozzles. In this case, the capillaries are at the same 
potential. The core liquid flows from the central capillary, 
while the envelope liquid flows through the annular nozzle 
between the capillaries. Electrospray mode in the coextrusion 
depends mainly on the properties of outer liquid, its viscos-
ity and electric conductivity (Chen et al., 2005). Because of 
that, electrospray coextrusion technique allows spraying of 
core liquid of high resistivity, if the envelope has sufficient-
ly high conductivity (Bocanegra et al., 2005). The properties 
and morphology of such capsules depend on the liquid of 
higher conductivity, called in the literature the driving liquid 
(Lopez-Herrera et al., 2003). The opposite arrangement, that 
is, a conducting core liquid and dielectric envelope, is also 
feasible (Bocanegra et al., 2005). By this method core/shell 
microcapsules are formed with high encapsulation efficien-
cy and loading capacity. For effective microencapsulation 
by this technique, the flow rate of liquid flowing through the 
outer nozzle (shell liquid) should be larger than the flow rate 
of inner-nozzle liquid (core liquid) (Townsend-Nicholson and 
Jayasinghe, 2006).

4. Electrospray cooling (Fig. 1.5) (Milanovic et al., 2010). The core 
material is dispersed in a molten matrix and electrosprayed 
into a cooling bath where it is solidified. This technique allows 
particle/matrix microcapsules production.

Figure 1.4. Electrohydrodynamic microencapsulation by electrospray 
coextrusion.



 Chapter 1 ElEctrohydrodynamic microEncapsulation tEchnology  15

5. Electrospray mixing (Fig. 1.6). By this method, two streams of 
oppositely charged droplets of two different materials, one 
the core and the second the shell, are electrosprayed from two 
neighbor capillary nozzles at opposite polarities. Droplets of op-
posite charge collide due to their Coulomb attraction, and after 
collision merge forming core/shell microcapsules via submerg-
ing the droplet of higher surface tension within that of smaller 
surface tension, when Langer and Yamate’s (1969) conditions 
are satisfied. A hard envelope can be obtained by chemical 
hardening or after solvent evaporation from the outer liquid. By 
this method core/shell microcapsules are formed. The method 
is characterized by low encapsulation efficiency and for this 
reason is not frequently used (Langer and Yamate, 1969; Borra 
et al., 1997, 1999). By mixing two oppositely charged droplets of 
different reacting compounds, this method can be applied as an 
aerosol-phase chemical reactor (Borra et al., 1997).

6. Submerged electrospray (Fig. 1.7) (Sakai et al., 1991; Barrero 
et al., 2004; Jayasinghe, 2007; Young et al., 2012). In this technique, 
the liquid to be encapsulated is electrosprayed directly into host 
liquid. This method is a variant of electrospray gelling with the 
difference that core material is directly electrosprayed into a ge-
latinizing bath with the omission of the gaseous phase. The liq-
uid can be electrosprayed by a nozzle made as a bore in a plate 
placed at the vessel bottom, with grounded  extractor electrode 

Figure 1.5. Electrohydrodynamic microencapsulation by electrospray cooling.
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positioned above it (Sakai et al., 1991), or from a capillary nozzle, 
similar to electrospraying in gaseous phase (Barrero et al., 2004; 
Jayasinghe, 2007; Young et al., 2012). A modified nozzle for sub-
merged electrospraying, which operated more effectively for 
conducting liquids, has been designed by Sakai et al. (1991). In 
that device, an insulating plate with a small opening within it 

Figure 1.7. Electrohydrodynamic microencapsulation via submerged 
electrospraying.

Figure 1.6. Electrohydrodynamic microencapsulation by electrospray mixing.
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was placed between the nozzle and extractor electrode. Water 
jet flowing through this opening was smoother than that directly 
flowing out of the capillary nozzle. The system for microcapsules 
generation can also be supplied with an AC superimposed on DC 
voltage for synchronous droplet generation (Sakai et al., 1991).

7. Electrospray reaction (Fig. 1.8). Another technique employ-
ing electrospray is the gas-aerosol reactive deposition (GARED) 
technique developed by Salata (2005). Solution of polymer con-
taining metal ions (polyvinyl alcohol + metal nitrate solution in 
a water/methanol mixture) was electrosprayed into gas con-
taining reactive compounds (nitrogen with H

2
X, where X = S, 

Se, Te, or As). MeX nanoparticles within polymer shell were pro-
duced after reaction of metal ions with H

2
X. The polymer cap-

sules containing some of II–VI and III–V group materials, as well 
as metal nanoparticles, were produced in this way. Via changing 
the concentration of metal ions and the size of droplets, it was 
able to control the number of reactive ions and the size of solid 
particles. The process is schematically illustrated in Fig. 1.8.
One of the versions of electrospray coextrusion technique is 

that using three coaxial capillaries. By this way uniform double-
walled microcapsules with controllable size and shell thickness 
can be produced with larger flexibility than in the case of two co-
axial nozzles. Double-layer shell allows separation of core material 
from the outer shell material. Such a double-layered structure can 
provide encapsulation of nanoparticles, liquids and/or  gaseous 
bubbles in core/double-shell or particle/matrix/shell forms, 

Figure 1.8. Electrohydrodynamic microencapsulation in reactive gas.
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with multistage controlled release of the core material (Berkland 
et al., 2004, 2007; Chen et al., 2005; Ahmad et al., 2008, 2009; Kalra 
et al., 2009; Lee et al., 2011; Labbaf et al., 2013; Cao et al., 2014).

Various physical conditions have to be met in order to generate 
microcapsules by electrohydrodynamic method. The first require-
ments regarding microcapsules produced from two droplets have 
been formulated by Langer and Yamate (1969):
1. The droplets materials have to be immiscible, but must wet 

each other,
2. The surface tension of core material has to be higher,
3. The two droplets have to be of nearly the same size.

In the case of inner dielectric liquid (oil) encapsulated in liq-
uid of higher electric conductivity (water, ethanol, glycerol or their 
mixtures), the formation of outer liquid jet is faster due to electric 
shear stresses than the inner liquid jet, which develops due only to 
viscous stress between outer and inner liquids (Chen et al., 2005). 
The generation of inner jet can be characterized with two dimen-
sionless parameters, Weber and Ohnesorge numbers:

α ρ
γ

=We
d vj
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0
2

out

inter 
(1.19)

which is the ratio of hydrodynamic force to capillary force, and
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which is the ratio of viscose characteristic time to breaking charac-
teristic time constants, where d

j
 is the jet diameter, v

in
 and v

out
 are the 

inner and outer liquid flow velocities, respectively, α is the ratio of 
the inner jet diameter to the outer jet diameter, ρ

out
 is the outer liquid 

density, γ
inter

 is the interface tension between the jets, µ
in

 is the viscosi-
ty of inner liquid, and ρ

in
 is the inner liquid density (Chen et al., 2005).

In electrospray coextrusion systems, the capsules are formed 
only when the ratio of charge relaxation lengths (r*) of inner liquid 
to outer liquid are less than 500, as defined by Mei and Chen (2007):
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and the ratio of inertial break-up lengths (R*) of the inner to outer 
jets is less than 0.015:
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The charge relaxation length (r*) and inertial breakup length 
(R*) are defined by the following equations (Mei and Chen, 2007):
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where: Q
l
 is the liquid flow rate, ε

0
 is the permittivity of the free 

space, ε
r
 is the dielectric constant of the liquid, ρ

l
 is the liquid den-

sity, k
l
 is the liquid conductivity, and σ

l
 is the surface tension of 

outer liquid. Following the results of Mei and Chen, ethylene glycol 
or water in mineral oil could not be electrosprayed in stable cone-
jet mode. Two unwanted situations can be distinguished when the 
ratios of r*

inner
/r*

outer
 and R*

inner
/R*

outer
 are beyond the limits (1.21) 

and (1.22) (Mei and Chen, 2007):
1. When the outer-liquid jet breaks up faster than the inner one, 

the outer liquid can form a droplet free of core material.
2. When the inner-liquid jet moves faster than the outer one, the 

inner liquid forms a separate droplet before the outer liquid can 
surround it, and thus the inner liquid escapes encapsulation.
In these two cases, separate droplets from inner and outer liq-

uids are formed instead of microcapsules.
In the case of microbubbles (capsules of gaseous core), the 

bubble diameter is (Farook et al., 2007):
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where Q
g
 and Q

l
 are the gas and liquid flow rates, respectively, and 

D
inn

 is the inner diameter of inner capillary. The equation is valid 
for the Reynolds number from 40 to 1000.

The bubble diameter scales with gas pressure p and liquid flow 
rate and viscosity µ

l
 as follows (Garstecki et al., 2004, 2005):

µ
=d k

p
Qbubl

l l 
(1.26)

where k is a constant.
Microcapsules can also be generated synchronously by pulse 

or AC voltage excitation (Sakai et al., 1991; Sato et al., 1996a; 
Yeo et al., 2005). This technique has been originally developed 
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for microparticles production (Vonnegut and Neubauer, 1952; 
Sample and Bollini, 1972; Bollini et al., 1975; Sato, 1984; Sato 
et al., 1996a,b, 1998, 1999; Balachandran et al., 1994). The size of 
droplets can be controlled via tuning pulse frequency, flow rate 
of liquid, and DC-bias and pulse or AC-voltage amplitude. The 
droplets generation rate can be controlled by liquid flow rate and 
high voltage frequency of excitation. The frequency of excitation 
voltage should be close to the frequency of natural mechani-
cal vibration of the jet (Sakai et al., 1991). The frequency of syn-
chronous droplets generation increases with an increase of the 
liquid flow rate (Sato et al., 1996b; Jaworek et al., 2000) and the 
range of frequencies is wider for liquids of low viscosity (Jaworek 
et al., 2000, 2003; Paine et al., 2007). Capsules produced by pulse 
excitation can be smaller than 1 µm and uniform in size. Appli-
cation of alternating current allows the production of capsules 
of zero net charge with a frequency of 20 kHz (Yeo et al., 2005). 
The capsules produced by this method are smaller than 10 µm in 
diameter. In contrast to DC electroencapsulation, by which only 
polar liquids with free electric charge carriers can be dispersed, 
the AC encapsulation technique allows also the use of dielectric 
liquids based on organic solvents.

Possible degradation of core or shell materials containing very 
sensitive biological or any other fragile samples during electro-
spraying is of particular concern. The material degradation can 
be caused by electrochemical processes initiated by electric cur-
rent flowing through the liquid (van Berkel and Kertesz, 2007), 
by UV radiation emitted by corona discharge accompanying 
the electrospraying, or OH radicals produced in this discharge 
(Jaworek et al., 2014). Teer and Dole (1975) electrosprayed poly-
styrene beads suspended in a liquid and noticed that only about 
10% of them were degraded when negative voltage higher than 
–24 kV was applied to the capillary. This percent was decreased 
for positive polarity of the nozzle, when the voltage was lower 
than +20 kV, or in SF

6
 atmosphere. The degradation was probably 

caused by the bombardment of droplets by electrons produced 
in glow discharge in nitrogen, but the SF

6
 gas was able to quench 

the discharge, reducing thus the degradation effect. Viability of 
living cells after electrospraying was investigated in many labo-
ratories (Ramsden et al., 1992; Bugarski et al., 1993; Al-Hajry 
et al., 1999; Goosen, 1999; Nedović et al., 2001; Orive et al., 2003b; 
Zhou et al., 2005; Lewińska et al., 2006; Salalha et al., 2006; Patel 
et al., 2008; Workman et al., 2014). From those investigations it can 
be concluded that typically at least 90% of living cells are viable 
after electrospray, and these cells are able to survive in electro-
sprayed capsules for a long time, provided oxygen, nutrient media, 
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and metabolites could diffuse throughout the capsule walls. Lab-
oratory tests also confirmed that degradation of electrosprayed 
material such as drugs, proteins, or other biological or pharma-
ceutical specimens is not significant (Uematsu et al., 2004; Go-
mez et al., 1998; Xie and Wang, 2007a,b). Physical experiments 
using optical emission spectroscopy have shown that electrical 
discharge is inherent to the process of electrospraying of con-
ducting or semiconducting liquids. However, the production of 
OH radicals, which could be dangerous for biological samples, is 
negligible at lower voltages, when only glow and onset streamers 
discharges are generated, but can occur for discharges of higher 
currents such as streamers or arc (Jaworek et al., 2014).

5 Electrohydrodynamic Microencapsulation 
for Food Processing

In food industry, microcapsules are used for enveloping food 
ingredients such as flavors, dyes, enzymes, salts, sweeteners, 
acidulates, vitamins, etc. as core material, in calcium alginate, 
starch, gums, fats, waxes, oils, dextrans, glucoses, polysaccha-
rides, casein, gelatin, chitosan, or proteins as shell (Gouin, 2004; 
Given, 2009; Nedović et al., 2011). Oil-in-water emulsions are 
most frequently used as carrier for core ingredients (Abu-Ali and 
Barringer, 2005; Bocanegra et al., 2005). Calcium alginate is the 
most frequently used for encapsulation in food or drug process-
ing because it is nontoxic, biodegradable, and biocompatible. 
Calcium alginate is obtained from sodium alginate by its gelling 
in a bath containing 0.05–1.5 M calcium chloride solution. Pro-
teins are used as encapsulation matrices because they are natural 
biopolymers of amphiphilic properties that facilitate food formu-
lations stabilization.

Microencapsulation in food industry is applied for the following 
goals (Desai and Park, 2005; Nedović et al., 2011; Xie et al., 2015):
1. Protection of core material from degradation by preventing its 

contact with a reactive outside environment (eg, moisture, air, 
light);

2. Reduction of transfer rate of core material to outside environ-
ment via evaporation or diffusion;

3. Modification of physical properties of the core material for 
handling purposes or for further processing;

4. Control of the release rate of core material to expected specific 
environmental conditions by properly chosen shell;

5. Masking of flavor or aroma of core material, which can cause 
unpleasant feelings during eating;
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6. Stabilization of an ingredient in core material during its han-
dling, processing and storage;

7. Separation of the core material from other reactive ingredients 
in a final food product mixture;

8. Immobilization of cells or enzymes for food processing ap-
plications, such as fermentation or metabolite production 
processes.
Encapsulation of powder or liquid ingredients can improve the 

quality of food such as its aroma, taste, and appearance, as well as 
shelf life. Electrohydrodynamic technology was used for various 
food ingredients encapsulation, such as antioxidants, colorants, 
enzymes, flavors, lipids, living cells of bacteria or yeast, proteins, 
or vitamins. The details of the encapsulation process parameters 
for various ingredients are presented in Tables 1.1–1.8.

Antioxidants (Table 1.1), as molecules that inhibit the oxi-
dation of other molecules, were encapsulated in calcium algi-
nates (Belščak-Cvitanović et al., 2011; Stojanovic et al., 2012), 
gelatin (Gomez-Mascaraque et al., 2015), or zein (Torres-Giner 
et al., 2010). Belščak-Cvitanović et al. (2011) have encapsulated 
polyphenolic extracts of six different herbs: raspberry leaf, haw-
thorn, ground ivy, yarrow, nettle, and olive leaf, as sources of 
antioxidants, within alginate–chitosan copolymer shell by elec-
trospray coextrusion method. Thyme aqueous extract was encap-
sulated within alginate beads by Stojanovic et al. (2012), in order 
to improve thyme functionality and stability in food products. 
Encapsulation efficiency varied in the range from 50 to 80% de-
pending on the encapsulation method. The electrospray encap-
sulation process did not degrade the antioxidants, and the total 
antioxidant content remained unchanged. Gomez-Mascaraque 
et al. (2015) encapsulated (–)–Epigallocatechin gallate (EGCG), the 
most abundant and biologically active antioxidant in green tea, 
in gelatin matrix. The experimental results shown that EGCG mi-
croencapsulated in gelatin was stabilized against its degradation 
in aqueous solution (pH = 7.4), that means, the antioxidant activ-
ity was better preserved in the microencapsulated state than in its 
free form. This stabilization was attributed to both the delay of its 
dissolution in aqueous media and to the intermolecular interac-
tions between the active molecule and its encapsulating matrix. 
Torres-Giner et al. (2010) have encapsulated docosahexaenoic 
acid (DHA—a long chain polyunsaturated fatty acid of the Ome-
ga-3 series) in zein using electrospray drying method. The FTIR 
analysis showed that the degradation kinetics of DHA is much 
slower when encapsulated in zein matrix than unencapsulated 
one. For example, the complete degradation of unprotected DHA 
was after the first 20 h of exposure to environmental conditions, 



Table 1.1 Electrohydrodynamic Technology for antioxidants 
Microencapsulation

Core Material Shell/Matrix Material

Method/Spray 
System (Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electrospray 
Mode)

Flow Rate 
(Spray 
Current)

Capsule Size 
(Encapsula-
tion Effi-
ciency/Yield/
Viability)

Authors, 
Paper

Polyphenolic 
extracts of six 
different herbs

Sodium alginate-chitosan 
copolymer

Electrospray extru-
sion (gelling bath 
2 w/v% CaCl2 + 0.5 
w/v% chitosan in 
2 w/v% ascorbic acid, 
pH = 2.65)

Stainless steel 
capillary 23 gauge

7.3 kV (30 mm to 
bath)

25.2 mL/h 780–1785 µm 
(particles); (effi-
ciency = 80–89%, 
loading = 59%)

Belščak-
Cvitanović 
et al. (2011)

Thyme (Thymus 
serpyllum L.) 
(10 g dried thyme 
in 200 mL water)

Sodium alginate 
(16 mg/mL in thyme 
solution + 0.2 g/mL 
sucrose) or sodium alginate 
(16 mg/mL in thyme 
solution + 0.05 g/mL inulin)

Electrospray extru-
sion (particle/matrix), 
(gelling bath 2% w/v 
CaCl2)

Stainless steel 
capillary
22 gauge

6.5 kV 25.2 mL/h 730 µm (cap-
sules); (efficien-
cy = 50–80%)

Stojanovic 
et al. (2012)

(–)–Epigallocate-
chin gallate (EGCG) 
(10 wt% in matrix 
liquid)

Gelatin (5, 8, 10, 20 v/v% 
in 20 v/v% acetic acid)

Electrospray drying 
(particle/matrix)

Stainless steel 
capillary
0.9 mm i.d.

15–28 kV (100 mm 
to metal collector)

0.15 or 0.5 
mL/h

Gomez-
Mascaraque 
et al. (2015)

Docosahexae-
noic acid (Omega-3 
series) (20 wt% 
in 85% etha-
nol) + zein (1:1, 1:2 
or 1:3)

Zein Electrospray drying 
(horizontal configura-
tion)

Stainless steel 
capillary
0.9 mm i.d.

12 kV (150 mm to 
Al collector)

0.2 mL/h 0.49 ±0.2 µm 
(capsules)

Torres-Giner 
et al. (2010)
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Table 1.2 Electrohydrodynamic Technology for Colorants 
Microencapsulation

Core 
 Material

Shell/
Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electrospray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
Efficiency 
Yield–
Viability)

Authors, 
Paper

Curcumin 
(1:500 to 
1:10 solution 
in zein 
solution)

Zein 25–30 
kDa (2.5 
w/w% in 
80 w/w% 
ethanol)

Electrospray 
drying 
(particle/
matrix)

Stainless 
steel 
capillary

14 kV (70 mm 
to metal 
collector), 
(cone-jet mode)

0.15 mL/h 0.45–0.65 µm 
(capsules); (effi-
ciency = 85–90%)

Gomez-
Estaca 
et al. (2012)

Curcumin 
(250 mg 
in gelatin 
solution)

Gelatin (2.5 g 
in 25 mL 96% 
ethanol + 
12.5 mL 
water + 12.5 
mL acetic acid)

Electrospray 
drying 
(particle/
matrix)

Stainless 
steel 
capillary

14 kV (100 mm 
to metal 
collector), 
(cone-jet mode)

0.15 or 
0.5 mL/h

0.5 µm (capsules); 
(efficency = 100%)

Gomez-
Estaca 
et al. (2015)

β-carotene 
(5 mg/mL in 
glycerol)

Whey protein 
(40 wt% in 
water + 10–
20% of 
glycerol)

Electrospray 
extrusion 
(particle/
matrix)

Stainless 
steel 
capillary
0.9 mm

14 kV (70 mm 
to collector)

0.3 mL/h Lopez-
Rubio and 
Lagaron 
(2012)

Lycopene 
(1.25 w/v% 
in soybean 
oil) 16 w/v% 
in 10 w/v% 
Tween-20 
water 
solution

Whey protein 
(30 w/v% 
in water + 
5 w/v% 
Tween-20)

Electrospray 
coextrusion 
(core/shell)

Stainless 
steel cap-
illaries

12–18 kV
(90–200 mm to 
collector)

0.15 mL/h (efficiency = 75%) Perez-
Masia et al. 
(2015b)

Lycopene 
(1.25 w/v% 
in soybean 
oil) 16 w/v% 
in 10 w/v% 
Tween-20 
water 
solution

Dextran 
(Mw = 70k) 
(20 w/v% 
in water + 
5 w/v% 
Tween-20 in 
water)

Electrospray 
coextrusion 
(core/shell)

Stainless 
steel cap-
illaries

12–18 kV
(90–200 mm to 
collector)

0.15 mL/h (efficiency = 57%) Perez-
Masia et al. 
(2015b)
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Core 
 Material

Shell/
Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electrospray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
Efficiency 
Yield–
Viability)

Authors, 
Paper

Lycopene Chitosan 
(Mw = 
50–190k)  
(2 w/v% + 
1.5% w/w 
lycopene in 
90% v/v acetic 
acid + 5 w/v% 
Tween-20 
in water 
10 w/v%)

Electrospray 
drying 
(particle/
matrix)

Stainless 
steel 
capillary

12–18 kV 
(90–200 mm to 
collector)

0.15 mL/h Perez-
Masia et al. 
(2015b)

Table 1.2 Electrohydrodynamic Technology for Colorants 
Microencapsulation (cont.)

Table 1.3 Electrohydrodynamic Technology 
for Enzymes Microencapsulation

Core 
Material

Shell/
Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electrospray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
Efficiency–
Yield– Viability)

Authors, 
Paper

Lipase 
from 
Candida 
rugosa

Sodium 
alginate 
solution 
(2 or 
6 w/v%)

Electrospray 
extrusion 
(particle/
matrix), (gelling 
bath 2 w/v% 
CaCl2)

Stainless 
steel 
capillary
21 gauge

4.9 kV (15 mm 
to bath)

25.2 mL/h 650 µm (capsules); 
(efficiency = 98–
99%)

Knezevic 
et al. (2002)
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Table 1.4 Electrohydrodynamic Technology for Flavors 
Microencapsulation

Core 
 Material

Shell/Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule 
Size (En-
capsulation 
 Efficiency–
Yield– 
Viability)

Authors, 
Paper

Sugar (49.5%) 
in water 
(50%) + colorant 
(0.5%) or oil 
(66%) in water 
(33%) + emulsifier

Cocoa butter Electrospray 
coextrusion 
(core/shell)

Stainless 
steel 
capillaries, 
0.075 mm i.d., 
0.36 mm o.d., 
0.75 mm i.d., 
1 mm o.d.

2 kV, (2 mm 
to flat plate 
extractor 
electrode)

50–250 µL/h 
(inner liquid), 
200–
1000 µL/h 
(outer 
liquid);  
(91–147 nA 
for  
aqueous 
solution, 
126–210 nA  
for o/w 
emulsion)

12.4–22.5 µm 
(aqueous solution); 
9–21 µm (o/w 
emulsion)

Bocanegra 
et al. (2005)

Maltol flavor 
(1.2–2.5 mg/mL in 
matrix liquid)

Stearic acid and 
ethylcellulose 
(5 w/v%,  
10–50 mg/mL in 
ethanol)

Electrospray 
drying 
(particle/
matrix)

Stainless 
steel capillary, 
0.45 mm i.d.,
0.87 mm o.d.

13–15 kV 
(100–150 mm 
to collector) 
(cone-jet mode)

0.6–0.9 
mL/h

10–100 nm 
(capsules); 
(efficiency = 70%, 
yield = 69%)

Eltayeb 
et al. 
(2013a)

Peppermint oil Sodium 
alginate + pectin 
mixture (1.5 g 
in 100 mL 
water + 0.2% 
Tween-80 + 0.2% 
xanthan gum + 5% 
glycerol)

Electrospray 
coextrusion 
(core/shell), 
(gelling bath 
2% CaCl2)

Stainless 
steel capillary 
0.2 mm i.d., 
0.51 mm o.d.

5 kV (100 mm 
to bath)

3 mL/h 
(core 
liquid), 7.8 
mL/h (shell 
liquid)

1.58–3.24 µm 
(capsules); (ef-
ficiency = 85%)

Koo et al. 
(2014)

Vanillin, 
ethylmaltol, 
maltol (solution in 
matrix liquid)

Ethylocellulose 
and stearic acid in 
ethanol

Electrospray 
drying (core/
shell)

Stainless 
steel capillary, 
0.45 mm i.d.,
0.87 mm o.d.

12–19 kV 
(200 mm to 
collection bath) 
(cone-jet mode)

0.6 mL/h 65 nm (capsules) Eltayeb 
et al. 
(2013b)
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while for DHA microencapsulated in zein, the same degradation 
level required about 72 h.

Colorants (Table 1.2), food additives used to improve optical 
properties of product for a longer time than its natural hue does, 
were encapsulated in zein (Gomez-Estaca et al., 2012), gelatin 
(Gomez-Estaca et al., 2012, 2015), whey protein (Lopez-Rubio and 
Lagaron, 2012; Perez-Masia et al., 2015b), dextran (Perez-Masia 
et al., 2015b), or chitosan (Perez-Masia et al., 2015b). Gomez-
Estaca et al. (2012) encapsulated curcumin (bright-yellow food 

Core 
 Material

Shell/Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule 
Size (En-
capsulation 
 Efficiency–
Yield– 
Viability)

Authors, 
Paper

Ethyl vanilin 
(0.1–0.2 g/mL in 
matrix liquid)

Sodium alginate 
(0.02 g/mL in 
water) + poly (vinyl 
alcohol) (0.1 g/mL 
in water) 1:4 wt/wt

Electrospray 
gelling 
(particle/
matrix), 
(gelling 
bath: 15 mg/
mL CaCl2 in 
water)

Stainless 
steel capillary 
1.6. mm i.d.

4.5 kV (25 mm 
to bath)

70 mL/h <1500 µm 
(capsules)

Levic et al. 
(2013)

Ethyl vanillin (0.1 
g/mL in matrix 
liquid)

Sodium alginate 
(0.02 g/mL in 
water)

Electrospray 
gelling 
(particle/
matrix), 
(gelling 
bath: 15 mg/
mL CaCl2 in 
water)

Stainless 
steel capillary
22 gauge

4.5 kV (25 mm 
to bath)

25.2 mL/h 450 µm (capsules) Manojlovic 
et al. (2008)

Ethyl vanillin (10 
w/w% in matrix)

Carnauba wax 
(melted at 95°C) 
8 w/w% in water
+ 1% 
(Tween-20 + Span-
40, 0.53:047) 
(surfactants)

Electrospray 
cooling 
(particle/
matrix), 
(in cooling 
water bath 
2–5°C)

Stainless 
steel capillary
22 gauge

210–360 µm 
(capsules)

Milanovic 
et al. (2010)

Table 1.4 Electrohydrodynamic Technology for Flavors 
Microencapsulation (cont.)
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Table 1.5 Electrohydrodynamic Technology for Lipids 
Microencapsulation

Core 
Material

Shell/Ma-
trix Mate-
rial

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
 Efficiency–
Yield– 
Viability)

Authors, 
Paper

Cooking oil Ethanol +  
glycerol  
+ Tween-80 
(3:1:0.04, or 
2:1:0.03) mixture

Electrospray 
coextrusion 
(core/shell)

Stainless 
steel 
capillaries 
0.2 mm i.d., 
0.55 mm o.d., 
0.7 mm i.d., 
1.2 mm o.d.

4.92 kV 
(microdripping 
mode), 6 kV 
(cone-jet 
mode), 6.15 kV 
(pulsed mode), 
(20 mm to 
ground grid 
electrode 
75 mm dia.)

0.44 mL/h 
(inner liquid), 
0.72 mL/h 
(outer liquid) 
- dripping 
mode, 0.74 
mL/h (inner 
liquid), 0.5 
mL/h (outer 
liquid)–cone-
jet mode, 
0.35 mL/h 
(inner liquid), 
1 mL/h (outer 
liquid)- pulsed 
mode

6.4 µm (core), 
9.6 µm (capsule)–
cone-jet mode

Chen et al. 
(2005)

Fish oil 
(30 w/w% in 
matrix liquid)

Zein (10 and 
20 w/w% in 
70 w/w% 
ethanol or 
70 w/w% 
isopropanol)

Electrospray 
extrusion 
(particle/
matrix)

Single-needle 
spinneret 
(vertical 
inverted 
configuration)

20 kV (200 mm 
to collector)

1 mL/h 0.4–0.5 µm (10% in 
ethanol), 0.6–0.8 µm 
(10% in isopropanol)

Moomand 
and Lim 
(2015)

Lipid 
(10 w/w% 
trimyristin + 
6 w/w% 
tyloxapol in 
water + 0.005 
w/w% 
thiomersal as
preservative  
+ 2.25% 
anhydrous 
glycerol)

Sodium alginate 
(1% in water)

Electrospray 
extrusion 
(particle/
matrix), 
(gelling bath 
5% w/w 
CaCl2, and 
subsequent 
freeze- 
drying 
in liquid 
nitrogen)

Stainless 
steel capillary
0.16, 0.23, 
0.26, 0.33, 
0.40 or 
0.52 mm i.d.

5 kV (25 mm 
to bath)

330–1350 µm 
(depending on nozzle 
diameter)

Strasdat 
and Bunjes 
(2013)



 Chapter 1 ElEctrohydrodynamic microEncapsulation tEchnology  29

Table 1.6 Electrohydrodynamic Technology for Living Cells 
Microencapsulation

Core 
Material

Shell/Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
Efficiency–
Yield– Viability)

Authors, 
Paper

Brewer yeast 
(S. uvarum) 
(2 × 107 cells/mL 
in shell liquid)

Sodium alginate 
(2 wt% in 
water) + poly 
(vinyl alcohol) 
(10 wt% in water)

Electrospray 
gelling (particle/
matrix), (gelling 
bath: 2% CaCl2 
in water)

Stainless 
steel 
capillary
22 gauge

7 kV (25 mm to 
bath)

25.2 mL/h 806 µm (beads) Bezbradica 
et al. (2004)

Brewer yeast (S. 
uvarum)

Sodium alginate 
solution (2% w/v)

Electrospray 
extrusion 
(particle/matrix), 
(gelling bath 2% 
w/v CaCl2)

Stainless 
steel 
capillary
20, 22, 
27 gauge

6.5 kV (20, 40, 
or 80 mm to 
bath)

25.2 mL/h 250–2000 µm (>109 
cells/mL loading) 
500–600 µm (27 
gauge)

Nedović et al. 
(2001)

Brewing yeast 
cells (S. uvarum), 
(2 × 107 cells/mL 
in shell liquid)

Sodium alginate 
(2 wt% in 
water) + poly 
(vinyl alcohol) 
(10 wt% in water)

Electrospray 
gelling (particle/
matrix), (gelling 
bath: 2% CaCl2 
in water)

Stainless 
steel 
capillary
27 gauge

8 kV (25 mm to 
bath)

500–600 µm 
(capsules)

Leskošek-
Ćukalović 
and Nedović 
(2005)

L. acidophilus in 
1.4 w/v% sodium 
alginate in water 
+8 w/v% glycerol

Zein modified 
with citric acid 
(0.1–0.15%)

Electrospray 
gelling (core/
shell), (gelling 
bath: 1.5 w/v% 
CaCl2 in 60 v/v% 
ethanol + 0.1 
w/v% citric acid)

Stainless 
steel 
capillary
0.69 mm 
i.d.

4–10 kV 
(60 mm to 
bath)

10 mL/h 259 µm (at 10 kV) Laelorspoen 
et al. (2014)

Living 
Bifidobacterium 
animalis (1010 
cells/mL in 130 
mM NaCl + 10 
mM Na3PO4 or 
skimmed milk)

Whey protein 
(30–40 wt% in 
130 mM NaCl + 
10 mM Na3PO4) 
or pullulan 
polysaccharide 
(Mw = 100k) (in 
15–20 wt% in 130 
mM NaCl + 10 
mM Na3PO4)

Electrospray 
extrusion 
(particle/matrix)

Stainless 
steel 
capillary
0.9 mm

12–14 kV 
(70 mm to 
collector)

0.3 mL/h 1.1 – 4.7 µm 
(capsules)

Lopez-Rubio 
et al. (2012)

(Continued )
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colorant) in zein matrix for its prevention from environmental 
conditions. Curcumin, which has low water solubility, after mi-
croencapsulation, presented good dispersion in aqueous food 
(semiskimmed milk). Curcumin, which normally degrades under 
neutral or alkaline pH conditions, or when it is exposed to light, 
remained in the amorphous state in the zein matrix, and the size 
and morphology of the nanocapsules were practically unchanged 
after three months of storage at 23°C and 43% relative humidity 
in the dark. Curcumin was also encapsulated in gelatin matrix 
(Gomez-Estaca et al., 2015) with encapsulation efficiency close to 
100%. Lopez-Rubio and Lagaron (2012) encapsulated β-carotene 
(strongly colored red-orange pigment) in whey protein matrix. 
Perez-Masia et al. (2015b) encapsulated lycopene (bright red car-
otene and carotenoid pigment) in whey protein or dextran using 
electrospray coextrusion, or in chitosan dissolved in acetic acid 
using electrospray drying technique for the formation particle/
matrix microcapsules. The electrosprayed dextran-based solu-
tion of lycopene provided homogeneous microcapsules, while 

Core 
Material

Shell/Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
Efficiency–
Yield– Viability)

Authors, 
Paper

S. cerevisiae 
var. ellipsoideus 
yeast cells in 
matrix liquid (25 
mL in 100 mL 
sodium alginate)

Sodium alginate 
(2 w/w% in 
water)

Electrospray 
extrusion 
(particle/matrix), 
(gelling bath 2% 
w/v CaCl2)

Stainless 
steel 
capillary
1 mm 
o.d.

15 mL/h 800 µm (capsules) 
(107 cells/capsule)

Rakin et al. 
(2009)

Bifidobacterium 
longum BIOMA 
5920 (5 mL in 
liquid matrix 4:1)

Sodium alginate–
humanlike 
collagen [20 mL 
of alginate (1.5%, 
w/v) + collagen 
(0, 1, 2 and 3% 
w/v) in water]

Electrospray 
extrusion 
(particle/matrix), 
(gelling bath 2% 
w/v CaCl2)

Stainless 
steel 
capillary
0.4 mm

8–12 kV 
(50 mm to 
bath)

300–600 µm 
(capsules); 
(efficiency =  
87–97%)

Su et al. 
(2011)

Table 1.6 Electrohydrodynamic Technology for Living 
Cells Microencapsulation (cont.)
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coaxial electrospraying produced more aggregated microcap-
sules. This effect was attributed to noncomplete encapsulation 
of core material (soybean oil/lycopene solution) during the co-
extrusion process and leakage of core material from the dextran 
shell that can result from improper flow rates of inner and outer 
liquids. When whey protein was used as shell material, more het-
erogeneous structures were obtained through electrospraying, 
while smoother and more regularly sized capsules were produced 
through conventional spray drying technology. This result was 

Table 1.7 Electrohydrodynamic Technology for Proteins 
Microencapsulation

Core 
Material

Shell/Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
(Encapsulation 
Efficiency–
Yield–
Viability)

Authors, 
Paper

Bovine serum 
albumin 
(65 kDa)

Poly(lactide) (175 
kDa), (1–4% w/v in 
1,2-dichloroethane 
or dichloromethane  
+ acetone, or 
dichloromethane  
+ N,N-
Dimethylformamide)

Electrospray 
drying

Stainless 
steel 
capillary 
0.84 mm 
i.d.
1.24 mm 
o.d.

10–15 kV 
(100 mm to 
bath and ring 
extractor of 
110 mm i.d.)

0.5–3 mL/h 4.77 µm (capsules), 
1.64 µm (with 
acetone); 
(efficiency = 
23–80%, 
yield = 64–80%, 
loading = 74–91%)

Xu et al. 
(2006)

Bovine serum 
albumin 
(65 kDa)

Poly(lactide) (175 
kDa), (1–4% w/v in 
1,2–dichloroethane)

Electrospray 
extrusion 
(water +  
phosphate 
buffer saline 
0.067 M bath)

Stainless 
steel 
capillary 
0.84 mm 
i.d.
1.24 mm 
o.d.

10–15 kV 
(100 mm to 
bath and ring 
extractor of 
110 mm i.d.)

0.5–3 mL/h 4.77 µm (capsules), 
1.64 µm (with 
acetone); 
(efficiency = 
23–80%, 
yield = 64–80%, 
loading = 74–91%)

Xu and 
Hanna 
(2006)

Bovine serum 
albumin (1 or 
2% in water, 
65 kDa)

Tripolyphosphate 
cross-linked to 
chitosan

Electrospray 
extrusion 
(water +  
tripolyphosphate 
5 or 10% w/v 
bath)

Stainless 
steel 
capillary
0.84 mm 
i.d.
1.24 mm 
o.d.

7.5–11.5 kV 
(for 1% 
concentration), 
18–21 kV 
(for 2% 
concentration), 
(100 mm to 
bath)

4, 6, 8 mL/h 5–10 µm (capsules) 
(efficiency = 
55–80%, 
yield = 51–83%, 
loading = 32–60%)

Xu and 
Hanna 
(2007)
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 explained by higher electrical conductivity of the protein solutions 
that could destabilize the electrospray jet, producing microcap-
sules of broader size distribution. Microcapsules produced from 
chitosan matrix by conventional spray drying were smaller than 
those obtained by electrospray coextrusion due to high conduc-
tivity of the solution containing acetic acid. From FTIR analysis 
came results showing that conventional spray-drying technique 
provides microcapsules of higher encapsulation yield compared 
to electrospray techniques. However, the encapsulation efficiency 
was higher for the electrospray techniques than for convention-
al spray drying; for example, for electrospray coextrusion it was 
about 57% for lycopene in dextran, and 75% for lycopene in whey 
protein, while for conventional spray drying these figures were 16 
and 27%, respectively. An advantage of electrospray techniques 
compared to spray drying is that capsules are not subjected to the 
high  temperatures required for drying process that could degrade 
core material.

Table 1.8 Electrohydrodynamic Technology 
for Vitamins Microencapsulation

Core 
Material

Shell/
Matrix 
Material

Method–
Spray 
System 
(Capsule 
Type) Nozzle

Voltage 
(Electrode 
Distance, 
Electro-
spray 
Mode)

Flow 
Rate 
(Spray 
Current)

Capsule Size 
 (Encapsulation 
 Efficiency–
Yield–Viability)

Authors, 
Paper

Folic acid Sodium 
alginate

Electrospray 
gelling, 
particle/
matrix, 
(gelling bath 
0.45M CaCl2, 
for 1800 s)

Stainless 
steel 
capillary,
0.45 mm i.d.,
0.84 mm o.d.

9–12 kV
(120–150 mm 
to bath)
(cone-jet 
mode)

0.6 mL/h 4.2 ± 1.2 µm 
(droplets), 50–200 nm 
(capsules)

Bakhshi 
et al. (2013)

Folic acid Whey protein 
or starch 
(20 w/v% in 
water +  
0.5 wt% guar 
gum +  
Span-20)

Electrospray 
drying 
(particle/
matrix)

Stainless 
steel capillary

10 kV 
(90–110 mm 
to collector)

0.15 mL/h Perez-
Masia et al. 
(2015a)
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Enzymes (Table 1.3) have been encapsulated by Knezevic 
et al. (2002), which used electrohydrodynamic droplet generation 
method for immobilization of lipase from Candida Rugosa in cal-
cium alginate. Immobilization efficiency was in the range of 98.2% 
to 99.2% and depended only slightly on the alginate concentra-
tion. The maximal obtained lipase activity by that process was 
obtained for 2 w/v% of sodium alginate, and was about 752 IU/g, 
that was 75% of that of free lipase.

Flavors (Table 1.4), additives used to enhance aroma and/
or taste impression of food product, have been encapsulated 
in cocoa butter (Bocanegra et al., 2005), ethylcellulose (Eltayeb 
et al., 2013a,b), calcium alginate (Koo et al., 2014; Levic et al., 2013; 
Manojlovic et al., 2008), or Carnauba wax (Milanovic et al., 2010). 
Aroma is one of the most important characteristics of food prod-
ucts. Substances used as aromas are usually composed of many 
volatile and odorous organic species. They are usually thermally 
sensitive chemical compounds, which require special treat-
ment during food processing. Consequently, the degradation of 
aroma compounds during production, storage and/or transport 
could be critical in terms of their stability and food quality. En-
capsulation might be one of the methods that could be used in 
order to improve these parameters. Bocanegra et al. (2005) en-
capsulated aqueous solution of sugar, or oil-in-water emulsion 
in cocoa butter as shell material, using electrospray coextrusion 
technique. The authors noticed that submicron droplets of the 
dispersed phase forming an oil-in-water emulsion as a core liq-
uid are needed in order to produce stable capsules. For too-large 
droplets of the dispersed phase, the core liquid is not sufficiently 
homogeneous to form a stable Taylor cone (Taylor, 1964; Taylor 
and van Dyke, 1969), and electrospray instabilities can occur. In 
order to neutralize the electric charge of droplets, a high-voltage 
needle electrode at negative polarity was used for negative ions 
emission (Bocanegra et al., 2005). Eltayeb et al. (2013a,b) have en-
capsulated maltol, ethylmaltol, and vanillin flavors in stearic acid 
and ethylcellulose matrix using electrospray drying technique, in 
order to limit flavor degradation or its loss during food processing 
and storage, or to protect them against chemical reactions such 
as oxidation. The size of microcapsules was below 100 nm after 
solvent evaporation. Koo et al. (2014) produced microcapsules of 
peppermint oil in alginate–pectin matrix using electrospray co-
extrusion system. For the alginate/pectin ratio 80:20 the capsules 
size was 1.58 µm, and for 100% pectin was 3.24 µm. For alginate/
pectin ratio 80:20, the encapsulation efficiency was about 85%. 
Levic et al. (2013) have encapsulated ethyl vanillin in calcium al-
ginate and calcium alginate/poly(vinyl alcohol) microcapsules to 
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protect flavor from its volatilization. TGA measurements of the 
stored samples confirmed that those formulations were stable 
for a period of one month and no chemical interactions between 
ethyl vanillin and calcium alginate that could alter the functional 
groups in the flavor compound has been noticed. Manojlovic et al. 
(2008) encapsulated ethyl vanillin in calcium alginate in order to 
its application in thermally processed foods. Although the vanil-
lin was encapsulated successfully in the matrix, the TG and DTG 
analysis showed that all the encapsulated vanilla had been com-
pletely released from the capsules during the heating process at 
a temperature in the range from 220 to 325°C, that would be an 
undesired effect during the baking process. This effect was attrib-
uted to the small size of the capsules (450 µm) and high moisture 
content (∼88% w/w), and/or absence of oil solvent, which could 
increase the viscosity of the surrounding media and prevents vola-
tilization. Milanovic et al. (2010) encapsulated also ethyl vanillin 
in Carnauba wax in order to improve its functionality and stability 
in food products. Carnauba wax (8 w/w%) was melted in hot water 
(at 95°C) with the addition of 1% emulsifiers (Tween-20 + Span 40, 
0.53:047) and electrosprayed. The atomized droplets were solidi-
fied in a cooling water bath at a temperature of 2–5°C. TG analysis 
indicated that decomposition process proceeds in several steps: 
vanilla evaporation occurred at around 200°C, while matrix deg-
radation started at 250°C, also indicating further maxima at about 
360, 440, and 520°C.

Lipids (Table 1.5), group of naturally occurring molecules that 
include fats, waxes, sterols, and fat-soluble vitamins, have been 
encapsulated in ethanol + glycerol mixture (Chen et al., 2005), 
zein (Moomand and Lim, 2015), or calcium alginate (Strasdat and 
Bunjes, 2013). Chen et al. (2005) used ethanol/glycerol/Tween-80 
mixture as shell liquid for the encapsulation of cooking oil using 
electrospraying technique. Moomand and Lim (2015) encapsu-
lated fish oil in zein nanofiber and microparticles. For 10% (w/w) 
concentration of zein in ethanol, the sizes of microcapsules 
ranged from 0.4 to 0.5 µm, whereas for zein in isopropanol the 
sizes were between 0.6 and 0.8 µm. For 20% w/w concentration 
of oil in zein, smooth fibers were formed in ethanol, due to high 
viscosity of the matrix, whereas beads of 1 µm in diameter homog-
enously mixed with fibers were generated in isopropanol. Strasdat 
and Bunjes (2013) compared the properties of lipid nanoparticles 
encapsulated into calcium chloride shell by electrospray droplet 
generation technique and conventional spraying method using a 
two-fluid spray nozzle with subsequent spray drying. DSC analy-
sis indicated that lipid microencapsulated by electrospray extru-
sion have different melting patterns than those prepared by spray 
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drying method that could be an effect of negative influence of the 
electrospraying process on lipid nanoparticles.

Living cells (Table 1.6), such as yeast or bacteria, have been 
encapsulated in calcium alginate (Bezbradica et al., 2004; 
Nedović  et al., 2001; Leskošek-Ćukalović  and Nedović , 2005; 
Rakin et al., 2009; Su et al., 2011), zein (Laelorspoen et al., 2014), 
or whey protein (Lopez-Rubio et al., 2012). Bezbradica et al. 
(2004), Leskošek-Ćukalović  and Nedović  (2005) have immobi-
lized brewing yeast cells (Saccharomyces uvarum) in calcium 
alginate/poly(vinyl alcohol) microcapsules. The electrospray 
gelling procedure has no significant effect on viability and fer-
mentation activity of the immobilized yeast cells. Nedović  et al. 
(2001) immobilized brewer yeast in alginate microcapsules of 
the size in the range from 250 µm to 2.0 mm. The electrohy-
drodynamic droplet generation resulted in highly uniform mi-
crocapsules size distribution with standard deviation less than 
10%. There were no noticeable differences in viability of yeast 
cells after electrospraying. Rakin et al. (2009) carried out experi-
ments with immobilization of Sacharomyces cerevisiae var. ellip-
soideus yeast cells in polyvinyl alcohol and calcium alginate for 
bioethanol production from corn meal hydrolyzates using elec-
trohydrodynamic microencapsulation method. Laelorspoen 
et al. (2014) enclosed Lactobacillus acidophilus in calcium al-
ginate with citric acid-modified zein core/shell microcapsules, 
which were dried at room temperature. The citric acid did not 
affect the microcapsules size, but survival of living cell signifi-
cantly decreased due to acidity of the zein solution. The results 
showed that the number of bacteria that survived decreased 
slightly from 8.85 to 8.31 log CFU/mL with the voltage increas-
ing from 4 to 10 kV. Bifidobacteria are incorporated into a range 
of functional foods, like yogurt, cheese, ice cream, or milk, but 
they are anaerobes and sensitive to low pH. To prevent their ex-
posure to oxygen and for enhancing the survival of bifidobacte-
ria in gastrointestinal juice, Su et al. (2011) encapsulated those 
bacteria colonies in alginate–human-like collagen microcap-
sules. Lopez-Rubio et al. (2012) have encapsulated Bifidobacte-
rium strains in whey protein or pullulan matrix for increasing 
their viability and functional food applications due to its gelling 
and emulsification properties. Bifidobacterium animalis was 
dissolved in phosphate-buffered saline (130 mM sodium chlo-
ride, 10 mM sodium phosphate, of pH = 7.2) or in skimmed milk 
before encapsulation. The electrospraying process did not affect 
the viability of the living cells.

Proteins (Table 1.7) have been encapsulated by Xu et al. (2006) 
and Xu and Hanna (2006, 2007) in various shells. Xu et al. (2006), 
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and Xu and Hanna (2006, 2007) have encapsulated bovine serum 
albumin (BSA) in poly(lactide) (PLA) or tripolyphosphate (TPP) 
cross-linked chitosan using electrospray drying of protein suspen-
sion. Poly(lactide) was used due to its high biocompatibility and 
biodegradable properties. The size of microcapsules increased 
with an increase of the PLA concentration from 1 to 3%. When the 
concentration of PLA was 4%, the electrosprayed liquid viscosity 
increased to the value at which fibers and beads were generated 
simultaneously. That occurred when organic to aqueous phase 
ratio and/or BSA/PLA mass ratio decreased. For too-low PLA con-
centration (<2%), microcapsules shrank after drying. Encapsu-
lation efficiency increased with an organic/aqueous phase ratio 
increasing, and decreased with increasing BSA/PLA mass ratio. 
The microcapsules size was insensitive to the changes in BSA/PLA 
mass ratio.

Vitamins (Table 1.8) have been encapsulated by Bakhshi et al. 
(2013) and Perez-Masia et al. (2015a). Bakhshi et al. (2013) encap-
sulated folic acid within calcium alginate matrix in order to im-
prove its stability and retard its degradation by light and oxygen. 
By electrohydrodynamic method it was possible to encapsulate 
40 mg/mL (calcium alginate), however, electrospray operation 
in stable cone-jet mode for any voltage and flow rate was pos-
sible only for 10 mg/mL of folic acid concentration. Encapsula-
tion yield was 70% and loading capacity 96%. Perez-Masia et al. 
(2015a) have demonstrated encapsulation of folic acid in whey 
protein or starch. Guar gum was added as a thickening agent to 
the matrix solution that stabilized electrospray cone-jet mode, 
facilitated more regular microcapsules formation and prevented 
a premature folic acid precipitation in syringe. The whey folic-
acid/protein capsules kept their bioactive stability at a level of 
almost 100% in dark conditions after 15 days, compared to 40% 
degradation of nonencapsulated folic acid. Perez-Masia et al. 
(2015a) compared size distribution of the microcapsules pro-
duced by electrospraying of whey protein matrix, with those 
attained through conventional spray drying. Although the mor-
phology of both products was similar, and both types of capsules 
were spherical, the capsules generated by spray drying method 
were larger than those electrosprayed, and their size distribu-
tion was broader. Smaller capsules obtained by electrospraying 
technique can be easier incorporated and dispersed within food 
products without affecting their textural characteristics. When re-
sistant starch with guar gum was used as a matrix, irregular large 
microcapsules were obtained. This was attributed to guar gum 
present in the solution that retained water causing more unstable 
electrospraying process.
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6 Conclusions
Electrohydrodynamic microencapsulation method is an effec-

tive technique of capturing various food ingredients within solid 
or liquid envelope (shell or matrix). The following techniques of 
electrohydrodynamic microencapsulation have been applied for 
microencapsulation of various food ingredients: electrospray dry-
ing, electrospray extrusion, electrospray coextrusion, electrospray 
cooling, electrospray mixing, submerged electrospray, electro-
spray reaction. Microencapsulation is used for the protection of 
environment-sensitive core materials from adverse environmen-
tal conditions, which increases the life of encapsulated products. 
Ingredients requiring encapsulation are flavors, dyes, enzymes, 
salts, sweeteners, lipids, acidulates, vitamins, or living cells. They 
are enclosed within a liquid or solid-phase shell or matrix, made 
of material depending on core ingredient, required properties of 
microcapsules and expected environment. Most popular shell 
materials are calcium alginate, starch, gum, fat, wax, oil, dextran, 
glucose, polysaccharide, or proteins. In each case it is assumed 
that core material will have to be released from the shell or matrix 
by a specific environment conditions due to diffusion through the 
shell walls or after shell dissolution.
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2008. Application of electrostatic extrusion—flavour encapsulation and 
controlled release. Sensors 8, 1488–1496. 

Mei, F., Chen, D.R., 2007. Investigation of compound jet electrospray: particle 
encapsulation. Phys. Fluids 19 (Paper No. 103303). 

Milanovic, J., Manojlovic, V., Levic, S., Rajic, N., Nedović, V., Bugarski, B., 2010. 
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1 Introduction
Nanotechnology involves creating and manipulating organic 

and inorganic matter at the nanoscale. A wide range of applica-
tions are foreseen in the agrifood sector, including nanosensors, 
tracking devices, targeted delivery of specific components, food 
safety applications, new product development, precision process-
ing and smart packaging (Chellarama et al., 2014). In recent years 
the potential applications of nanotechnology ranges from modi-
fications of the natural (organic) protein, carbohydrate, and fat 
molecules that form part of the normal diet, to achieve added or 
altered functionality, to the use of inorganic nanoparticulate ma-
terials in food packaging and food ingredients including food ad-
ditives. The predominant food-related use of nanoscience in the 
short term is in food contact materials including packaging, while 
in the longer term nanoscale food research appears to be focused 
on controlled release of nanoscale-encapsulated food ingredients 
or nutrients (Qureshi et al., 2012). The use of nano-based technol-
ogies for alteration of food stability and texture is also of particular 
interest. Engineered organic nanomaterials (primarily nanopar-
ticulate forms of natural food components) are likely to be the pre-
dominant area of interest in the agrifood sector (Martirosyan and 
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Schneider, 2014). Many applications of nanotechnology currently 
under research involve modification of the normal structure and 
assembly of natural biopolymeric food components, for example, 
modification of proteins or selected carbohydrates to make them 
suitable as nanostabilizers of bioactive components. Protein- 
carbohydrate engineering coupled with enzymatic functionaliza-
tion is being used to construct nanoscale structures which impart 
new functionality in food. Some of the benefits of nanoscience 
have already been seen in the agrifood sector (Ali et al., 2014; Kah 
and Hofmann, 2014), others are still at the research and concept 
stage. Potential applications of nanoencapsulation in food pro-
cessing are as follows:
•	 Methods	to	enable	foods	such	as	soft	drinks,	ice	cream,	choco-

late, or chips to be marketed as healthy foods by reducing fat, 
carbohydrate or calorie content or by increasing protein, fiber 
or vitamin content (Sekhon, 2010).

•	 Production	 of	 stronger	 flavorings,	 colorings,	 and	 nutritional	
additives, and processing aids to increase the pace of manu-
facturing and to lower costs of ingredients and processing 
( Nedovic et al., 2011).

•	 Development	of	foods	capable	of	changing	their	color,	flavor,	
or nutritional properties according to a person’s dietary needs, 
allergies, or taste preferences (high on the research agenda of 
food giants including Kraft and Nestle).

•	 These	are	based	on	nanoencapsulation	of	the	substances	in	the	
form of liposomes, micelles, or protein-based carriers. These 
nanocarrier systems are used to mask the undesirable taste of 
certain additives and supplements, or to protect them from 
degradation during processing (Wang, 2011; Jeroen and Soest, 
2007). The nanoencapsulated nutrients and supplements 
are also claimed for enhanced bioavailability, antimicrobial 
 activity, and other health benefits (Desai	et	al.,	1996; Cedervall 
et al., 2007).
Applications of nanotechnology in food industry are summa-

rized in Table 2.1.
Nanotechnology in the recent era has developed into an in-

clusive, multibillion-dollar global industry. It is also clear from 
a number of reviews, reports, patent applications, and company 
products that applications of nanotechnology have also started 
to make an impact on different aspects of the food and associ-
ated industries (Chen et al., 2006). The nanofood sector is cur-
rently led by USA, followed by Japan, Australia, and the United 
Kingdom. However, Asian countries (led by China) are expected 
to be the biggest market for nanofood. The report estimated 
that by 2012 the overall market value would reach US$5.8 bil-
lion. Generally, the market profile information and analysis 
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from different sources revealed that the functional food market 
is expanding and has a strong growth trend all over the world. 
The market value for nanofoods is estimated to increase to more 
than $20 billion by 2010 and it is predicted that more than 40% of 
food products would be nanotechnology based by the year 2015. 
It has been suggested that the number of companies currently 

Table 2.1 Application of Nanotechnology in the Food 
Industry (Luykx et al., 2008; Chellarama et al., 2014; 

Martirosyan and Schneider, 2014; Chinnamuthu  
and Boopathi, 2009)

Farming
Reformation of Food 
Products

Packaging of Food 
Products Nutraceuticals

Nanotechnology used as 
diagnostic tool for assess-
ment of enzyme/substrate 
interactions by detecting 
a single desired molecule

Nanostructures for enhancing 
bioavailability of nutritional 
elements in standard components 
such as cooking oils

Food-borne pathogens 
and chemicals can be 
detected in packed foods 
by antibody attached sur-
face modified fluorescent 
nanoparticles

Nanosized powders for 
improving absorption of 
nutraceuticals

Sustained delivery of 
pesticides, fertilizers, and 
other growth and nutrition 
induced agrochemicals by 
nano-sized structures

Encapsulation of flavor enhancers 
(eg, nanocapsules, nanospheres, 
nanoparticles)

Biodegradable nano-
sensors for tempera-
ture, moisture, and time 
monitoring

Cellulose nanocrystal 
composites as drug 
carriers

Controlled delivery of 
growth hormones

Increase the viscosity and gela-
tion in certain products using 
nanotubes and nanoparticles

Nanoclays and nano-
films as barrier materi-
als to prevent spoilage 
and oxygen absorption

Nanoencapsulation of 
nutraceuticals for better 
absorption, better stabil-
ity, and targeted delivery

Soil monitoring by identi-
fication, preservation, and 
tracking of soil conditions 
(eg, nanosensors and 
nanochips)

Replacement of meat cholesterol 
by plant-based steroids using 
nanocapsule infusions

Electrochemical nano-
sensors for determining 
presence of ethylene in 
food products

Nanocochelates for 
delivering nutrients 
more efficiently to cells 
without affecting texture 
and taste of food

Nanochips for crop 
growth monitoring

Nanoparticles and nanodevices 
that specifically bind and detect 
to remove chemicals or pathogens 
from food products (eg, chelating 
agents, adsorbents, sensors)

Nanoparticle containing 
antimicrobial and anti-
fungal surface coatings 
are used as packaging 
material

Vitamin sprays that 
disperse nanodroplets 
with better absorption
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applying nanotechnologies to food could be as high as 400. A 
number of major food and beverage companies are reported to 
have an interest in nanotechnology. These include Nestlé, Altria, 
Heinz, Kraft, and Unilever, as well as small nanotech start-up 
companies. It is also widely anticipated that the number of com-
panies applying nanotechnologies to food will increase dramati-
cally in the coming era. Considering such quick developments in 
this field, and the global setup of international food companies, 
it is not unreasonable to expect that more nanofood products 
will appear in EU markets within the next few years. According 
to the estimation of nanotechnology analysts, between 150 and 
600 nanofoods are already in the market and many more nano-
food products are in the process of development. Many of the 
world’s largest food companies, including Nestlé, Heinz, Kraft, 
and Unilever, are exploring nanotechnology for food process-
ing and packaging (Bernardes et al., 2014). Nanoencapsulation 
is one of the potential applications of this nanotechnology in 
which active substances and additives are coated by extremely 
small capsules. It is a new technology that has been used widely 
in	food	industries	for	encapsulating	aroma	and	flavors	(Yurdugul 
and Mozafari, 2004). The success of this technology is due to the 
correct choice of the wall material, encapsulation method, and 
form of the core release. Encapsulated particles can be classified 
according to their size, shape, and construction. On the basis of 
size, capsules can be classified macrocapsules (>5000 µm), mi-
crocapsules (0.2–5000 µm), and nanocapsules (<0.2 µm), and in 
terms of their shape and construction, capsules can be divided 
into two groups: nanocapsules and nanospheres. Nanocapsules 
are core–shell type structures where the core acts as reservoir for 
several molecules or drugs, and the shell as a protective poly-
meric membrane. On the basis of division in core part these are 
further divided into mononuclear and polynuclear nanocapsules 
(Ranjan et al., 2014). In contrast, nanospheres are matrix systems 
with polymeric network in which the core and drug remain dis-
persed or dissolved uniformly. Nanospheres may be homoge-
neous or heterogeneous depending on whether the core is in the 
dissolved molecular state or in the form of suspended particles, 
respectively (Marcuzzo et al., 2010) (Table 2.2).

2 Nanoencapsulation of Aroma and Flavors
Nanoencapsulation is a potential application of this nano-

technology for delivering bioactive components in food sciences 
(Nedovic et al., 2011).	Among	these	bioactive	components	flavor	
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Table 2.2 Nanoencapsulated Food Products 
in the Market

Type of 
Product

Product 
Name Nanoformulation Purpose References

Beverage Nano Tea Nanoparticles 
(160 nm)

Immune booster, antiaging, 
antioxidant activity

Patent No.: 01100033.3—
The three-step preparation 
method and its application 
for nanotea

Beverage “Daily Vitamin 
Boost” fortified 
fruit juice

300 nm iron 
(SunActive Fe)

For providing nutrition of 
22 essential vitamins and 
minerals

Ijabadeniyi (2012)

Nutritional 
drink

Oat Chocolate 
Nutritional 
Drink Mix, 
Toddler Health

300 nm particles of 
iron (SunActive Fe)

Nanosized iron particles 
have increased reactivity 
and bioavailability

Ijabadeniyi (2012)

Nutraceuticals Enzymes, vit. C W/o microemulsions 
sol–gel synthesis

Immobility of enzymes, 
improved stability, and 
bioavailability

Zuidam and Nedovic 
(2010)

Food additive Aquasol 
preservative, 
Aqua Nova

Nanoscale micelle 
of lipophilic or water 
insoluble substances

Surrounding active 
ingredients within soluble 
nanocapsules increases 
absorption within the body 
(including individual cells)

Miller and Senjen (2008)

Beverage Nano Slim™ Nanoparticles Fat burner Miller and Senjen (2008)

Generic food 
additive

Solu™ E 200, 
BASF

Vitamin E 
nanosolution using 
Nova Sol

Solubilisates of fat-soluble 
vitamins

Miller and Senjen (2008)

Food additive Bioral™ 
Omega-3 
nanocochleates

Nanocochleates as 
small as 50 nm

Effective carrier for the 
incorporation of highly 
bioavailable Omega-3 fatty 
acids to muffins, cakes, 
cookies, pasta, soups, cereals, 
chips, and confectionary

Miller and Senjen (2008)

Generic food 
additive

Nutralease Nanomicelles for 
encapsulation of 
nutraceuticals

Improved bioavailability 
means nutraceuticals are 
released into membrane 
between the digestive 
system and the blood

Chen et al. (2006)
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plays an important role in consumer satisfaction and acceptance 
for further consumption of foods (Poncelet et al., 2011). Flavor is 
sensitized primarily by the chemical senses of taste and smell and 
modified	with	natural	or	artificial	flavorants	to	affect	these	senses	
positively to enhance consumer acceptability (Lin et al., 2005). 
Manufacturing and storage procedures, packaging materials, and 
food components and ingredients often cause modifications in 
overall	flavor	by	reducing	aroma	compound	intensity	or	produc-
ing	off-flavor	components	(Bryksa and Yada, 2012a). Most avail-
able aroma compounds are produced via chemical synthesis or 
extraction. Flavor stability in different foods is an important pa-
rameter because of its direct relationship with the quality and ac-
ceptability of foods, therefore it has been of increasing  interest 
to maintain and control the stability. Flavors form very complex 
systems and there are many variables which affect stability. Some 
are more stable in water-soluble carbohydrates (Fathi et al., 2014) 
and others show stability in lipid-based wall coatings (Fathi 
et al., 2012). There are various factors such as physicochemical 
properties, interactions among volatile aroma molecules and 
food	components	which	influence	the	overall	quality	of	the	food	
product; therefore it is beneficial to encapsulate volatile ingre-
dients before incorporating them in foods or beverages to limit 
aroma degradation or loss during processing and storage (Vos 
et al., 2010). Nanoencapsulation strategies involve polymer-
based nanocarriers, lipid-based nanocarriers, and molecular 
complexes. Various techniques are employed to form these car-
rier systems, including emulsification, coacervation, spray dry-
ing, freeze drying, and extrusion technologies. For assessing the 
palatability of food products there have been recent and grow-
ing interests in the development of rapid and sensitive instru-
mental techniques with potential application in correlation to 
sensory results (Nicolescu, 2007).	Therefore,	since	flavor	percep-
tion involves the senses of both smell and taste, it is important 
to evaluate systems that provide information about the overall 
smell and taste of foods. Electronic instruments are utilized for 
this purpose (Galmarini et al., 2008; Otles and Yalcin, 2012). The 
Functional Food market is being driven by a growing consumer 
understanding of diet and disease links, aging populations, in-
creasing health care costs, and advances in food technology and 
nutrition (Adley, 2014).

During	the	manufacturing	and	at	the	time	of	food	intake	many	
instant food and beverage products, such as instant coffee and 
tea, instant soups, instant desserts, and the like are subjected to 
heating, which results in the loss or deterioration of volatile com-
pounds responsible for contributing desirable aroma and/or 
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flavor	of	the	product.	To	compensate	for	such	loss	during	process-
ing	and	to	provide	the	product	with	the	desired	aroma	and/or	fla-
vor an attempt is made to add natural and synthetic aromas and 
flavors,	which	consist	of	various	combinations	of	alcohols,	alde-
hydes, ketones, esters, and the like, to the finished product. How-
ever,	such	natural	and	synthetic	flavors	and	aromas	are	also	highly	
volatile and sensitive to oxidation by atmospheric oxygen, mois-
ture, and heat. As a result, even after incorporating many of these 
compounds in the food or beverage, there can be loss of much of 
the original characteristic odors and tastes and the additives can 
fail to provide the consumer product with the desired characteris-
tics (Garwood	et	al.,	1995).

2.1 Classification of Aroma and Flavors Used 
in Food Products

Flavors consist of concentrated preparation, with or with-
out solvents and carriers, used to impart specific taste to food 
( Fahlbusch et al., 2003). Flavor ingredients are the largest single 
group of direct food additives utilized by the food industry. There 
are	three	principal	types	of	flavors	used	in	food,	under	definitions	
agreed upon in the European Union and Australia (Table 2.3).

Most	artificial	flavors	are	specific	and	often	complex	mixtures	
of	 singular	 naturally	 occurring	 flavor	 compounds	 combined	

Table 2.3 Types of Flavoring Substances (Hui, 2006)
Type Description
Natural flavoring 
substances

The flavoring substances, which are naturally present in plant and animal source materials, 
must be isolated via extraction or distillation, processes where specific substances are 
separated from a natural mixture. They can be either used in their natural state or processed for 
human consumption, but cannot contain any nature-identical or artificial flavoring substances.

Nature-identical 
flavoring substances

Natural identical flavoring are substances that are chemically identical to natural substances 
present in products intended for human consumption, but which are obtained by chemical 
processes or by chemical modification of other natural substances. They cannot contain any 
artificial flavoring substances.

Artificial flavoring 
substances

Artificial flavors are simply chemical mixtures that mimic a natural flavor in some way 
intended for human consumption. These are typically produced by fractional distillation 
and additional chemical manipulation of naturally sourced chemicals, crude oil or coal 
tar. Although they are chemically different from natural flavoring substance sensory 
characteristics are the same as natural ones.
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together	 to	 either	 imitate	 or	 enhance	 a	 natural	 flavor	 (Smith 
et al., 2003) (Table 2.4).

Food	stuffs	containing	synthetic	flavor	are	often	avoided	be-
cause the consumers suspect that these compounds are toxic 
or harmful to their health but the substances used to produce 
artificial	flavors	are	almost	similar	to	those	that	occur		naturally	
(Gane et al., 2013).	It	has	been	recommended	that	artificial	fla-
vors	 may	 be	 safer	 to	 use	 than	 natural	 flavors	 because	 of	 the	
standards of purity and mixture consistency that are obligatory 
 either by the company or by law (Fleming, 2015). In comparison 
to	 artificial	 flavors,	 natural	 flavors	 may	 contain	 impurities	 be-
cause they are directly obtained from their sources and used as 
such	in	natural	form	while	artificial	flavors	undergo	more	testing	
before being sold for consumption and therefore are typically 
more pure (Smith et al., 2005). Flavors from food products are 
generally	the	result	of	a	combination	of	natural	flavors,	which	set	
up	the	basic	smell	profile	of	a	food	product	while	artificial	flavors	
modify the smell to accent it (Yuri et al., 2010).	 Natural	 flavor	
substances are obtained by physical separation, enzymatic pro-
cesses, or microbial processes from vegetable or animal sources, 
either in the raw state or after processing (drying, torrefaction, 
and fermentation).

The	 flavor	 industry	 is	 not	 a	 single	 homogenous	 entity,	 but	 a	
composite of closely interrelated and somewhat overlapping sec-
tors including essential oils and natural extracts, aroma chemi-
cals,	and	compounded	flavors.	Essential	oils	and	natural	extracts	
represent complex aroma mixtures containing hundreds of chem-
ical constituents. They may be used for imparting scent or aroma 
to consumer products or may be used as raw materials for com-
pounding	flavor	and	fragrance	compositions,	or	they	may	be	the	

Table 2.4 Artificial Flavor Enhancers
Chemical Odor Chemical Odor
Diacetyl Buttery Limonene Orange

Isoamyl Banana Ethyl decadienoate Pear

Benzaldehyde Bitter almond Allyl hexanoate Pineapple

Cinnamaldehyde Cinnamon Ethyl maltol Sugar, cotton candy

Ethyl propionate Fruity Ethyl vanillin Vanilla

Methyl anthranilate Grape Methyl salicylate Wintergreen
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source of isolated aroma chemicals, also used in compounding 
(Bolger et al., 2011).

Essential oil can be classified into three chemical groups: 
straight hydrocarbons, oxygenated compounds, and benzene 
derivatives.

Aroma chemicals comprise organic compounds with a defined 
chemical structure that are isolated from microbial fermentation, 
plant or animal sources, or produced by organic synthesis. Aroma 
chemical	used	to	compound	flavors	are	of	two	types:
1. Isolates which have been physically removed from natural 

sources that contain them and which may be further chemi-
cally modified, and

2. Synthetic aroma chemicals that duplicate the structure of aro-
ma characteristics of their counterparts found in nature.
Aroma substances are classified as:

1. Benzenoids (including naphthalenoids): chemicals containing 
benzene or naphthalene ring including alcohols, acids, esters, 
aldehydes, ketones, phenols, phenol esters, and lactones

2. Terpene and terpenoids: chemicals with (or closely related to) 
characteristic terpene structure, both acyclic and cyclic, having 
two or more isoprene moieties and oxygenated derivative of 
terpene hydrocarbons including alcohols, aldehydes, ketones, 
and esters

3. Other aroma chemicals: includes aliphatic, alicyclic, and 
heterocyclic compounds and esters of lower fatty acids 
(Hui, 2006)
The world of aroma is very attractive, especially because it 

concerns the taste of what we eat, It can be found in food, wine, 
perfumes, fragrance oils, spices, and essential oils. For example, 
many are produced biochemically during ripening of fruits and 
other	crops.	In	wines,	flavors	are	fermentation	byproducts	(Contis 
et	al.,	1997). Many of the aroma compounds are used in the pro-
duction	of	flavorants	which	play	a	major	role	in	the	food	industry	
service to improve and generally increase the appeal of their prod-
ucts to consumers (Matua, 2014) (Table 2.5).

2.2 Materials for Encapsulation
Correct choice and selection of wall material is an important 

starting step of encapsulation technology because it affects the 
efficiency of encapsulation and stability of the nanocapsule. The 
ideal wall material should have nonreactivity with the material to 
be encapsulated, ability to hold and seal the core inside the cap-
sule, the ability to impart maximum protection to the encapsu-
lated	flavor	and	aromas	against	environmental	conditions	(such	
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Table 2.5 Classification of Aroma Substances 
(https://en.wikipedia.org/wiki/Aroma compound; 
Smith et al., 2005; Fleming, 2015; Gane et al., 2013; 

Glindemann et al., 2005; Hui, 2006)
Compound Name Fragrance Natural Occurrence Chemical Structure

(a) Esters

Geranyl acetate Fruity, rose Rose, floral

Methyl butyrate, 
methyl butanoate

Fruity Pineapple

Ethyl acetate Sweet Wine

Ethyl butyrate, ethyl 
butanoate

Fruity Orange, pineapple

Isoamyl acetate Fruity, banana, pear Banana plant

Pentyl butyrate, 
pentylbutanoate

Fruit Pear, apricot

Pentylpentanoate Fruity Apple

Octyl acetate Fruity Orange

Benzyl acetate Fruity, strawberry Strawberries

Methyl anthranilate Fruity Grape

https://en.wikipedia.org/wiki/Aroma%20compound
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Table 2.5 Classification of Aroma Substances (cont.)
Compound Name Fragrance Natural Occurrence Chemical Structure

(b) Linear terpenes

Myrcene Woody, complex Verbena, bay leaf

Geraniol Rose, flowery Geranium, lemon

Nerol Sweet rose, flowery Neroli, lemongrass

Citral, lemonal, 
geranial, neral

Lemon Lemon myrtle, 
lemongrass

Citronellal Lemon Lemongrass

Citronellol Lemon Lemongrass, rose, 
pelargonium

Linalool Floral, sweet, 
woody, lavender

Coriander, sweet basil, 
lavender

Nerolidol Woody, fresh bark Neroli, ginger, jasmine

(c) Cyclic terpenes

Limonene Orange Orange, lemon

Camphor Camphor Camphor laurel

(Continued )
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Compound Name Fragrance Natural Occurrence Chemical Structure
Menthol Menthol Mentha

Carvone Caraway or 
spearmint

Caraway, dill, spearmint

Terpineol Lilac Lilac, cajuput

alpha-Ionone Violet, woody Violet

Thujone Minty Wormwood, lilac, juniper

(d) Aromatic

Benzaldehyde Almond Bitter almond

Eugenol Clove Clove

Cinnamaldehyde Cinnamon Cassia, cinnamon

Table 2.5 Classification of Aroma Substances (cont.)
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Compound Name Fragrance Natural Occurrence Chemical Structure
Vanillin Vanilla Vanilla

Anisole Anise Anise

Anethole Anise Anise, sweet basil

Estragole Tarragon Tarragon

Thymol Thyme Thyme

(e) Amines

Putrescine, 
diaminobutane

Rotting flesh Rotting flesh

Cadaverine Rotting flesh Rotting flesh

Pyridine Fishy Belladonna

Table 2.5 Classification of Aroma Substances (cont.)

(Continued )
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Table 2.5 Classification of Aroma Substances (cont.)
(f) Other aroma compounds

(i) Alcohols
•	 Furaneol:	strawberry
•	 1-Hexanol:	herbaceous,	woody
•	 cis-3-Hexen-1-ol: fresh cut grass
•	 Menthol:	peppermint

(ii) Aldehydes

High concentrations of aldehydes tend to be very pungent and overwhelming, but low concentrations can evoke a 
wide range of aromas.

•	 Acetaldehyde:	ethereal
•	 Hexanal:	green,	grassy
•	 cis-3-Hexenal: green tomatoes
•	 Furfural:	burnt	oats
•	 Hexyl	cinnamaldehyde
•	 Isovaleraldehyde:	nutty,	fruity,	cocoa-like
•	 Anisic	aldehyde:	floral,	sweet,	hawthorn.	It	is	a	crucial	component	of	chocolate,	vanilla,	strawberry,	raspberry,	

apricot, and other aromas.
•	 Cuminaldehyde	(4-propan-2-ylbenzaldehyde):	spicy,	cumin-like,	green

(iii) Esters

•	 Fructone:	fruity,	apple-like
•	 Hexyl	acetate:	apple,	floral,	fruity
•	 Ethyl	methylphenylglycidate:	strawberry

(iv) Ketones

•	 Cyclopentadecanone:	musk	ketone
•	 Dihydrojasmone:	fruity	woody	floral
•	 Oct-1-en-3-one: blood, metallic, mushroom-like
•	 2-Acetyl-1-pyrroline:	fresh	bread,	jasmine	rice
•	 6-Acetyl-2,3,4,5-tetrahydropyridine:	fresh	bread,	tortillas,	popcorn

(v) Lactones

•	 gamma-Decalactone:	intense	peach	flavor
•	 gamma-Nonalactone:	coconut	odor,	popular	in	suntan	lotions
•	 delta-Octalactone:	creamy	note
•	 Jasmine	lactone:	powerful	fatty	fruity	peach	and	apricot
•	 Massoia	lactone:	powerful	creamy	coconut
•	 Wine	lactone:	sweet	coconut	odor
•	 Sotolon:	maple	syrup,	curry,	fenugreek
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as light, heat, oxygen, and humidity); also, it should not have an 
unpleasant taste in terms of food applicability and economic 
viability. There are different organic materials of plant, marine, 
and microbial or animal origin (Nollet and Toldra, 2010) which 
are used in food industry for encapsulation and developed many 
years	ago	(eg,	cyclodextrins),	but	their	potential	for	flavor	encap-
sulation was realized only recently (eg, cyclodextrins) and they 
provide exceptional stability to oxidation and evaporative losses 
(Nur Ain et al., 2011).	Due	to	cost	reduction	and	imminent	FDA	
approval, cyclodextrins will likely find widespread use in foods. 
The majority of materials used for nanoencapsulation in the food 
sector are biomolecules. In addition to carbohydrate polymers/
polysaccharides, which are the most abundant of the four ma-
jor classes of biomolecules, proteins, and lipids are also biomol-
ecules suitable for nanoencapsulation in the food sector (Cabuk 
et al., 2014). Nanocarriers can be structured by a great variety of 
organic and inorganic materials characterized by high biode-
gradability and biocompatibility. Organic materials can be clas-
sified in polymers, proteins and lipid based. Table 2.6 lists groups 
of biomolecules, arranged according to their origin, which are 
found to be most suitable either when used alone or when used 
in combination with others for nanoencapsulation in the food 
industry.

(vi) Thiols

•	 Allyl	thiol	(2-propenethiol;	allyl	mercaptan;	CH2═CHCH2SH): garlic volatiles and garlic breath
•	 Grapefruit	mercaptan:	grapefruit
•	 Methanethiol,	commonly	called	methyl	mercaptan:	after	eating	asparagus
•	 Furan-2-ylmethanethiol,	also	called	furfurylmercaptan:	roasted	coffee
•	 Benzyl	mercaptan:	leek	or	garlic-like

(vii) Miscellaneous compounds

•	 Methylphosphine	and	dimethylphosphine:	garlic-metallic,	two	of	the	most	potent	odorants	known
•	 Diacetyl:	butter	flavor
•	 Acetoin:	butter	flavor
•	 Nerolin:	orange	flowers
•	 Tetrahydrothiophene:	added	to	natural	gas
•	 2,4,6-Trichloroanisole:	cork	taint
•	 Substituted	pyrazines

Table 2.5 Classification of Aroma Substances (cont.)
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Table 2.6 Classification of Materials Suited for 
Nanodelivery of Aroma and Flavors in the Food 

Industry (Tiwari and Tiwari, 2014; Joshi and 
Patel, 2012; Vroman and Tighzert, 2009; Milanovic 

et al., 2010; Bryksa and Yada, 2012b; Wandrey 
et al., 2010)

Natural Polymers

Synthetic/
Semisynthetic 
Polymers

Inorganic 
Materials

Origin Carbohydrate 
polymer

Protein Lipid Polylactic acid (PLA) Calcium 
phosphates

Plant Starch 
derivatives

Gluten (corn) Fatty acids/
alcohols

Polyglycolic acid 
(PGA)

Silica

Cellulose 
derivatives

Isolates (pea, 
soy)

Glycerides Polyhydroxybutyrate 
(PHB)

Titanium

Plant exudates Waxes Poly(lactide-co-
glycolide) (PLGA)

Aluminum

(Gum arabic, 
Gum karaya and 
Mesquite gum)

Phospholipids Poly(ε-caprolactone) 
(PCL)

Zirconium

Polydioxanone (PDS) Cerium

Polyanhydrides

Plant extracts Polyamides

(Galactomannan, 
Soluble soybean)

Polysaccharide

Marine Carrageenan

Alginate

Microbial/
animal

Xanthan Caseins Fatty acids/
alcohols

Gellan Whey proteins Glycerides

Dextran Gelatin Waxes

Chitosan Phospholipids

(Shellac)
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2.3 Strategies for Nanoencapsulation  
of Aroma and Flavors

There are different strategies of developing nanodelivery sys-
tems such as polymeric-based nanocarriers, lipid-based nanocar-
riers, and molecular exclusion (Fig. 2.1) (Bilia et al., 2014; Matalanis 
et al., 2011). Nanodelivery systems can be engineered to possess a 
number of desirable features for food products, including (1) sus-
tained	 and	 controlled	 release	 of	 aroma	 and	 flavors,	 (2)	 protec-
tion from unfavorable environmental conditions, and (3) stability 
( Naknean and Meenune, 2010). Nanocarriers provide generally 
two controlled release mechanisms which can be observed during 
delivery	of	an	aroma	and	flavors:
1. Delayed release is a mechanism by which the release of aroma 

and	flavor	substances	is	delayed	from	a	bounded	lag	time	up	to	
a point where its release is desirable and is no longer hindered. 

Figure 2.1. Strategies for nanoencapsulation of aroma and flavors.  Refs.: 
https://www.google.co.in/search?rlz=1C1CHZL_en-GBIN655IN655&biw=1517&bih=7
41&noj=1&tbs=sur%3Afc&tbm=isch&sa=1&q=cyclodextrin&oq=cyclodextrin&gs_l=
img.12..0l10.35903.35903.0.38071.1.1.0.0.0.0.167.167.0j1.1.0....0...1c.1.64.img..0.1.167.DZ-
PB_UaXgY#imgrc=6JaoCUYKU1FUxM%3A; Bilia, A.R., Guccione, C., Isacchi, B., Righeschi, 
C., Firenzuoli, F., Bergonzi, M.C., 2014. Essential Oils Loaded in Nanosystems: A Developing 
Strategy for a Successful Therapeutic Approach. Hindawi Publishing Corporation. 1–14; 
https://www.google.co.in/search?q=nanoemulsions&biw=1517&bih=741&source=lnms&tbm
=isch&sa=X&sqi=2&ved=0ahUKEwjBj8zq887JAhWCuo4KHYJlAjgQ_AUIBigB&dpr=0.9#q= 
liposome&tbs=sur:fc,itp:lineart&tbm=isch; https://en.wikipedia.org/wiki/Protocell

https://www.google.co.in/search%3Frlz=1C1CHZL_en-GBIN655IN655%26biw=1517%26bih=741%26noj=1%26tbs=sur%3Afc%26tbm=isch%26sa=1%26q=cyclodextrin%26oq=cyclodextrin%26gs_l=img.12..0l10.35903.35903.0.38071.1.1.0.0.0.0.167.167.0j1.1.0....0...1c.1.64.img..0.1.167.DZ-PB_UaXgY%23imgrc=6JaoCUYKU1FUxM%3A
https://www.google.co.in/search%3Frlz=1C1CHZL_en-GBIN655IN655%26biw=1517%26bih=741%26noj=1%26tbs=sur%3Afc%26tbm=isch%26sa=1%26q=cyclodextrin%26oq=cyclodextrin%26gs_l=img.12..0l10.35903.35903.0.38071.1.1.0.0.0.0.167.167.0j1.1.0....0...1c.1.64.img..0.1.167.DZ-PB_UaXgY%23imgrc=6JaoCUYKU1FUxM%3A
https://www.google.co.in/search%3Frlz=1C1CHZL_en-GBIN655IN655%26biw=1517%26bih=741%26noj=1%26tbs=sur%3Afc%26tbm=isch%26sa=1%26q=cyclodextrin%26oq=cyclodextrin%26gs_l=img.12..0l10.35903.35903.0.38071.1.1.0.0.0.0.167.167.0j1.1.0....0...1c.1.64.img..0.1.167.DZ-PB_UaXgY%23imgrc=6JaoCUYKU1FUxM%3A
https://www.google.co.in/search%3Frlz=1C1CHZL_en-GBIN655IN655%26biw=1517%26bih=741%26noj=1%26tbs=sur%3Afc%26tbm=isch%26sa=1%26q=cyclodextrin%26oq=cyclodextrin%26gs_l=img.12..0l10.35903.35903.0.38071.1.1.0.0.0.0.167.167.0j1.1.0....0...1c.1.64.img..0.1.167.DZ-PB_UaXgY%23imgrc=6JaoCUYKU1FUxM%3A
https://www.google.co.in/search%3Fq=nanoemulsions%26biw=1517%26bih=741%26source=lnms%26tbm=isch%26sa=X%26sqi=2%26ved=0ahUKEwjBj8zq887JAhWCuo4KHYJlAjgQ_AUIBigB%26dpr=0.9%23q=liposome%26tbs=sur:fc,itp:lineart%26tbm=isch
https://www.google.co.in/search%3Fq=nanoemulsions%26biw=1517%26bih=741%26source=lnms%26tbm=isch%26sa=X%26sqi=2%26ved=0ahUKEwjBj8zq887JAhWCuo4KHYJlAjgQ_AUIBigB%26dpr=0.9%23q=liposome%26tbs=sur:fc,itp:lineart%26tbm=isch
https://www.google.co.in/search%3Fq=nanoemulsions%26biw=1517%26bih=741%26source=lnms%26tbm=isch%26sa=X%26sqi=2%26ved=0ahUKEwjBj8zq887JAhWCuo4KHYJlAjgQ_AUIBigB%26dpr=0.9%23q=liposome%26tbs=sur:fc,itp:lineart%26tbm=isch
https://en.wikipedia.org/wiki/Protocell
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This	mechanism	can	be	used	for	flavor	release	in	ready-meals	
(Monedero et al., 2010).

2. Sustained release is a mechanism which is engineered to main-
tain	constant	concentration	of	aroma	and	flavor	to	the	target	
site. This mechanism can be employed for extending the re-
lease	of	the	encapsulated	material,	including	flavors	in	chew-
ing gum (Fathi et al., 2012; Somasundaran et al., 2006).

2.4 Methods of Nanoencapsulation  
of Aroma and Flavors

Although nanoencapsulation has found applications in the 
food industry, the technology remains far from being fully ex-
ploited. Exciting new techniques such as cocrystallization, elec-
trospray, and liposome formation will improve the number and 
quality of encapsulated ingredients.

2.4.1 Coacervation Phase Separation
Coacervation is often considered as the original method of en-

capsulation. In this method the coacervates are separated from the 
mixture	 of	 two	 colloidal	 liquids	 after	 agglomeration.	 Depending	
on the number and types of polymers used, coacervation can be 
divided into simple or complex: when a single type of polymer is 
combined with highly hydrophilic agents in the colloidal solution, 
then it is called simple coacervation, while in complex coacerva-
tion two or more types of polymers are used (Feng	et	al.,	2009). The 
general common driving force for this method is electrostatic at-
traction between oppositely charged molecules. In case of simple 
coacervation this force is induced between charged food compo-
nents and an oppositely charged capsule wall material; conse-
quently,	the	food	flavors	and	aroma	are	trapped	within	a	particle	
formed by electrostatic complexation of positively charged (eg, 
chitosan) and a negatively charged (eg, pectin and alginate) bio-
polymers (complex coacervation). The functional performance of 
the obtained nanocapsules depends upon:
•	 the	surface	characteristics	and	chemical	nature	of	the	biopoly-

meric shell;
•	 surface	charge,	which	is	a	pH-dependent	parameter,	and	high-

er surface charge, which is responsible for the better perfor-
mance of nanoencapsulation;

•	 rate	of	agitation:	aggregation	might	occur	at	a	very	low	or	very	
high stirring rate;

•	 rate	 of	 addition	 of	 polymer	 solution:	 the	 lower	 the	 value	 or	
drop wise addition the better will be the performance; and

•	 solubilities	of	flavors	and	aromas	and	biopolymer	in	solution:	
the higher the solubilities, the better will be the performance.
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In this process, usually the core material used must be compat-
ible with the recipient polymer and be insoluble or barely soluble 
in the coacervation medium. Although it is considered as original 
method of encapsulation but nowadays this technology has not 
been used in the food industry because it is complex and expen-
sive. Other complications related to this method are optimization 
of wall material concentration in the emulsification and coacerva-
tion process because the concentration essential to obtain a fine 
emulsion may be different to that required to increase the yield 
of nanocapsules, dissolution of active compound into the pro-
cessing solvent and oxidation of product, evaporation of volatiles, 
because residual core materials sometimes adhere to the exterior 
of capsule. The complex coacervates are very unstable and toxic 
chemical agents, such as glutaraldehyde, are essential to stabilize 
them (Yadav et al., 2015). Steps involved in coacervation phase 
separation method are represented in Fig. 2.2.

2.4.2 Spray Drying
For	 the	 large-scale	 production	 of	 the	 encapsulated	 flavors	

and volatiles, spray drying is one of the most frequently applied 
technologies because it is fast, relatively cheap, and reproduc-
ible method (Christelle et al., 2013). This method is based on 

Figure 2.2. Processes involved in coacervation phase separation method 
of nanoencapsulation.



66  Chapter 2 EXPLORING NANOENCAPSULATION

the principle of dissolving or dispersing the active ingredients in 
the solution of biopolymer. The dispersion is then atomized in a 
 heated air chamber which quickly removes the solvent and gener-
ates a dried particle consisting of the active ingredient embedded 
in a porous wall material. This method has some drawbacks for 
volatile or thermo-sensitive bioactives (Mahdi et al., 2008). While 
in food systems  water-based dispersions are typically used, there 
is a problem with less water-soluble compounds (eg, chitosan and 
cellulose). There are various factors that may affect the size of pro-
duced particles and the efficiency of encapsulation, which are as 
follows:
1. Core and wall material properties
2. Solution viscosity
3. Particle size (for emulsified active ingredients)
4. Spray dryer features
5. Flow rate
6. Inlet/outlet temperatures
7. Humidity

•	 The	 lower	 the	 feed	 flow	 rate,	 the	 smaller	 the	 size	 and	 the	
higher the efficiency

•	 The	higher	the	air	flow	rate,	the	larger	the	size,	and	a	mod-
erate	air	flow	rate	leads	to	high	efficiency;	the	lower	the	hu-
midity, the smaller the size and the lower the efficiency

•	 The	higher	the	inlet	temperature,	the	larger	the	size	and	the	
higher the efficiency, due to formation of a hard crust

The uses of carbohydrates like starch may be prohibited in this 
method due to chances of gelation of solution increases at high 
temperature. The thermostable carbohydrate biopolymers like 
cyclodextrins and modified materials like hydroxypropyl cellu-
lose are appropriate in case of spray drying at high temperatures. 
The spray droplets are formed from common spray dryers by us-
ing	rotary	atomizers	or	pressure	nozzles	or	two-fluid	nozzles.	The	
formation of particles less than 2 mm in traditional spray dryers 
is small as they cannot be strongly captured in cyclone collectors; 
therefore particles formed in these dryers are not in the range of 
submicron particles. Currently, a new type of spray-dryers (Nano 
Spray	Dryer	B-90)	has	been	introduced	for	the	production	of	na-
noscale particles. Fabrication of submicron particles is accom-
plished	 by	 effective	 fluid	 breakdown	 combined	 with	 extremely	
efficient particle collectors. A vibrating mesh is used in this meth-
od for the formation of fine droplets. Generally, the formation of 
micron-sized droplets is based on a piezoelectric-driven actuator 
which causes vibration in a thin, perforated, stainless-steel mem-
brane carried in a small spray cap. The actuator is operated at an 
ultrasonic frequency, which results in the upward and downward 
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vibration of membrane, and millions of specific size droplets are 
discharged per second with very fine droplet size distribution. An 
electrostatic particle collector is used for the collection of dried 
particles instead of cyclones, which are size dependent. The effi-
ciency of this method is high for generating nanosize particles less 
than 300 nm). The benefits of the process have ensured its domi-
nance over others; these include accessibility of equipment, a 
wide variety of carrier solid, good stability of the finished product, 
continuous large-scale production, excellent retention of vola-
tiles, and low process cost (Xiao and Zhong, 2011). This technique 
has the advantage of high retention of aroma components dur-
ing food drying process. This technique is suitable for most of the 
heat-labile substances because of the use of lower temperature 
throughout the process. (Anandharamakrishnan, 2014a). Fig. 2.3 
is representation of spray dryers with their different units.

2.4.3 Freeze Drying
The freeze-drying technique, or lyophilization, is one of the 

most useful processes for drying of those materials which are 
unstable in aqueous solutions and are highly sensitive to tem-
perature. This process involves solidification of the surface of the 

Figure 2.3. Schematic representation of laboratory scale spray dryer unit. 
A, solution or suspension to be dried in; B, atomization gas in; 1, drying gas in; 
2, heating of drying gas; 3, spraying of solution or suspension; 4, drying chamber; 
5, part between drying chamber and cyclone; 6, cyclone; 7, drying gas is taken 
away; 8, collection vessel of product; and arrows mean that this is cocurrent lab-
spray dryer. Ref.: https://upload.wikimedia.org/wikipedia/commons/1/17/Labspraydryer.jpg

https://upload.wikimedia.org/wikipedia/commons/1/17/Labspraydryer.jpg
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solution	into	amorphous	solid	in	which	selective	diffusion	of	fla-
vors is possible (Ishwaryaa et al., 2015). Freeze drying is the process 
that gives the most desirable properties competitively to spray-
dried powder when compared with other techniques like tray 
drying and drum drying. The dried encapsulated powder product 
produced after freezing and subsequent freeze drying offered an 
opportunity to attain a product with good resistance to oxidation 
and maintaining the desired shape of the nanocapsules because 
of fixation by freezing. Still this drying technique is less attractive 
than others due to the higher cost which is approximately 50 times 
more as compared to spray drying, also the storage and transport 
of particles produced is extremely expensive and it involve long 
processing time therefore the commercial value and applicability 
is highly restricted (Barbosa et al., 2015).

2.4.4 Spray Chilling/Spray Cooling
These are the low-cost encapsulation processes and are con-

sistently used for encapsulation of aroma compounds to provide 
heat stability, delayed release in wet environments, and to trans-
form	liquid	flavors	into	free-flowing	powders.	These	technologies	
are similar to spray drying where the core material is dispersed in 
a	liquefied	coating	or	wall	material	for	emulsification	of	the	flavor	
compounds followed by atomization to disperse droplets from the 
feedstock. (Okuro et al., 2013). After that the droplets are imme-
diately mixed with a cooling medium and subsequently solidify 
into powder form. There is generally no water to be evaporated. 
In this technique for atomization of molten coating material, a 
pneumatic nozzle is used, and for chilling process the material is 
placed in a vessel generally containing a carbon dioxide ice bath 
(5°C). This results in the adherence of droplets on material to be 
encapsulated and solidification to form a coat film. The process is 
suitable for protecting many thermosensitive water soluble ma-
terials, and materials that may be volatilized or damaged during 
thermal processing. Fractionated or hydrogenated vegetable oil 
with a melting point in the range of 30–42°C is a suitable example 
of encapsulating material for this process. This is fat-based tech-
nology and lipid carriers, such as wax and oil (eg, beeswax, cocoa 
butter, palm oil, and kernel oil) can be used (Mozafari et al., 2006). 
This encapsulation technique can conceivably change the func-
tionality, decrease the hygroscopicity, mask taste or odor, change 
solubility, and provide physical protection and subsequently al-
lowing the controlled release of these ingredients. This low-cost 
technology is comparatively simple to apply and scale up, and it 
does not necessitate the use of organic solvents and the applica-
tion of high temperatures in the process. Spray-chilled products 
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have applications in bakery products, dry soup mixes, and foods 
containing a high level of fat (Shimoni, 2000).

2.4.5 Extrusion
Encapsulation	of	flavors	via	extrusion	has	been	used	for	vola-

tile	 and	 unstable	 flavors	 in	 glassy	 carbohydrate	 matrices.	These	
matrices possess very good barrier properties in their glassy state 
and	 extrusion	 is	 a	 suitable	 method	 for	 encapsulation	 of	 flavors	
in such matrices (Shimoni, 2000). However, structural defects 
such as pores, cracks, thin wall formed during or after process-
ing, and other process parameters may enhance the diffusion of 
flavor	from	extruded	carbohydrates	(Madene et al., 2006). A vola-
tile compound is dispersed in a matrix polymer at high temper-
ature (100–120°C) and this mixture is then forced through a die 
after which filaments are obtained that are plunged into a desic-
cant liquid that traps the active substances after hardening of the 
extruded mass. Extrusion of polymer solutions through nozzles 
to produce either beads or capsules is mainly used on a labora-
tory scale. The most common liquid used for the dehydration and 
hardening process is isopropyl alcohol. The strands or filaments 
of hardened material are broken into small pieces, separated, and 
dried. Several factors improve the quality of capsules, and these 
are	emulsifier	and	flavor	oil	content	and	emulsification	pressure	
(Raoa and Geckeler, 2011). The major advantage of the extrusion 
method	is	to	maintain	the	stability	of	flavors	against	oxidation.

2.4.6 Electrospray
Electrospray is a new nanoencapsulation method of liquid 

atomization that utilizes electrical forces. The droplets obtained 
by electro spraying are charged, and for certain modes can be of 
nanometers	size.	And	during	the	flight	of	the	droplets	toward	the	
ground electrode solvent are evaporated. The main reason for the 
attraction of this electrospray technique is its high encapsulation 
efficiency and possibility of the production in one step. While a 
high voltage is exerted, formation of nanodroplet depends on 
polymeric molecular mass, polymer chains entanglement, and 
solvent evaporation rate (Anandharamakrishnan, 2014b).

2.4.7 Supercritical Fluid
In	 recent	 years,	 supercritical	 fluid	 (SCF)	 methods	 have	 at-

tracted increasing attention for encapsulation of food bioactives. 
Many compounds can be brought into a supercritical state, such 
as water, propane, nitrogen, and carbon dioxide. Out of these 
compounds	carbon	dioxide	is	one	of	the	most	widely	used	fluids	
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because carbon dioxide operates relatively at moderate tempera-
tures and pressures (Tc ¼ 304.2 K, Pc ¼ 7.38 MPa), which might 
be beneficial for encapsulating temperature-sensitive food ma-
terials. Supercritical CO

2
 (SCeCO

2
) is also suitable for entrapment 

of easily oxidizable substances (ie, unsaturated fatty acids) be-
cause it provides an inert medium to that substance (Zuidam and 
Heinrich, 2010). On the other hand, it lowers the use of organic 
solvents, facilitates the separation of the SCF from the product 
by depressurization, allows the obtaining of solvent-free prod-
ucts, and produces particles with preferred morphology and fine 
size distribution because of the high solubility of most organic 
solvents	in	supercritical	fluids.	Various	SCF	encapsulation	tech-
niques are available depending upon the properties of the mate-
rials to be formulated. Two of the most extensively used methods 
include the rapid expansion of supercritical solutions (RESS) and 
supercritical antisolvent (SAS). In the RESS process, the biopoly-
mers and encapsulants are saturated in SCF using high pressure, 
and then solution is precipitated out. Its expansion through a 
nozzle or capillary tube leads to high-pressure drop, high degree 
of supersaturation, and accordingly leads to formation of nano-
sized particles. On the other hand in SAS process, first SCeCO

2
 

is pumped to the precipitation cylinder and when suitable pres-
sure and temperature are obtained the organic solvent (contain-
ing encapsulant, biopolymer, and organic solvent) is injected 
through a nozzle and extracted by SCeCO

2
, and the biopolymers 

precipitate on the surface of the encapsulant. But the main set-
back of this method is that the use of organic solvents is neces-
sary. A number of parameters such as temperature, pressure, 
encapsulant	 to	biopolymer	ratio,	and	rate	of	solution	flow	may	
control and effect particle size and efficiency of encapsulation. 
Lower	 temperature	 and	 the	 solution	 flow	 rate	 combined	 with	
higher pressure and higher ratio of encapsulant/biopolymer 
lead to smaller size of nanocarriers and higher efficiency. In this 
process carbohydrate biopolymers should have high solubility 
in organic solvent. Chemical modification could be achieved to 
improve carbohydrate solubility in organic solvent (eg, increase 
of degree of substitution of hydroxyl groups in dextran with hy-
drophobic esters) (Martín et al., 2010). Some examples of appli-
cation of carbohydrate-based nanocarriers developed using SCF 
include the encapsulation of lycopene and lutein using cyclodex-
trins and HPMCP.

The	 supercritical	 fluid	 extraction	 of	 emulsions	 (SFEE)	 is	 the	
other technique which can be used to encapsulate food materi-
als based on SAS. This technique involves preparing an o/w type 
of emulsion, in which the active compound is dissolved in the 
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dispersed organic phase, while the aqueous phase holds carrier 
and stabilizing materials. Then this emulsion is allowed to come in 
contact	with	the	supercritical	fluid	to	facilitate	the	organic	solvent	
extraction from the organic phase, resulting in the precipitation 
of the active material in the form of nanocapsules. The obtained 
aqueous suspension is then dried to produce a dry powder. This 
technique enables circumventing high temperatures and interfer-
ence of the product by formation of gas bubbles throughout or-
ganic solvent elimination process, as compared to the alternative 
methods such as direct evaporation. The SFEE technique has been 
used to encapsulate β-carotene and lycopene in OSA-modified, 
and 100 nm particle size was obtained without degradation of the 
active components (Nagavarma et al., 2012). Fig. 2.4 is representa-
tion	of	supercritical	fluid	extraction	units.

2.4.8 Emulsion Diffusion Method (EDM)
This is an effective method to encapsulate both hydrophilic 

and lipophilic food components with high encapsulation effi-
ciency, greater reproducibility, lesser physical stress, narrow size 
distribution, and simple and convenient scaling-up procedure. It 
is a two-step process, conventional emulsification step followed 
by a diffusion step, that is, removal of part of the organic phase. In 
the first emulsification step, the aqueous phase and organic phase 
(comprising polymer and oil in organic solvent) are prepared 

Figure 2.4. Schematic representation of supercritical fluid extraction unit. Refs.: https://www.google.co.in/search?q=Sup
ercritical+Fluid+Extraction+unit&rlz=1C1CHZL_en-GBIN655IN655&source=lnms&tbm=isch&sa=X&ved=0ahUKEwiMloPipcDJAhWGt
o4KHRchBUwQ_AUIBygB&biw=1517&bih=741&dpr=0.9#q=Supercritical+Fluid+Extraction+unit&tbm=isch&tbs=sur:fc&imgrc=ltSogn
yKQ3AArM%3A; https://upload.wikimedia.org/wikipedia/commons/c/c7/SFEschematic.jpg

https://www.google.co.in/search?q=Supercritical+Fluid+Extraction+unit%26rlz=1C1CHZL_en-GBIN655IN655%26source=lnms%26tbm=isch%26sa=X%26ved=0ahUKEwiMloPipcDJAhWGto4KHRchBUwQ_AUIBygB%26biw=1517%26bih=741%26dpr=0.9
https://www.google.co.in/search?q=Supercritical+Fluid+Extraction+unit%26rlz=1C1CHZL_en-GBIN655IN655%26source=lnms%26tbm=isch%26sa=X%26ved=0ahUKEwiMloPipcDJAhWGto4KHRchBUwQ_AUIBygB%26biw=1517%26bih=741%26dpr=0.9
https://www.google.co.in/search?q=Supercritical+Fluid+Extraction+unit%26rlz=1C1CHZL_en-GBIN655IN655%26source=lnms%26tbm=isch%26sa=X%26ved=0ahUKEwiMloPipcDJAhWGto4KHRchBUwQ_AUIBygB%26biw=1517%26bih=741%26dpr=0.9
https://www.google.co.in/search?q=Supercritical+Fluid+Extraction+unit%26rlz=1C1CHZL_en-GBIN655IN655%26source=lnms%26tbm=isch%26sa=X%26ved=0ahUKEwiMloPipcDJAhWGto4KHRchBUwQ_AUIBygB%26biw=1517%26bih=741%26dpr=0.9
https://upload.wikimedia.org/wikipedia/commons/c/c7/SFEschematic.jpg
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separately and then emulsion is obtained using a mechanical 
shearing method. Presence of encapsulant in either aqueous and/
or organic phase depends upon its polarity (Yadav et al., 2015). In 
the second (diffusion) step, addition of water leads to very fast re-
moval of the organic solvent contained in the oil phase and leads 
to separation of the polymer from the oil, particle size reduction, 
polymer precipitation, and finally nanocapsule formation. The 
remaining organic solvent further can be evaporated under re-
duced pressure. The organic solvent must have greater solubility 
in both polymer and oil and partial solubility in water to make dif-
fusion possible after dilution. The nanocapsule size is interrelated 
to the shear rate and temperature, the chemical compositions 
and amount of organic phase and emulsifier, the concentration 
of polymer and the oil-to-polymer ratio, used in the emulsifica-
tion	process.	EDM	method	has	been	developed	for	production	of	
carbohydrate-based delivery systems such as eugenol and fish-
oil-loaded cyclodextrin, β-carotene, and capsicum oleoresin-
loaded poly-ε-caprolactone. This technique provides an easy way 
for nanoencapsulation of diverse food bioactives, however, there 
remain a possibility of presence of residual organic solvents in the 
final product, it is necessary to be aware of their potential toxic ef-
fects (Sailaja et al., 2011).

2.4.9 Cocrystallization
Cocrystallization is a relatively simple procedure as compared 

to	 various	 other	 flavor	 encapsulation	 processes,	 and	 offers	 an	
economical	and	flexible	alternative.	From	the	different	studies	it	
can be concluded that there are numerous products that can be 
encapsulated by cocrystallization process including fruit juices, 
flavors,	 essential	 oils,	 brown	 sugar,	 and	 so	 on	 (Nedovic, 2010). 
Spontaneous crystallization of supersaturated sucrose syrup is 
carried out at high temperature (above 120°C) and low moisture 
and aroma compounds can be added at the time of spontaneous 
crystallization. The crystal structure of sucrose can be reformed 
in	aggregates	of	very	small	crystals	that	incorporate	the	flavors	ei-
ther by entrapment or inclusion within the crystals. This aids to 
enhance	flavor	stability.	The	granular	product	thus	obtained	has	
low	 hygroscopicity	 and	 good	 flow	 property	 and	 dispersibility.	 A	
disadvantage	of	this	process	is	during	transformation	of	liquid	fla-
vor into dry granules some heat sensitive compounds may be de-
graded. On the other hand cocrystallization products retained as 
much volatile oil as did spray-dried and extruded products, which 
is advantageous. In addition a strong antioxidant is necessary to 
retard	development	of	oxidized	flavors	during	storage	(Munin and 
Edwards-Levy, 2011).



 Chapter 2 EXPLORING NANOENCAPSULATION  73

3 Advantages of Nanoencapsulation 
of Flavor and Aroma Compounds

The effectiveness of nutraceutical ingredients depends on pre-
serving and enhancing their bioavailability. Nanosizing or nano-
encapsulating food ingredients delivers greater bioavailability, 
improves solubility, and increases potency compared to those 
substances in larger or microencapsulated form. How nanoen-
capsulation is effective in increasing the quality of food products 
is explained under the following subheadings.

3.1 Stability Enhancement of Flavor and Aroma 
Compounds in Food and Beverages

Some	flavors	and	aromas	are	highly	prone	to	oxidation	so	that	
when they come in contact with environmental conditions such 
as oxygen and heat they lose their characteristics. Encapsulation 
provides stability to such compounds. A well-known example is 
coffee aroma, which is highly unstable in such environmental 
conditions. Encapsulation of coffee aroma by gelatin-based nano-
emulsions provides protection from loss by evaporation and from 
the deleterious effects of oxygen (Balassa	et	al.,	1970). Encapsula-
tion gives fully aromatized soluble coffee products which main-
tain	 their	 freshly	 brewed	 coffee	 flavor	 in	 the	 cup,	 even	 after	 the	
products have been exposed to atmospheric oxygen for an extend-
ed period of time. Table 2.7	shows	an	example	of	such	flavor	and	
aroma compounds showing greater stability after encapsulation.

3.2 Taste and Nutrition Enhancement 
of Food Products

Encapsulation	of	flavor	and	aroma	is	also	beneficial	in	enhanc-
ing taste and nutritional supplements in food products. Being 
nanosized encapsulates they show better dispersibility of water in 
soluble	additives	(eg,	colors,	flavors,	supplements,	preservatives)	
in food products without the use of additional fat or surfactants 
(Chaudhry et al., 2008). The reason behind the enhancement of 
taste	and	flavor	is	the	enlarged	surface	areas	of	the	nanosized	ad-
ditives, and enhanced absorption and bioavailability in the body 
compared with conventional forms of bulk products. Currently 
available	examples	include	vitamins,	antioxidants,	flavors,	colors,	
and preservatives (Huyghebaert et al., 2010).

The nanoencapsulated nutrients and supplements are also 
claimed for enhanced bioavailability, antimicrobial activity, and 
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other health benefits. Nanotextured foodstuffs can also enable a 
reduction in the use of fat (Clegg	et	al.,	2009). A typical product of 
this technology would be a nanotextured ice cream, mayonnaise, 
or spread which would offer taste and texture attributes similar 
to the full-fat equivalent, but with a substantial reduction in the 
fat intake of the consumer. Such products would offer “healthy” 
but still tasteful food products to the consumer (Chaudhry 
et al., 2010). Nestlé and Unilever are reported to be developing a 
nanoemulsion-based ice cream with a lower fat content that re-
tains	a	fatty	texture	and	flavor	(Huyghebaert	et	al.,	2010).

Certain inorganic nanosized additives also have applications 
that are beneficial to health in the food area. Examples of these 
include transition metals (eg, silver, iron), alkaline earth met-
als (eg, calcium, magnesium), and nonmetals (eg, selenium, 
silica) ( Bradley et al., 2011). The use of inorganic nanoadditives 

Table 2.7 Application of Encapsulation in Stability 
Enhancement of Aroma and Flavors

Encapsulated 
Compounds Materials

Strategies/
Methods References

Coffee aroma Gelatin Nanoemulsion Garwood et al. (1995)

Caraway essential oil Whey protein, maltodextrin Spray drying Bylaite et al. (2001);	(Soottitantawat 
et al., 2015)

Caraway extract, 
coriander oil

β-Cyclodextrin and modified 
starches

Molecular 
inclusion

Partanen et al. (2002a);	Dima et al. 
(2014)

Extracted sea 
buckthorn kernel oil

Maltodextrin and starch 
derivative

Nanoemulsion Partanen et al. (2002b)

Swiss cheese flavor Gum arabic and maltodextrin Nanoemulsion Teixeira	et	al.	(2004)

Menthol Gum arabic and modified starch Nanoemulsion Soottitantawat et al. (2005)

Rice flavor Gum arabic and maltodextrin Spray drying Apintanapong and Noomhorm (2003)

Natural flavorings of 
oregano, citronella, 
and marjoram

Skimmed milk powder and 
whey protein

Nanoemulsion 
concentrate

Baranauskienė et al. (2007)

Shiitake flavors 
powder

Cyclodextrin and maltodextrin Spray drying Shiga	et	al.	(2004)

Limonene Silica (SiO2) sphere Sol–gel 
approach

Ciriminna and Pagliaro (2013);	Ashraf 
et al. (2015)

Ethyl vanillin Carnauba wax Melt dispersion 
technique

Milanovic et al. (2010)
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is	 claimed	 for	 enhanced	 tastes	 and	 flavors	 due	 to	 enlarged	 sur-
face areas (Food Safety Authority of Ireland, 2008). An example 
is nanosalt, the use of which would give more salt particles on a 
product (eg, chips/crisps) and allow the consumer to taste more 
salt even when salt were added at a lower level (Fabra et al., 2012). 
Food supplements in this category are also claimed for enhanced 
absorption and improved bioavailability compared with conven-
tional equivalents (Chaudhry et al., 2010; Cientifica, 2006).

More immediately, nanonutritional additives are already be-
ing used to boost the vitamin and mineral content of some pro-
cessed foods and to speed up the manufacturing of processed 
meats.	 	Examples	 include	 ongoing	 R&D	 in	Taiwan	 and	 Japan	 on	
development	of	nanosized	cellulose,	starch,	wheat,	and	rice	flour,	
and a wide range of spices and herbs for herbal medicine and food 
 applications (Miller and Senjen, 2008). Another example is Zn/Fe 
loaded into alginate nanoparticles. Alginate nanoparticles could 
decrease the loss of Fe/Zn in comparison control; also, loading 
 efficacy of Zn/Fe was 70–85% and release profile of nanoparticles 
showed a steady state. Hence, this nanoparticle can be suggestive 
for the enrichment of ice cream and probably other foods (Sharifi 
et al., 2013).

3.3 Masking of Undesirable Flavor or Aroma 
Compounds

For food product acceptance by the consumers, masking of 
undesirable	flavor	and	aroma	is	an	important	step	to	be	consid-
ered during food manufacturing and processing. Including all the 
strategies of nanoencapsulation discussed earlier in this chapter, 
self-assembly of food proteins (Huang	 et	 al.,	 2009) in nanoscale 
can be useful for binding components such as enzymes or vita-
mins, providing protection to encapsulated nutraceuticals and 
masking	 undesirable	 flavor	 or	 aroma	 compounds	 (des Rieux 
et al., 2006; Luecha et al., 2010). This application of encapsula-
tion of taste masking had been applied in the huge Italian market 
for pasta products. Italian consumers are very conservative about 
pasta	products;	as	a	consequence	more	than	95%	of	the	market	is	
made up of traditional pasta products. The concept to use this na-
tional staple food to deliver healthy components is appealing for 
all pasta producers. On the other hand, there are two main hurdles 
that have not yet been solved:
•	 Consumers	cannot	admit	any	decrease	in	the	sensorial	quality	

of pasta, and
•	 The	 standard	 pasta	 cooking	 procedure	 (ie,	 boiling	 in	 abun-

dant water) causes the loss of all added hydrophilic bioactive 
 compounds.
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Encapsulation technologies solved both these problems.
•	 It	can	mask	the	negative	sensorial	impact	of	the	various	bioac-

tive ingredients (such as the bitterness of silymarin and the off 
flavor	of	PUFA).

•	 It	 blocks	 the	 bioactive	 ingredients	 into	 the	 starch	 and	 gluten	
matrix avoiding the loss in the boiling water (Kokini, 2010).

4 Quality Assessment by Instrumental 
Methods to Predict Flavor and Aroma 
in Food Products

Flavor and aroma compounds perform a crucial role in shap-
ing the organoleptic quality of many food products (Baser and 
Buchbauer, 2010). An organoleptic quality is equally important 
as the other qualities for consumers and often considered in the 
purchase. The analysis of aroma, that is, the presence, composi-
tion, and content of volatile substances, can constitute a valuable 
source of information on the quality of food. A classical approach 
to the evaluation of organoleptic quality is based on the utilization 
of sensory analysis, carried out by a group of trained assessors. 
This analysis is a perfect tool in carrying out marketing tests of 
consumers, but because of great human participation it has many 
limitations (Duncan,	2011). Because of these deficiencies a good 
supplement of the evaluation of organoleptic food properties is 
instrumental analysis. Appropriate instrumental methods allow 
a detailed and complex qualitative and quantitative analysis of 
volatile	components,	which	influence	on	the	flavor	composition	
of food products (Sankarankutty, 2014). The methods employed 
most often, allowing the analysis and recognition of aromas are 
chromatographic techniques, in particular gas chromatography. 
In recent years, intensive studies have been carried out regard-
ing sensory activity of the individual volatile components of vari-
ous food products and the dependence between the odor and the 
chemical composition of the volatile fraction of these products, 
using conventional chromatographic techniques and newly in-
vented biosensor. The consumption of foods and beverages is to-
tally dependent on odor and taste along with its appearance and 
texture, which is related to the stimulation of the human senses 
for	 that	 particular	 chemical,	 odor,	 and	 flavor.	 Gas	 chromatogra-
phy, infrared spectroscopy, e-nose, and e-tongue are such com-
monly	used	techniques	 for	analyzing	flavor	and	aroma	and	also	
are beneficial in identification and comparison of volatile com-
pounds present in food products and attempting to find the re-
lation	 between	 flavor	 compounds	 content	 and	 quality	 of	 these	
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products from the time of production to the time of food intake. 
These	 techniques	 are	 described	 here	 briefly	 with	 their	 principal	
and application.

4.1 Gas Chromatography–Olfactometry
The	human	nose	perception	of	flavor	and	aroma	compounds,	

released from foods and fragrances, depends on the extension of 
the release from the matrix and the odor properties of the com-
pounds. It is acknowledged that only a small portion of the large 
number of volatiles occurring in a fragrant matrix contributes to its 
overall distinguished odor (Wardencki	et	al.,	2009). Further, these 
molecules	do	not	contribute	equally	to	the	overall	flavor	profile	of	
a sample, thus a large peak in GC, generated by a chemical detec-
tor, does not necessarily correspond to high odor intensities, due 
to differences in intensity/concentration relationships (Lehotay 
and Hajslova, 2002). Accordingly, the general interest of research-
ers was directed to the determination of the contribution of sin-
gle	constituents	 to	the	overall	flavor	of	a	product.	Moreover,	 the	
unpredictable	extent	of	interaction	of	flavor	molecules	with	each	
other, and with other food components (carbohydrates lipids, 
protein, etc.) must also to be considered (Azarnia et al., 2012). GC 
is the most appropriate analytical solution to such issues, as it en-
ables the assessment of odor-active components in complex mix-
tures, through the precise correlation with the chromatographic 
peaks of interest; this is possible because the eluted substances 
are perceived simultaneously by two detectors, one of them being 
the human olfactory system. As a result, GC–O provides not only 
an instrumental, but also a sensorial analysis. The GC system was 
equipped with a nondestructive thermal conductivity detection 
(TCD)	 system	 with	 the	 outlet	 connected	 to	 a	 sniffing	 port	 (also	
called olfactometry port or transfer line). The sniffing port remains 
positioned inside a telephone booth; the purpose behind it is the 
isolation	 of	 the	 evaluator	 from	 the	 potential	 influences	 of	 odor-
ants	present	in	the	environs.	In	1971,	a	sophisticated	GC–O	system	
was	reported	in	which	humid	air	was	added	to	the	GC	effluent,	for	
the purpose of avoiding nasal mucosa dry-out. Further develop-
ments incorporated the use of a Venturitube, to maintain capillary 
column	 resolution	 and	 to	 deliver,	 ergonomically,	 the	 effluent	 to	
the evaluator. Over the following years, the sniffing ports began to 
incorporate design features and, nowadays, well-planned options 
are available on the market (Zellner et al., 2008). The introduction 
of GC–O proved to be pivotal for the development in the research 
field of odor-active compounds, providing valuable information 
on the chromatogram locations on which to focus attention and 
resources. GC–O is a unique analytical technique which associates 



78  Chapter 2 EXPLORING NANOENCAPSULATION

the resolution power of capillary GC with the selectivity and sensi-
tivity of the human nose.

4.2 Infrared Spectroscopy
In IR spectroscopy vibration of chemical bonds present in 

the organic matrix of food products are recorded and resolved 
at specific frequencies, and determined by the mass of the con-
stituent atoms, the molecular shape, stiffness of the bonds, and 
the periods of the associated vibrational coupling (Smyth and 
Cozzolino, 2012). The infrared (IR) spectral region shows the ab-
sorption of specific vibrational bond where diatomic molecules 
have only a single bond that may stretch (eg, the distance between 
two atoms may increase or decrease). More complex molecules 
have many bonds; vibrations can also be conjugated, leading to 
two	possible	modes	of	vibration:	stretching	and	bending.	Despite	
these potential problems, absorption frequencies may be used to 
identify specific chemical groups, and this capability has tradi-
tionally been the main role of Fourier transform (FT) mid-infrared 
(MIR) (FT-MIR) spectroscopy, 40–43. The MIR region of the elec-
tromagnetic spectrum lies between 4000 and 400 cm−1 and can 
be segmented into four broad regions: the X−H stretching region 
(4000–2500 cm−1), the triple-bond region (2500–2000 cm−1), the 
double-bond region (2000–1500 cm−1), and the fingerprint region 
(1500–400 cm−1).Characteristic absorption bands are associated 
with major components of food. Water is a significant absorber in 
the MIR spectral region and can interfere with determination of 
other components present in beverages. Absorptions in the fin-
gerprint region are mainly caused by bending and skeletal vibra-
tions, which are predominantly sensitive to large wavenumber 
shifts, thereby minimizing against unambiguous identification 
of specific functional groups. Even in this region, however, the 
spectrum may be used as a fingerprint of a sample such as a food 
product or food components. This fingerprint determination of 
such forms is the basis of many applications of MIR spectroscopy 
in food analysis. Broader fields of application include constituent 
quantification and qualification issues for food and food ingredi-
ents and substance identification.

4.3 E-Nose
An electronic nose with an array of polymer–carbon black com-

posite sensors (32 in all) has been developed and tested (Sujatha 
et al., 2012). Polymers with a variety of chemical functionalities are 
used to make sensors and it is possible to create an array which is 
able to identify and quantify a broad range of target compounds, 
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such as alcohols and aromatics, and distinguish isomers and en-
antiomers. A model of polymer–carbon black composite sensors is 
under development. An interaction between target molecules and 
sensors enables identification of compounds and aids in select-
ing the array members. The objective of development of electronic 
nose is to mimic human olfaction that works on nonseparative 
mechanism:	that	is,	an	aroma	or	flavor	is	considered	as	a	global	
fingerprint. Electronic noses include three major parts: a sam-
ple delivery device, a detection system and a computing device 
(Baldwin et al., 2011). The sample delivery device is responsible 
to generate volatile compounds of a sample (headspace), which is 
analyzed by fraction. It is important to maintain constant operat-
ing conditions in sample delivery system. This headspace is then 
injected into the detection system of the electronic nose. The de-
tection system is an essential and reactive part of the instrument, 
which comprises a sensor set. It works by experiencing a change 
in electrical properties when the sensors react by coming in con-
tact with volatile compounds. Each of the 32 sensors has specific 
sensitivity to all volatile molecules in their own way. The adsorp-
tion of volatile compounds on the sensor surface causes a physical 
change in the sensor (Kalit et al., 2014). An electronic device trans-
forms the signal into a digital value. Recorded data are then com-
puted by the help of statistical models. The most commonly used 
sensors include metal oxide semiconductors (MOS), conducting 
polymers (CP), quartz crystal microbalance, field effect transis-
tors (MOSFET) and surface acoustic waves (SAW). In the current 
scenario, advanced types of electronic noses have been developed 
that incorporate mass spectrometry or gas chromatography as a 
detection system. The computing system is programmed to com-
bine the responses of all of the sensors, which denotes the input 
for the data treatment.

4.4 E-Tongue
The term “electronic tongue” (e-tongue) refers to an array of 

sensors that are immersed in liquids, in order to identify their dif-
ferent physical–chemical characteristics, for example, “tastes.” 
The e-tongue can be used in many sectors and it has widespread 
application in food and beverage industries and any other trades 
to monitor the quality of products. In beverage industries, for in-
stance, analysis for taste evaluation is carried out by human tasters; 
thus they can be assisted by the e-tongue allowing continuous and 
precise measurements (Ramamoorthy et al., 2014). The advantage 
of the e-tongue is that there is no decrease of sensitivity during a 
long period of exposition, which does not occur with human be-
ing. As pointed out, one can notice the importance of a system like 
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the e-tongue since it was developed to be portable and compact, 
which allows the performance of measurements at various places. 
The e-tongue prevents the exposure of human beings to toxic sub-
stances or to awkward tastes. The e-tongue system uses an array 
of sensors made of ultrathin films of polymers such as Langmuir–
Blodgett (LB) films of 16-mer polyaniline, polypyrrole (PPy), stea-
ric acid (SA), and composite films of several polymers. Such films 
were deposited on top of a glass substrate that holds interdigitated 
microelectrodes. Sensors prepared from different materials pro-
duce different electric responses and the variation is desired since 
it allows a “fingerprint” of the samples. The taste-sensing system 
SA402B and the ASTREE e-tongue are the two electronic sensory 
systems which are commercially available (Gouma and Sbervegl-
ieri, 2007). Both investigate liquid samples by measuring changes 
in electronic potential but the underlying sensor technologies are 
different. ASTREE uses chemical field effect transistor technology 
whereas the taste-sensing system SA402B is equipped with lipid 
membrane sensors. Moreover other taste sensing systems are also 
under development, as for example a voltammetric e-tongue.  
Up to date, several studies have been conducted using the e-
tongue	for	sensory	analysis	of	aroma	and	flavors	in	food	products	
(Sliwinska et al., 2014).

5 Safety and Risk Assessment 
of Nanotechnology and Nanofoods

There are so many applications and tremendous benefits of 
nanotechnology in nanofood development that it can never be 
overemphasized (Ijabadeniyi, 2012). However, it is important that 
safety becomes the key word when trying to implement it in the 
food industry (Pratt et al., 2008). Regulatory bodies should provide 
a necessary framework to the manufacturers of nanofood prod-
ucts for proper risk assessment (Food Standards Australia New 
Zealand, 2013). Studies relevant to oral exposure risk assessment 
are required for particles to be used in food. Governments should 
set down regulations and appropriate labeling that will help to in-
crease consumer acceptability. Furthermore, it has been recom-
mended that nanomaterials should be used in the food industry 
only after they have been proven following vigorous testing. There 
is also the need for more research into the toxicological impact and 
possible hazard of food nanoparticles to human health and envi-
ronment (Martirosyan and Schneider, 2014). According to current 
federal law and regulations, any substance that is “generally recog-
nized as safe” (GRAS) for a particular use may be used in food for 
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that	purpose	without	premarket	approval	from	FDA.	General	rec-
ognition	of	safety	(ie,	a	GRAS	determination)	must	reflect	the	views	
of experts qualified by scientific training and experience to evalu-
ate the safety of substances directly or indirectly added to food. 
Those expert views must be based on “scientific procedures,” sup-
plemented	in	the	case	of	substances	used	in	food	prior	to	1958	by	
experience based on common use in food. According to the Code 
of Federal Regulations (CFR), the term “safe” means that there is 
reasonable certainty in the minds of competent scientists that a 
substance is not harmful under intended conditions of use. The 
challenge is determining what types of testing and data are neces-
sary	for	determining	this.	The	FDA	has	yet	to	issue	formal	guidance	
for nanotechnology in food, and Tarantino encouraged sponsors 
who are considering developing nanomaterials-based products 
to engage in early and frequent consultation with the agency. Not 
only would early consultation benefit manufacturers, by providing 
them with an indication of what types of testing and data would be 
required	for	approval,	it	would	also	provide	the	FDA	with	informa-
tion that could be helpful as it develops the necessary guidance.

6 Conclusions
The challenges associated with functional nonfood product 

development is the efficient encapsulation of high-added-value 
ingredients,	such	as	polyunsaturated	fatty	acids,	flavors,	vitamins,	
and other ingredients because their volatile permeability is used 
to	 improve	 functionality.	Due	 to	 the	 favorable	properties	of	 these	
ingredients, numerous developments have been made in the field 
of	encapsulated	food	flavors.	The	choice	of	a	suitable	technique	of	
encapsulation depends upon the properties of the ingredients to be 
encapsulated, which may affect both their stability within the food, 
as well as altering the properties of the biomolecules in the food. 
The important properties to be considered after development of 
food products are stability required during storage and processing, 
the properties of the food components, the specific release proper-
ties	required,	the	maximum	obtainable	flavor	load	in	the	powder,	
and the production cost. Nanoparticles in food will be exposed to 
a range of storage and use conditions, and this is an aspect that 
may need consideration in relation to assessment of the impact of 
nanotechnology in the food sector. For example, nanoparticles may 
be used in products that should be stored at low temperatures and 
then heated for consumption. Nanoscale food components can be 
encapsulated and mixed with other foods in novel combinations. 
Foods can be enriched with fruits and vegetables through nano-
technology to deliver higher nutrient density in such foods. Similarly 
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one can make milk taste like cola beverage so that youngsters will 
have less inhibition in consuming nutritious milk. This technology 
also seems to be useful in dissolving additives like vitamins, miner-
als, antioxidants, phytochemicals, and nutritious oils which are not 
normally soluble. In order for nanotechnology to be used to its full 
potential, it must be accepted by consumers. Nowadays, the poten-
tial risks of nanomaterials to human health and the environment 
are poorly understood. Thus, further studies on the applications 
of nanotechnology in food processing and packaging, toxicity, and 
analysis of risk and benefit are needed to address the lack of knowl-
edge, sustaining the growth of nanotechnology in the food industry 
and packaging and avoiding any danger to consumer health. The 
purpose and promise of food nanoscience and technology will be 
central to providing and improving food safety and security, and 
more generally, to delivering better overall health and wellbeing.
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1 Introduction
Modern consumers are increasingly aware of the relationship 

between their diet and maintaining a healthy way of life. Con-
sumers are also aware about environmental issues related to the 
processes by which foods are produced. Therefore, these new 
consumers valorize products obtained from natural sources and if 
they have been produced using clean technologies.

In this context, the use of flavoring compounds such as es-
sential oils (EOs) extracted from leaves, fruits, and seeds and pre-
served through emerging technologies of nanoencapsulation is an 
attractive investment that can bring major innovations in the food 
industry. Nanoencapsulation involves a set of techniques that al-
low the formation of particles/emulsions with functional proper-
ties, consisting of an encapsulating matrix (carbohydrate, protein, 
lipid, and others) and an active material (essential oil) distributed 
within these systems. Nanoencapsulation provides protection to 
the compounds that make up EOs (triglycerides, hydrocarbons, 
phenols, ether, and others) against adverse conditions that can 
promote their volatilization and oxidation while allowing the re-
lease of these compounds under controlled conditions of pH, 
temperature, and desired ambient.

The use of supercritical technologies for nanoencapsula-
tion of EOs has aroused great interest due to the fact that these 
techniques are suitable for the processing of heat sensitive com-
pounds. The minimum process temperature of these methods is 
directly linked to the critical conditions (temperature and pres-
sure) of the supercritical fluid used in the process. One of the  
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supercritical fluids most used in the nanoencapsulation of several 
types of compounds is carbon dioxide. Supercritical carbon diox-
ide is recognized by its moderate critical properties (T

c
 = 304.2 K 

and P
c
 = 7.38 MPa), which are relatively easily achieved and en-

able nanoencapsulation in conditions that do not contribute to 
the degradation of the bioactive compounds (Silva and Meire-
les, 2014).

The formation of nanoemulsions assisted by ultrasound is an-
other emerging technology with great potential for EOs nanoen-
capsulation because it is an effective method in the reduction of 
the droplet size of the dispersed phase, and thus leads to greater 
protection of the active compounds present in EOs.

In this context, this chapter discusses the application of emerg-
ing technologies based on supercritical fluids and ultrasonication 
to form nanoparticles/nanoemulsions of EOs with applications as 
flavor and aroma agents in food products, besides to add value 
to these products and to promote innovation in food industry 
through the provision of flavorings considered safe when obtained 
using clean technologies.

2 Issues Relating to Addition of Flavors 
and Aromas in Foods

Pursuit of pleasure and well-being is a primitive instinct of hu-
man beings. In this context, foods need to be sensorially attrac-
tive to awaken the interest of the consumers. For example, flavor 
and aroma properties are parameters that determine the quality 
of foodstuffs, and in many respects these characteristics are pri-
oritized over nutritional properties. On the other hand, the grow-
ing interest in replacing artificial additives by natural compounds 
has created the possibility to use compounds that, besides hav-
ing pleasant characteristics of flavor and aroma, provide benefits 
such as the ability to prevent disease or to assist in food preser-
vation through the addition of compounds that contribute other 
functional properties. Particularly, flavoring and aroma agents ob-
tained from flowers, herbs, seeds, and spices have great potential 
for applications in the food industry and have acceptance by the 
market. The compounds responsible for flavor and aroma in these 
raw materials are contained in the EOs. Since ancient times, com-
pounds of EOs extracted from citrus fruits, such as orange, lime, 
and lemon, have been used as flavoring agents.

As natural products, EOs have attractive functional proper-
ties, therefore interest in the research and use of EOs in various  
areas such as food and pharmaceutical industries has gained an 
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important place in recent years. EOs are used in a variety of pro-
cesses and products. According to Baser and Buchbauer (2009) 
products such as perfumes, cosmetics, toiletries, detergents, 
household chemicals, and related products have been perfumed 
with EOs. As a flavoring agent, the development of the soft drinks 
industry has been of great importance because it is a major con-
sumer of EOs, especially those of citrus origin. Other food prod-
ucts such as ice creams, confectionery, bakery, chewing gum, and 
a variety of fast foods also commonly use EOs in their formula-
tions. Nowadays innovative antimicrobial packaging is being de-
veloped in order to extend the shelf-life of food through the anti-
microbial activity of the EOs. EOs from citrus, cinnamon, clove, 
ginger, anise, pepper, pimento, laurel, cardamom, ginger, basil, 
oregano, dill, and fennel are used in the production of the prod-
ucts mentioned above.

As a result of their functional properties and the wide quantity 
of products where EOs are used, a great panorama about potential 
EOs applications in food industry is opened; therefore this chap-
ter will be limited to explore the nanoencapsulation of EOs.

2.1 classification and properties
Flavor can be defined as a set of sensory sensations derived 

from the contact with sensory receptors in the nose and other 
structures from tactile and taste receptors in the mouth. These 
sensory receptors are capable of transmitting to the brain the 
combination of numerous biochemical reactions that occur at 
the moment of consuming a food. Additionally, flavor perception 
is influenced by numerous other factors such as color, tempera-
ture, and texture, together with other psychological factors such 
as expectations and appetite. However, flavor is the result of the 
interaction of two main sensory properties, taste, and flavor. Taste 
is the result of various biochemical reactions that occur in the 
tongue, which are received and transmitted by receptors respon-
sible for the taste perception. Five types of taste have been iden-
tified: salt, sweet, bitter, sour, and umami. Aroma is the result of 
perception by nose receptors of volatile chemical compounds that 
are not related to the nutritional value of food. Sensory receptors 
in the nose are capable to identify a larger number of compounds 
than those located in the tongue, especially those with low mo-
lecular weight (Cheetham, 2010).

A considerable amount of compounds have been identified as 
flavors and aromas. A practical way to differentiate between flavor 
and aroma compounds is by differences in volatility. For example, 
less volatile compounds contribute more to flavor than aroma. 
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Nevertheless, chemical structures of these molecules show high 
diversity and even flavor compounds with highly similar chemical 
structures may have an entirely different sensorial effect (Cserháti 
and Forgács, 2003).

EOs are complex mixtures of organic compounds, often com-
posed of more than 100 different terpenic compounds. Fig. 3.1 
presents the chemical structures of the main compounds that 

Figure 3.1. Major chemical constituents in EOs.
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compose the EOs. In this class of compounds, a considerable di-
versity of chemical structures has been found; among them, hy-
drocarbons, alcohols, aldehydes, ketones, esters, acids, phenolic 
compounds, and heterocyclic compounds are part of the identi-
fied compounds. Although classification of these compounds ac-
cording to their chemical structure is possible, this is irrelevant 
within the scope of this chapter.

EOs due to its origin are classified as a natural flavor. According 
to United States code of federal regulation (CRF, 2013), the terms 
natural flavor or natural flavoring mean the essential oil, oleo-
resin, essence, or extractive, protein hydrolysate, distillate, or any 
product of roasting, heating, or enzymolysis, which contains the 
flavoring constituents derived from a spice, fruit or fruit juice, veg-
etable or vegetable juice, edible yeast, herb, bark, bud, root, leaf, 
or similar plant material, meat, seafood, poultry, eggs, dairy prod-
ucts, or fermentation products thereof, whose significant function 
in food is flavoring rather than nutrition. On the other hand, the 
terms artificial flavor or artificial flavoring means any substance, 
the function of which is to impart flavor, that is not derived from 
any of the raw materials listed above. As previously stated, EOs are 
highlighted among natural flavors and aromas.

EOs usually exist in liquid form at room temperature and usu-
ally they are separated from the aqueous phase by a physical 
method that does not lead to significant change in its chemical 
composition. Due to their hydrophobic nature and the fact that 
their density is often lower than that of water, EOs are generally 
lipophilic, soluble in organic solvents, and immiscible in aqueous 
medium (Asbahani et al., 2015). Besides providing flavor and aro-
ma, they have several biological properties that can be explored 
in the development of applications to food and pharmaceutical 
industries. EOs are recognized by their anticancer, antimicrobial, 
anti-inflammatory, antioxidant, antiviral, and antinociceptive ac-
tivities (Baser and Buchbauer, 2009). One of the most important 
properties of the EOs is antimicrobial activity; this property can be 
explored in the food packaging industry in order to develop novel 
antimicrobial packaging. This type of packaging can maintain the 
nutritional and sensory quality of food while the shelf-life is ex-
tended. All plants have the ability to produce volatile compounds, 
however, particularly herbs and spices have been commonly used 
as raw materials for obtaining EOs. Table 3.1 presents some ex-
amples of herbs and spices most commonly used as a source of 
EOs and major flavoring compounds.

Due to its chemical characteristics, EOs are unstable and frag-
ile volatile compounds. Consequently, its stability, solubility, and 
interactions with other food components are related with the  
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Table 3.1 Major Herbs and Spices: Sources of EOs

Herbs and Spices Part of Plant Used
Major Flavoring 
Compounds References

Cinnamon 
(Cinnanamonzeylanicum)

Leaves Trans-cinnamaldehyde, 
3-methoxy-1,2-propanediol, 
o-methoxy-cinnamaldehyde, 
coumarin, and benzeneethanol

(Wang et al., 2009)

Vanilla (V. fragans) Beans of the orchid Vanillin and  
p-hydroxibenzaldehyde

(Longares-Patrón e; 
Cañizares-Macías, 2006)

Ginger (Zingiber officinale 
Roscoe)

Rhizomes Gingerol, zingerone, and shogaol (Mesomo et al., 2013)

Turmeric (Curcuma Longa) Rhizomes Ar-turmerone and turmerone (Ravindran et al., 2007)

Oregano (Origanum 
vulgare)

Flowers and leaves Carvacrol, thymol, limonene, 
pinene, ocimene, and 
caryophyllene

(Almeida et al., 2013)

Mints (Mentha spicata 
Huds)

Leaves Menthone, menthofuran, and 
menthol

(Costa et al., 2014)

Rosmary (Rosmarinus 
officinalis)

Leaves Alpha-pinene, 1,8-cineole, 
camphor, borneol, trans-
caryophyllene, carnosic, and 
rosmarinic acids,
carnosol and rosmanol

(Taylor and 
Linforth, 2009)

Cardamom (Elettaria 
cardamomum)

Seeds 1,8-cineole, α-pinene, β-pinene, 
sabinene, myrcene, and α-
phellandrene

(Parthasarathy 
et al., 2008)

Clove (Syzygium 
aromaticum L.)

Dried unopened flower 
buds

Eugenol, eugenyl acetate, and 
b-caryophyllene

Coriander (Coriandrum 
sativum)

Seeds Linalool, limonene, camphor, and 
geraniol

(Pavlić et al., 2015)

Pepper black and white Seeds α-pinene, β-pinene, 1-α-
phellandrene, dllimonene, 
piperonal, and dihydrocarveol

(Ferreira et al., 1999)

Tea (Camellia sinensis) Leaves Linalool, genariol, α-damascone, 
linalool oxide, cis-jasmone, 
maltol, anethole, α-terpineol, 
nerolidol

(Pripdeevech and 
Wongpornchai, 2013)

Aniseed  
(Pimpinellaanisum L.)

Seeds Trans-anethole, γ-himachalene, 
cis-isoeugenol and linalool

(Samojlik et al., 2012)



 Chapter 3 NaNoeNcapsulatioN of flavors aNd aromas by emergiNg techNologies  95

intensity with which they are perceived by senses and defined the 
conditions under their degradation are triggered. In the next sec-
tions some important topics are discussed regarding the behavior 
of EOs and how the perception of EOs could be changed or how 
their compounds could be easily degraded if they are not protected  
from external factors.

2.1.1 Stability
The stability of EOs is determined by physical and chemical 

factors. Physical factors such as evaporation, separation of the 
phases in emulsions, and it adsorption in complex matrices leads 
to loss of their characteristics. Temperature is the most important 
parameter that could affect the stability of these compounds. Heat 
causes the loss of the volatile compounds and leads to chemical 
changes, decreasing the intensity with which they are perceived 
by the senses (Taylor and Linforth, 2009). On the other hand, in 
contact with water and air, oxidation and hydrolysis reactions are 
triggered, causing the degradation of the compounds. Addition-
ally, these compounds can also react with other compounds or 
simply be rearranged at a molecular level, losing their character-
istics (Rowe, 2005).

2.1.2 Solubility
EOs are slightly soluble in water; therefore it is necessary to 

provide suitable conditions for their incorporation in food, ensur-
ing the quality of the products. The chemical characteristics of the 
compounds and the system temperature govern the solubility of 
the compounds of the EOs in water. The solubility of EOs in aque-
ous solutions is influenced by their chemical structure, which 
could affect the thermodynamic equilibrium of the compounds 
in the mixture. The distribution of the compounds that compose 
the EOs between the different phases of foodstuff governs flavor 
release from food and therefore the intensity of their perception 
(Covarrubias-Cervantes et al., 2005). Encapsulation of this type of 
compounds contributes with the solubility increase of the EOs in 
food systems.

2.1.3 Interactions with Other Food Components
Natural flavors such as EOs contain various chemical com-

pounds with different polarities; therefore when they are added to 
food, they may react with other components, causing their degrada-
tion and the loss of bioactivity. For example, one of the most impor-
tant parameters is the fat content. Intensity of flavor and aroma is 
much greater in fat than in water, therefore it is important to avoid 
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the dispersion of the flavor and aroma compounds in the aque-
ous phase (Taylor and Linforth, 2009). On the other hand, proteins 
and to a lesser extent carbohydrates can form chemical bonds with 
other composites such as reversible weak interactions or strong ir-
reversible covalent interactions. These interactions lead to a dra-
matic reduction in the intensity of flavor and aroma; as a result, the 
perception of the compounds by consumers is affected (Wang and 
Arntfield, 2015).

2.2 eos extraction methods
Among the most widely used methods for obtaining EOs are hy-

drodistillation, entrainment by water steam, organic solvent extrac-
tion and cold pressing (Asbahani et al., 2015). Although the main 
advantage of hydrodistillation is that, as EOs are immiscible in wa-
ter and thus after condensation, EOs could be easily separated, hy-
drodistillation is recognized as a tedious and expensive operation. 
Entrainment by water steam is a method based on hydrodistillation 
but without direct contact between plant and water, in a process 
with lower extraction time. In organic solvent extraction, the EOs 
are extracted using an organic solvent; then, the extract is concen-
trated by removing the solvent under reduced pressure. Cold press-
ing is the traditional method to extract EOs from citrus fruits. Dur-
ing extraction, oil sacs break and release EOs. This oil is removed 
mechanically by cold pressing, yielding a watery emulsion. How-
ever, these techniques cause EOs alterations due to the use of high 
temperatures. Other drawbacks such as the use of organic solvents 
or the limitation to being applied only with a particular type of raw 
material require the development of new extraction techniques. As 
Nanoencapsulation of EOs shows, a relatively new extraction tech-
nique to obtain EOs as supercritical fluid extraction (SFE) has been 
successfully applied. This technique allows for reducing extraction 
times and using solvents considered safe (GRAS).

3 Nanoencapsulation of EOs
As previously stated, EOs are susceptible to various types of 

degradation under action of oxygen, light, and temperature. In 
addition to that, similarly with almost all bioactive compounds, 
the EOs are not soluble in water, which limits their application in 
food. Therefore, through nanoencapsulation technique it is pos-
sible increase the solubility of the EOs, decreasing the necessity 
of use surfactants and enhancing the possible use of EOs as food 
additives. However, in some applications (eg, food packaging), the 
strong flavor of the EOs would change or alter the original taste 
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of food. To overcome this limitation, it is possible to entrap the 
EO compound into a capsule in order to mask their undesirable 
flavor. For example, a cinnamon EO nanofilm developed by Wen 
et al. (2016) contributed to the increase the shelf-life of strawber-
ries without affecting significantly the flavor of the product. Thus, 
the use of encapsulation techniques allows us to take advantage of 
the bioactive properties of the EOs without affecting the sensorial 
properties during the product storage.

Additionally, in certain applications the controlled release of 
the compounds in specific conditions is necessary. In that sense, it 
is the duty of the food industry to overcome these limitations and 
provide products with longer shelf-life, maintaining palatability 
during this period. A feasible alternative is the stabilization of these 
compounds using encapsulation techniques. Besides protecting 
the compounds against adverse environmental conditions, the 
purpose of encapsulation is to potentiate the action of the com-
pounds, controlling their release rate and/or transforming liquid 
products in solid materials such as particles (Nedovic et al., 2011).

Nanoencapsulation is an important field of nanotechnology, 
and it can be defined as the isolation process of compounds inside 
carrier materials with nanoscale dimension. Among the nanoen-
capsulation systems, nanoemulsions, and lipid nanoparticles par-
ticularly appear suitable for food applications (Spigno et al., 2013). 
According to Cushen et al. (2012), a nanoparticle is defined as a 
discrete entity that has three dimensions in the range of 100 nm or 
less. On the other hand, a nanoemulsion can be considered to be a 
conventional emulsion that contains very small particles. They are 
characterized as a thermodynamically unstable colloidal disper-
sion consisting of two immiscible liquids, with one of the liquids 
being dispersed as small spherical droplets (r < 100 nm) in the 
other liquid (McClements, 2012).

Besides guaranteeing excellent protection of EOs against deg-
radation or evaporation, due to the subcellular size, nanoencap-
sulation techniques may increase the passive cellular absorption 
mechanisms, thus reducing resistance to mass transfer and in-
creasing antimicrobial activity (Donsì et al., 2011). On the other 
hand, flavor nanoencapsulation also can reduce fat absorption, 
allowing the delivery of flavor and aroma without an increase in 
the caloric value of the food, in addition to other undesired effects 
(Coles and Frewer, 2013).

3.1 encapsulation materials
There is an innumerable quantity of materials that have po-

tential to be used as a carrier material in nanoencapsulation of 
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many compounds. Encapsulation materials, besides protecting 
and releasing appropriately the EOs, should be water soluble, 
biodegradable, form suspensions of low viscosity, not be reactive, 
and have a low cost. However, only a limited number of encapsu-
lation materials can be recognized as GRAS materials, and there-
fore applied in food processing. It is important to highlight this 
fact because it limits the development of new products by the food 
industry when compared to the pharmaceutical industry. The de-
velopment of new pharmaceutical products is less restrictive and 
could make possible the application of a large diversity of materi-
als in drug encapsulation (Wandrey et al., 2009).

The majority of materials used for encapsulation in the food 
sector are biomolecules. These materials have to provide maximal 
protection of EOs against environmental conditions, to maintain 
the bioactivity of the compounds during processing or storage 
under various conditions. Regarding nanoencapsulation of EOs, 
among the materials most commonly used in the encapsulation 
of EOs, there are several biopolymers such as modified starch-
es, β-cyclodextrins, maltodextrinas, and various gums (Martín 
et al., 2010).

3.1.1 Carbohydrates
Among all materials, the most widely used for encapsulation 

in food applications are polysaccharides. In the food industry 
their consumption exceeds the production of synthetic polysac-
charides; therefore these polymeric carbohydrate molecules com-
posed of long chains of monosaccharides became materials of 
great economic importance. Starches and their derivates such as 
amylose, amylopectin, dextrins, maltodextrins, polydextrose, syr-
ups, and cellulose and their derivatives are commonly used in en-
capsulation of all type of compounds (Nedovic et al., 2011).

Compared with lipid carriers, for instance, systems that used 
carbohydrates as encapsulating material can interact with a wide 
range of bioactive compounds via their functional groups, which 
makes them versatile materials to encapsulate hydrophilic and 
hydrophobic compounds such as EOs or even other food ingre-
dients with bioactive compounds. Additionally, they are consid-
ered as a suitable encapsulation material to processes that uses 
high temperature due to their temperature stability in compar-
ison to lipids or proteins which might be melted or denatured 
(Fathi et al., 2014). For example, cyclodextrins are carbohydrates 
recognized by its ability to entrap hydrophobic molecules such 
as EOs. Several EOs components such as limonene, eucalyp-
tol, linalool and α-pinene, among others, were encapsulated by 
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Kfoury et al. (2015). After the encapsulation process, the radical 
scavenging ability of the EOs was enhanced and the volatility of 
the EOs was significantly reduced. These characteristics would 
allow reducing the EOs’ losses during storage or processing and 
developing bioactive packaging as well as enhancing the aroma 
power of the EOs. β-cyclodextrin was used by Wen et al. (2016) 
to develop a cinnamon EO antimicrobial film with a diameter of 
240 nm. To build the film, a highly biocompatible polymer known 
as polyvinyl alcohol was used to prepare the antimicrobial mate-
rial. The film showed antimicrobial activity against Staphylococ-
cus aureus and Escherichia coli and contributed to enhancing the 
thermal stability of the EO.

Other encapsulation material considered safe for food appli-
cation is n-octenyl succinic anhydride (OSA)-modified starch. 
OSA has superficial activity, being capable of reducing the su-
perficial tension between water and oil, therefore it can be used 
as an efficient emulsifier and consequently as a suitable encap-
sulation material. OSA has been used in the nanoencapsulation 
of several compounds with application in food such as carot-
enoids (Santos et al., 2012) and curcuminoids (Abbas et al., 2015). 
OSA also has been used in EO nanoencapsulation of lavandin, 
improving performance of the bioactive compounds (Varona 
et al., 2010, 2011, 2013).

Polysaccharides of microbial or animal origin such as chitosan 
and dextran, and various gums have also been used successfully 
in nanoencapsulation. Among them chitosan, a derivative of chi-
tin, gives singular chemical and biological characteristics, such 
as: biocompatibility, antibacterial properties, and hydrophobicity. 
Recently, chitosan has attracted great attention in the encapsula-
tion of bioactive compounds because of its general recognition as 
GRAS and other features such as abundance, low toxicity, biode-
gradability, and biocompatibility. For example, in order to enhance 
antifungal activity and stability of the Zataria multiflora Boiss EOs 
against the causal agent of gray mold disease, the EOs were nano-
encapsulated using chitosan as encapsulation material (Moham-
madi et al., 2015). Woranuch and Yoksan (2013) confirmed the im-
proved thermal stability of encapsulated eugenol compared with 
naked eugenol. These results suggest that eugenol-loaded chitosan 
nanoparticles could possibly be used as antioxidants for various 
thermal processing applications, including bioactive plastics for 
food packaging. Turmeric and lemongrass EOs were encapsulated 
in chitosan-alginate nanocapsules with size below 300 nm (Natra-
jan et al., 2015). The nanocapsules showed good stability with en-
capsulation efficiency between 71% and 86.5%. In this case, these 
capsules have a potential use for pharmaceutical applications, due 
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to the antiproliferative activity of the EOs and the controlled re-
lease that allows the nanoencapsulation technique.

Nanogels are another important application where polysac-
charides are used. Nanogels have several applications, particu-
larly in pharmaceutical industry, mainly because of the fact that 
they can trap bioactive substances such as EOs in their nanomet-
ric net, improving its efficiency at low concentration, stability, and 
release. In another research, the Cuminum cyminum EO, an her-
baceous plant used commercially as a flavoring agent, was encap-
sulated by Zhaveh et al. (2015) in a chitosan–caffeic acid nanogel. 
After encapsulation, the antimicrobial activity against Aspergillus 
flavus was improved, as well as its stability. The results showed 
that the chitosan–caffeic acid nanogel is a feasible material to en-
capsulate the EO because besides showing a slow-release, the pro-
cess had an encapsulation efficiency of 85%, producing capsules 
with size below 100 nm. Although the use of nanogels has been 
focused mainly in the pharmaceutical industry, nowadays some 
interesting applications are being developed to apply nanogels in 
vegetables and fruits in order to preserve their quality. Specifically, 
it is possible to enhance the antifungal effects of the EOs through 
the controlled release of the EOs from nanogels and extend the 
storage period. For example, thyme EO nanoencapsulated in a 
chitosan–benzoic acid nanogel was able to inhibit the growth of 
A. flavus in tomatoes after 1 month of storage under sealed con-
ditions (Khalili et al., 2015). However, due to the high volatility 
of the EOs, under nonsealed conditions its antifungal activity in 
nanogels was affected. In tomato under nonsealed conditions, the 
thyme EO was not able to totally inhibit the growth of the fungi. 
Therefore, to truly enhance the biological activity of the EOs, the 
contact with air and other environmental conditions should be 
avoided or controlled.

Cashew gum is a heteropolysaccharide extracted from the exu-
date of the Brazilian tree Anacardium occidentale, whose structure 
resembles gum arabic. Nowadays cashew gum has great interest 
as a suitable substitute for gum arabic, which is more expensive. 
Among their properties, cashew gum is recognized by its ability to 
interact with water and thus act as stabilizer, emulsifier, and adhe-
sive. Herculano et al. (2015) obtained nanocapsules of Eucalyptus 
EOs using cashew gum as encapsulation material. The nanoparti-
cles obtained in this study have potential for use as a natural food 
preservative due to how they showed a high antimicrobial activity 
and storage stability over 365 days. In another approach, Abreu 
et al. (2012) developed nanogel nanoparticles of Lippiasidoides 
EOs using cashew gum and chitosan as encapsulation materials 
with sizes ranged from 335 nm to 558 nm.
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Inulin is another carbohydrate with potential use as carrier 
material in nanoencapsulation of EOs. Inulin is a natural ingredi-
ent commonly used in food industry as a prebiotic compound. It 
also can be used as excipient and stabilizer, but it has great poten-
tial as carrier material for encapsulation and controlled release of 
EOs. For example, oregano EO has been encapsulated using inulin 
as carrier material by Beirão-Da-Costa et al. (2013). The particles 
had a particle size ranging between 3 and 4.5 µm after spray drying 
using temperatures from 393 to 463 K.The temperature had a sig-
nificant effect in the structure and the morphology of the capsules 
and due to these changes in the structure, different profiles of re-
lease were observed. Thus, further efforts are necessary in order to 
obtain feasible formulations using inulin as carrier material and 
establish the best processing conditions for production of encap-
sulates suitable for use in food industry.

3.1.2 Proteins
Proteins can be used in their natural state, or they can be 

chemically, physically, or enzymatically modified to modulate 
their functional attributes. Therefore, it is possible according the 
specific application to improve the functional performance of 
proteins. In the same sense, as proteins are easily digested by the 
human body, it is possible to take advantage of the bioactive prop-
erties of the EOs during an eventual release of EOs after ingestion. 
However, protein particles are often highly sensitive to alterations 
in pH, ionic strength, and/or temperature because these trigger 
changes in their surface charge and hydrophobicity (Joye and Mc-
clements, 2014).

Zein is a corn protein that has the ability to form films, and 
is also recognized for being biodegradable and biocompatible. 
For this reasons, zein has been successfully applied in several re-
searches as well as in food and pharmaceutical industries. Thy-
mol and carvacrol, two predominant compounds in oregano and 
thyme EOs, were encapsulated in nanoparticles of zein using the 
liquid-liquid dispersion method developed by Wu et al. (2012). 
This research allowed the dispersion of both EOs in water, en-
hancing their potential use in food preservation and control of 
human pathogenic bacteria. For example, solubility of oregano 
EOs increased up to fourteen-fold without damaging their ability 
to scavenge free radicals or to control E. coli growth.

In another approach, due to its abundance, nutritional value, 
and acceptance by consumers, milk proteins have been widely ap-
plied in the encapsulation of several compounds due to its ver-
satility and excellent functional properties (Tavares et al., 2014). 
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Particularly, whey protein isolates (WPI) and whey protein con-
centrates (WPC) have demonstrated improved heat stability of 
encapsulated compounds. WPI was used in the obtaining of nano 
dispersions of thymol (Shah et al., 2012). In this research, upon 
hydration of the spray-dried powder, transparent and heat stable 
nano dispersions were formed at thymol concentrations well 
above its solubility limit. Therefore, this technology is applicable 
to disperse various lipophilic compounds such as EOs in transpar-
ent beverages like clear fruit juices. In other studies, although the 
nanometric size was not reached, WPI and WPC have been suc-
cessfully used in the EOs encapsulation. Hundre et al. (2015) used 
WPI to encapsulate vanillin (3-methoxy-4-hydroxy-benzaldehyde)  
extracted from the pods of Vanilla planifolia. This research indi-
cated that there was no interaction between the encapsulation  
material (WPI) and core (vanillin) materials. Moreover, micro-
encapsulated vanillin +WPI by spray–freeze drying technique 
yielded better thermal stability than spray-dried and freeze-dried 
samples. On the other hand, the mixture of WPC and other pro-
teins or polysaccharides could enhance the characteristics of the 
emulsions and thus the encapsulation process. Chia (Salvia his-
panica L.) EO was encapsulated using a mixture of WPC, mesquite 
gum or gum arabic (Rodea-González et al., 2012). The use of a bi-
nary mixture provides better stability to droplet coalescence due 
to how the interaction among the proteins contributes to produce 
more stable emulsions. After spray-drying, capsules with encap-
sulation efficiency higher than 70% were obtained from emul-
sions made with an EO to carrier material of 1:3.

3.1.3 Lipids
Nanoencapsulation using lipids as encapsulation material is 

among the more developed nanotechnology fields related to ap-
plication in food systems. Nanoencapsulation using lipid-based 
systems has several advantages, for example, hydrophobic and 
highly unstable compounds as EOs are difficult to incorporate in 
aqueous systems; however, through using lipids as encapsulation 
materials it is possible to trap materials that have different solu-
bility, using natural ingredients at industrial scale (Zuidam and 
Nedovic, 2009). According to Martín et al. (2010), phospholipids 
are a class of amphiphilic lipids formed by a hydrophilic head (a 
phosphate group, a diglyceride, and a simple organic molecule) 
and a hydrophobic tail (long fatty acid) are less toxic than other 
encapsulation materials and thus an excellent option for EO en-
capsulation. These compounds may be used in the formation of 
liposomes, by encapsulating hydrophobic materials such as EOs. 
Liposomes are closed spherical vesicles arranged in one or more 
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concentric bilayers of phospholipids with an internal aqueous 
phase. Particularly due to their easy biodegradation and their  
similarity with biomembranes, the use of liposomes constitutes a 
suitable system for encapsulation of volatile unstable EOs constit-
uents and it may allow enhance the functional properties of EOs. 
Donsì et al. (2011) encapsulated a terpenes mixture and D-limonene  
into nanoemulsions based on food-grade ingredients such as sun-
flower oil, palm oil, and soy lecithin. According to the results, the 
addition of low concentrations of the nanoencapsulated terpenes 
was able to delay the microbial growth or completely inactivate 
the microorganisms while minimally altering the organoleptic  
properties of the fruit juices. In another approach, Sebaaly et al. 
(2015) developed suitable formulations of natural soybean phos-
pholipid vesicles to improve the stability of clove EOs and its 
main component, eugenol. It was found that liposomes exhibited 
nanometric spherical shaped vesicles and protected eugenol from  
degradation induced by UV exposure; maintaining their stability 
after stored for 2 months at 277 K.

4 Emerging Technologies
4.1 supercritical fluids (scfs)

A pure compound is considered a supercritical fluid (SCF) 
when its temperature and pressure are above than critical values, 
T

c
 and P

c
, respectively. The critical temperature is defined as the 

higher temperature in which a gas can be transformed in a liq-
uid, due to a pressure increase. The critical pressure consists in the 
higher pressure in which a liquid can be converted to a gas, due 
a temperature increase. These properties characterize the critical 
point (CP) (Fig. 3.2). In the supercritical region, there is no equi-
librium between liquid and gas phases; however, the physical-
chemical properties of the SCFs are intermediaries between gas 
and liquid. Additionally, around CP, little pressure changes cause 
huge changes in density, viscosity, solvation power, and diffusivity, 
allowing a selective precipitation of solute, and thus enabling the 
solvent recycle (Brunner, 2005).

The SCF more often used is carbon dioxide (CO
2
). CO

2
 is con-

sidered inert, nonflammable, nontoxic, and is available in large 
quantities, with low cost and high purity, having a relatively low 
CP, 304.2 K and 3.38 MPa. Carbon dioxide is the most suited sol-
vent for SFE of thermolabile compounds because of its favorable 
properties (including nontoxic and nonflammable character, high 
availability at low cost, and high purity) and to its ability to produce 
isolates with optimal physicochemical, biological, and therapeu-
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tic properties. Additionally, due to its moderate critical tempera-
ture, it allows for operation near to room temperature with a slight 
critical pressure (Meireles, 2008). In general, supercritical CO

2
 

(scCO
2
) behaves like a lipophilic solvent, but compared with liq-

uid solvents, its main advantage is that its selectivity and solvation 
power are adjustable and can be controlled through temperature 
and pressure changes (Reverchon, 1997). For example, because 
of the high solubility of the EOs in SCFs, these compound have 
been isolated successfully using SFE. EOs from raw materials such 
as rosemary (Zabot et al., 2014), hops (Van Opstaele et al., 2012), 
eucalyptus (Zhao and Zhang, 2014), coriander (Pavlić et al., 2015), 
ginger (Mesomo et al., 2013), peppermint (Gañán et al., 2015), and 
turmeric (Carvalho et al., 2014) have been successfully obtained 
using SFE. Process conditions that use pressures between 8 and 
15 MPa and temperatures between 293 and 333 K are feasible 
for its use as extraction solvent in the extraction of volatile and 
thermolabile compounds such as EOs, preventing their thermal 
degradation. On the other hand, as SFE process is performed at 
the absence of light and oxygen, oxidation reactions, a problem 
of major importance in antioxidant extraction can be avoided us-
ing this technology. Therefore, SCFs display unique characteristics 

Figure 3.2. Pressure-temperature phase diagram for pure substances.
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that enable them to be used as a solvent to extract bioactive com-
pounds as well as a feasible antisolvent to precipitate compounds 
and encapsulate EOs, as shown in the next section, SCFs in Encap-
sulation of EOs.

4.1.1 SCFs in Encapsulation of EOs
Several techniques have been studied and used to form cap-

sules include spray-drying, spray chilling, jet milling, fluidized bed 
coating, liposome entrainment, coacervation, thermal and ionic 
gelation, and so forth. However, some disadvantages such as the 
difficulty in producing capsules with a narrow particle size distribu-
tion as well as use of high operating temperatures, generate the ne-
cessity to develop novel techniques to overcome these drawbacks. 
The use of SCFs as an alternative technique for EOs encapsulation 
would improve the results obtained with other techniques, over-
coming the drawbacks and even creating novel formulations and 
products. Particular features of the scCO

2
, such as the possibility of 

adjusting its solvation power, low viscosity, moderate high diffusion 
coefficient, and no product contamination; have increased the use 
of SCFs as a feasible alternative for the encapsulation of EOs.

In the encapsulation processes using an SCF, a solution that 
contains the solute and the carrier material is dissolved in a SCF. 
Due to the particular behavior of the solution in the supercritical 
phase, the solution reaches a higher supersaturation, the solubil-
ity of the compounds is reduced drastically, making the carrier 
material precipitate, and the entrapment of the compounds of in-
terest is caused (Vinjamur et al., 2013).

However, owing to the high sensibility to the changes in the 
process conditions on the phase equilibrium for this type of sys-
tems, a further knowledge of the phase equilibrium of the EOs+ 
carrier material + CO

2
 is a requirement for the development of 

processes where SCF are used for encapsulation. According to 
Reverchon et al. (2003) the formation of a single supercritical 
phase is the key step for the successful production of nanopar-
ticles. In complex systems such as EOs + carrier material + CO

2
, 

the phase diagram of the system could change due to the presence 
of other soluble solids different from EOs or carrier materials in 
the solution or emulsion or due to some changes in the propor-
tions of the mixture components. For example, depending on the 
system temperature and pressure and due to the large differences 
in size, shape, and polarity among the EOs molecules and the car-
riers materials, three or more phases could be produced, causing 
no capsule formation. In the same context, depending on the pro-
cess conditions a cosolvent effect also could be observed. In that 
case, the dissolution of some compounds in the mixture could be 
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increased and therefore a higher fraction could be dragged out 
of the system by the scCO

2
. A similar behavior was observed by 

Lévai et al. (2015) in a quercetin encapsulation process using SCF. 
In the performed process some low molecular weight antioxidant 
compounds of lecithin were dragged out by the scCO

2
. In conse-

quence, although the antioxidant activity of the capsules obtained 
by SFEE was higher than pure quercetin, the antioxidant activity 
of the SFEE capsules had lower antioxidant activity than the mix-
ture of quercetin and lecithin from the oil in water emulsion.

Consequently, one of the more important aspects of using 
SCFs in encapsulation processes is that the process must be ini-
tially based in the knowledge of phase equilibrium behavior and 
the solubility of the substrate and the polymer matrix in the SFE. 
This feature is one of the main limiting factors of supercritical 
techniques described in SCFs Encapsulation Techniques.

4.1.2 SCFs Encapsulation Techniques
Various techniques using SCFs have been proposed to precipi-

tate and to encapsulate several compounds. According to Silva and 
Meireles (2014), these techniques can be classified in accordance 
with the function of the supercritical fluid in the process: solvent 
(Rapid Expansion of a Supercritical Solution, RESS); antisolvent 
(Gas Antisolvent, GAS; Supercritical Antisolvent, SAS); cosolvent 
or solute (Particles from Gas-Saturated Solutions, PGSS); nebuli-
zation compound (Carbon Dioxide Assisted Nebulization with a 
Bubble Dryer, CAN-BD) and extractor and antisolvent techniques 
(Supercritical Fluid Extraction of Emulsions, SFEE). Many of these 
processes were originally developed to produce solid compounds, 
however, with some modifications it is possible to obtain solid-
liquid compounds, for example, liposomal nanocapsules of EOs.

4.1.2.1 rapid expansion of supercritical solution (ress)
RESS process consists in the saturation of an SCF with a solid 

substrate in a saturation vessel; afterwards, the saturated solution 
is pressurized through an expansion heated nozzle into a low pres-
sure chamber or ambient pressure vessel (Fig. 3.3). The pressure 
change causes a faster nucleation of the substrate in very small 
particles, which are collected in the gas current. The fast injection 
of the substrate into gas phase should guarantee the production of 
very small particles. This process is attractive mainly due to no use 
of organic solvents, the use of low temperatures, and the narrow 
particle size distribution (Reverchon and Adami, 2006).

Some disadvantages of the RESS process such as: difficulties for 
the scale-up and nozzle design, as well as the energy cost associated 
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with the recompression of CO
2
 for its recirculation into the process, 

could limit its utilization (Rodríguez-Rojo et al., 2013), however, 
several compounds have been micronized using the RESS process. 
Most of these micronized compounds are pharmaceutical sub-
stances or high economic value materials. The application of the 
RESS process in the food industry and related products is limited 
because substances such as fat-soluble vitamins (vitamin E, for in-
stance) are moderately soluble in CO

2
 (Weidner, 2009). Additionally, 

high molecular weight compounds as polymers and phospholipids, 
which are essential in the encapsulation process of EOs are slightly 
soluble in CO

2
, restricting the use of the RESS process in the encap-

sulation of EOs. For example, phospholipids are not easily dissolved 
in pure scCO

2
. These compounds are used in the formation of lipo-

somes in aqueous medium; therefore the conventional RESS pro-
cess is not applicable in the encapsulation of EOs using liposomes.

Moreover, to overcome the limitation that the RESS process 
only is suitable for compounds with low polarity or moderate 
solubility in scCO

2
, changes such as the addition of cosolvents 

such as ethanol or acetone in a process named Rapid Expansion 
of a Supercritical Solution with a Nonsolvent (RESS-N) has been 
proposed. The RESS-N process was used by Wen et al. (2010) to 
form liposomes containing EOs from rhizomes of Atractylodes 
macrocephala Koidz, a Chinese plant commonly used as a supple-
ment in food and folk medicine. In this modified method, the EOs 
solution and the materials of the liposomes are dissolved in the 
scCO

2
-ethanol mixture and are pulverized into a phosphate buffer 

Figure 3.3. Schematic flowsheet of the Rapid Expansion of Supercritical Solution (RESS) process.
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solution through a coaxial nozzle to incorporate the essential oil 
into the liposomes. The entrapment efficiency, EOs loading, and 
average particle size of liposomes were found to be 82.18%, 5.18%, 
and 173 nm, respectively, under the optimum conditions of at a 
pressure of 30 MPa, a temperature of 338 K, and a cosolvent mole 
fraction in scCO

2
 of 15%.

4.1.2.2 supercritical solvent impregnation (ssi)
This technique is based on the fact that a polymer can be im-

pregnated with another compound. In the beginning, the com-
pound of interest is dissolved into a SCF in a saturation vessel 
and, immediately, the compound + SFC mixture are put in contact 
with the polymers particles to be impregnated in an impregna-
tion vessel (Fig. 3.4). The two main items of the setup are a col-
umn, in which scCO

2
 is saturated with the compound of interest, 

and the impregnation column, in which compound + SFC mixture 
is brought into contact with the polymer. In the same way as the 
RESS process, in the SSI process it is also possible to use cosol-
vents to enhance the solubility or to improve the dispersion of the 
compound or carrier material in the polymer (Cocero et al., 2009).

Particularly, this technique could benefit from the high solubil-
ity of EOs into scCO

2
, and the high capacity of diffusion of the SCF 

through the carrier material, which generally is a powdered poly-
mer with a preformed morphology. In fact, this process is used to 
produce micro and nano compounds, through the introduction of 
an active compound into preformed particles using diverse car-
rier materials. Due to this characteristic, the SSI process cannot be 

Figure 3.4. Schematic flowsheet of the Supercritical Solvent Impregnation (SSI) process.
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considered strictly an encapsulation technique (Rodríguez-Rojo 
et al., 2013). Nevertheless, it can be particularly advantageous in 
relation to the conventional encapsulation processes. For exam-
ple, the EOs encapsulation using spray drying from an oil-water 
emulsion (o/w) and some carrier material, can trigger the deg-
radation of the EOs due to the high process temperature (above 
353 K) and to oxidation of the compounds due to the presence of 
oxygen in the compressed air using during the process. Particu-
larly, oregano and the compounds of its EOs have been presented 
as special interest to this technique. Almeida et al. (2013) demon-
strated that SSI process is an attractive technique to impregnation 
of natural matrices with EOs. In this work, oregano EOs was im-
pregnated in microspheres of different types of starch (sorghum 
and rice) using the SSI process. Mild operating conditions (10 MPa 
and 313 K) avoid EOs degradation and the high diffusivity of CO

2
 

in the solid matrix (starch) ensures a deep impregnation of the es-
sential oil. The product was characterized as having a high antioxi-
dant activity even during storage. Besides, the scale-up process is 
considered simple and therefore SSI process has potential for the 
production of ingredients for the food industry. In this type of pro-
cess, depending on the quantity of EOs impregnated, it is possible 
to change the polymer morphology impregnated due to the for-
mation of new chemical bonds that can change the solid structure 
of the polymer. Milovanovic et al. (2015) impregnated oregano 
EOs, containing mainly thymol, in cellulose acetate using the SSI 
process. Although higher impregnation yield was obtained (72% at 
308 K and 20 MPa), the morphology of the samples changed signif-
icantly with the high impregnation yields, impregnated near the 
surface of the bead to induce the change of polymer solid struc-
ture via participating in the intermolecular implying the impact 
of thymol on the cellulose acetate. Enough thymol impregnated 
near the surface of the bead to induce the change of polymer solid 
structure via participating in the intermolecular hydrogen bonds, 
and thus completely changing the morphology of this part of the 
bead. Lavandin (Lavandulahybrida) EOs was impregnated in 
OSA (Varona et al., 2011). After testing pressures between 10 and 
12 MPa and temperatures between 313 and 323 K, it was stated 
that the distribution coefficient of EOs between the starch and the 
supercritical phase as well as the EOs load depended on the den-
sity of CO

2
. The quantity of EOs impregnated increased when tem-

perature was increased and pressure was decreased.

4.1.2.3 supercritical antisolvent (sas)
In SAS process, scCO

2
 is used as an antisolvent to reduce 

the solute solubility dissolved in a solvent. In the SAS process a 
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liquid solution that contains the compound to be encapsulated 
and the carrier material is injected into a SCF. In this process, 
scCO

2
 is pumped into a precipitation vessel using specific process 

parameters such as temperature, pressure, solution flow rate, and 
CO

2
 flow rate. Afterwards, the solution that contains the interest 

compound, the carrier material, and the organic solvent is pul-
verized through an expansion nozzle into the precipitation vessel. 
The solvent diffuses quickly from the drops of solution to super-
critical phase. This leads to supersaturation of the solute, which 
is compensated by nucleation and the compound of interest is 
precipitated within the carrier material. The formed particles are 
collected using a filter fixed at the bottom of the precipitation ves-
sel whereas the residual organic solvent and the CO

2
 are removed 

from the system (Fig. 3.5). SAS process is characterized by operat-
ing in a semicontinuous mode, where the solution and the scCO

2
 

are continuously injected into the precipitation vessel. For the SAS 
process to be successful, the solute must be soluble in the organic 
solvent at the process temperature and must be insoluble in the 
SCF. Another important aspect is that the solvent must be com-
pletely miscible with the SCF, because if the solute is just partially 
soluble into the SCF, depending on the process conditions, two or 
more fluid phases could be formed and the solute may remain dis-
solved or partly dissolved.

A process variation is the operation in batch mode, which is 
known as gas antisolvent (GAS) process. In GAS process, the pre-
cipitation vessel is loaded with a given quantity of the liquid solu-
tion and, then, the supercritical antisolvent is added until the final 
pressure is obtained (Reverchon and Adami, 2006).

Figure 3.5. Schematic flowsheet of the Supercritical Antisolvent (SAS) process.
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In SAS process is possible to obtain nanoparticles due to the 
fast supersaturation and nucleation caused by the high mass 
transference rates of the SCF. On the other hand, narrowed size 
distributions can be obtained by controlling process parameters. 
For example, using this technique, is possible the formation of dry 
lipid particles, which is more advantageous than forming lipo-
somes in suspension because of the improved stability upon stor-
age and transport (Beh et al., 2012). According to Kalani and Yunus 
(2011) the major disadvantage of this technique is the long wash-
ing period prior to the agglomeration and aggregation of particles. 
However, this problem can be minimized by intensively mixing 
the supercritical antisolvent and the solution, which increases 
the mass transfer and thus produces smaller particle size. Despite 
this disadvantage, several compounds such as carotenoids (Mez-
zomo et al., 2012; Mattea et al., 2009b; Martin et al., 2007; Santos 
and Meireles, 2013) and various antioxidant compounds (Visen-
tin et al., 2012; Zu et al., 2012; Zhao et al., 2011; Sosa et al., 2011) 
have been successfully precipitated and encapsulated using the 
SAS process.

Specifically, SAS process has not been applied in the produc-
tion of dry particle of EOs. Despite this, the use of the SAS process 
appears to be an efficient and environmentally friendly process 
to produce liposomes. Lesoin et al. (2011) developed a process to 
produce liposomes of lecithin using the SAS process. In this work, 
the process was performed using a precipitation temperature of 
308 K, range of precipitation pressure from 9 to 13 MPa, and CO

2
/

solvent (ethyl alcohol) molar ratio ranges from 50 to 100. The lipo-
some size distribution was included in the range of 0.1–100 µm and 
encapsulation efficiency was about 20%. Moreover, when SAS pro-
cess is compared with conventional process (Bangham method), 
SAS process is carried out under mild temperature conditions, un-
like the Bangham method (308 K for the SAS process and 323 K for 
the Bangham process), and SAS liposomes were more stable than 
those obtained by Bangham method. According to these results, 
SAS process could be a feasible method with potential application 
in the production of EOs liposomes.

4.1.2.4 particles from gas-saturated solutions (pgss)
PGSS is a process that allows for a saturated supercritical fluid 

solution to obtain nanoparticles. In the PGSS process the solute 
is initially saturated with scCO

2
 in a high-pressure vessel denomi-

nated as static mixer (Fig. 3.6). Afterward, the saturated solution 
is expanded at moderate pressure through an expansor nozzle 
into a spray tower causing the formation of solid particles or liq-
uid particles. The rapid expansion of the saturated solution cause 
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an intense cooling effect caused by Joule–Thomson effect (Cocero  
et al., 2009). For example, in an encapsulation process of β-
carotene with poly-(ε-caprolactone) by PGSS process, De Paz 
et al. (2012) established that when a higher CO

2
 content is used, 

the Joule–Thomson cooling effect, which is the driving force for 
particle formation by PGSS process, becomes more intense, pro-
moting the formation of smaller particles. Therefore, the knowl-
edge and control of this phenomenon is a key factor to the success 
of the PGSS process.

The advantages of PGSS process are related with low SFC con-
sumption and low to medium pressure process. Because of sim-
plicity of this process, the processing cost is very low compared to 
other processes. It can be used with suspensions or emulsion of 
active ingredients in polymers or other carrier substances leading 
to composite particles. Among the disadvantages of PGSS process 
are included the difficulty of producing submicron-sized particles 
and the control of particle size (Fahim et al., 2014). However, PGSS 
process has a great potential in the production of particles and 
capsules of many molten fats, lipids, or polymers due to the high 
solubility in scCO

2
 of these compounds at moderate pressures 

(Martín et al., 2010). For example, a saturated mixture of scCO
2
 

and an emulsion of EOs + carrier material can be formed. After-
ward, this saturated solution can be expanded, precipitating the 
carrier material entrapping the EOs in capsules.

PGSS process was successfully applied in the lavandin EOs en-
capsulation using as carrier materials polyethylene glycol (PEG) 
and OSA modified starches (Varona et al., 2010). In this process was 
evaluated a PGSS process modification named PGSS-drying. The 
main difference between the two processes is that in PGSS-drying  

Figure 3.6. Schematic flowsheet of the Particles from Gas-Saturated Solutions (PGSS) process.
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an oil-in-water emulsion is intensively mixed with scCO
2
 using 

a static mixer, encapsulating the EOs in starch by removing the 
water from the emulsion. The EOs were effectively encapsulated 
through the PGSS-drying process using OSA modified starches as 
carrier material. Between the two carries materials, PEG had a bet-
ter performance reaching higher encapsulation efficiencies than 
OSA (14–66% of initial EOs encapsulated). Besides, spherical par-
ticles with narrow particle size distribution were obtained, which 
is a key factor in order to control the release of the lavandin oil for 
further applications. In other work about lavandin EOs encapsula-
tion, demonstrated that the antibacterial activity of lavandin EOs 
against three pathogenic bacteria (E. coli, S. aureus, and Bacillus 
cereus) could be enhanced by encapsulation, due to the protec-
tion and control release of the EOs (Varona et al., 2013). In another 
approach, menthol was encapsulated using beeswax as the wall 
material (Zhu et al., 2010). The experiments were performed at 
333 K with pressure in the range from 6 to 20 MPa, mass fraction 
of menthol in the menthol/beeswax mixture from 10 to 40% and 
flow rate of solution from 0.21 to 0.81 cm3/min. Results indicated 
that in the range of studied conditions, increase of the pressure, 
decrease of the gas-saturated solution flow rate, and decrease of 
the menthol mass fraction can decrease the particle size and nar-
row particle size distribution of the produced menthol/bees wax 
microparticles. Although in this work were not obtained nanopar-
ticles (2–50 µm), the microparticles produced have an obvious 
protection against menthol volatilization.

Choi et al. (2010) obtained PEG microparticles containing co-
riander EOs using the PGSS process. In this work, temperatures 
in the range from 310 to 333 K and pressure from 10 to 25 MPa 
were evaluated. At these process conditions, the stability of the co-
riander EOs was improved and microparticles with size between 
0.1 and 10 µm were produced. On the other hand, they observed 
a positive influence on the formation of spherical microparticles 
and highest entrapment efficiency with increasing temperature 
and decreasing pressure. Gitin et al. (2011) encapsulated garlic EOs 
using PEG as wall material. In this study, temperatures between 
324 and 335 K and pressures between 15.7 and 20.3 MPa were 
used. Particularly, although the encapsulation efficiency of the 
process had good performance (26.10–48.93%), it was observed 
that when the quantity of the EOs was increased, some fraction 
of oil that was not encapsulated produced particle agglomeration. 
Therefore, it was impossible to reach nanometric scale and par-
ticle sizes ranging from 71.124 µm to 205.64 µm were obtained.

In summary, PGSS process is one of the emerging methods 
most used to encapsulate. Particularly, although the encapsulation 
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efficiency of the process had good performance, however, further 
research in order to achieve nanometric scale and avoid particle 
agglomeration is necessary. EOs protection and the subsequent 
controlled release of the bioactive compounds are two characteris-
tics of the PGSS process that could be explore in the encapsulation 
of EOs and other flavor and aroma compounds in order to develop 
potential applications to food industry.

4.1.2.5 supercritical fluid extraction of emulsions (sfee)
SFEE process is a combination of the conventional emulsion 

precipitation process with the SAS process, where scCO
2
 is used to 

eliminate the organic solvent from the emulsion droplets (Fig. 3.7). 
Emulsion techniques usually involve large quantities of organic 
solvents, and the removal of them involves additional separation 
techniques and the use of high temperatures. On the other hand, 
the particles obtained using SFC sometimes present agglomeration 
problems generating large particles or cannot reach nanometric 
size. However, the application of SCF in the particle technology with 
the particle formation process from emulsions can overcome the 
main problems of each separated technology (Cocero et al., 2009).

SFEE can benefit from the excellent transport properties of the 
SFC and cause the precipitation of the particles inside the emulsion 
droplets. Therefore, the growth of the particles is limited by the size 
of the emulsion droplets and agglomeration is reduced thanks to the 
surfactants forming the emulsion. One of the main drawbacks of the 
SFEE process is that instead of obtaining dry particles as SAS pro-
cess, the final product usually consists of a suspension of the desired 
compound in water (Mattea et al., 2009a). Santos et al. (2012) dem-
onstrated that submicrometer (344–366 nm) particles of carotenoids 

Figure 3.7. Schematic flowsheet of the Supercritical Fluid Extraction of Emulsions (SFEE) process.
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(β-carotene and lycopene) with high stability and solubility in aque-
ous media can successfully be produced by SFEE process. These re-
sults indicate that lycopene used presents a higher solubility in CO

2
 

and stability than β-carotene under the same operating conditions 
(323 K and pressures between 7 and 13 MPa). Quercetin is another 
compound with low water solubility that have been successfully en-
capsulated in the SFEE process (Lévai et al., 2015). After encapsu-
lation, particles with mean size around 100 nm and encapsulation 
efficiency around 70% were obtained.

In the same way as the SAS process, the SFEE process is in prin-
ciple suitable to obtain micelles loaded with EOs. For example, the 
solubility of many EOs compounds in CO

2
 at moderate pressures 

is much lower than that of organic solvents; therefore in any case 
the fraction of EOs compound extracted during micelle formation 
can be easily recovered and recycled by depressurization of the 
gas effluent (Martín et al., 2010). Although at this time there are 
no specific works about EOs encapsulation, SFEE process could 
explore the properties of EOs and its behavior in supercritical mix-
tures to obtain micelles loaded with EOs for food application.

4.2 ultrasonication
Ultrasonication technology has been evaluated in diverse ap-

plications such as extraction of bioactive compounds (Santos 
et al., 2015), particle formation (Jordens et al., 2015), dehydra-
tion of waste oil (Xie et al., 2015), biodiesel production (Sarve 
et al., 2015), and sulfur removal from bauxite water slurry (Ge 
et al., 2015), among others.

Depending on the type of process, cavitation is produced 
due to the formation of high frequency waves in several expan-
sion and contraction cycles, which could cause various effects in 
the vegetal matrix or liquid medium when ultrasonication is be-
ing applied. In most cases these effects are related with enhanc-
ing the mass transfer. For example, in the extraction of bioactive 
compounds, the cell walls of the vegetal matrix are disrupted, the 
extraction solvent penetration and the mass transfer are favored, 
and thus the overall yield and the extraction rates are increased 
(Toma et al., 2001). On the other hand, in precipitation processes, 
ultrasonication enhances the nucleation rate which results in a 
larger amount of fine particles and breakage of the already formed 
particles into smaller particles by the large shock-waves and mi-
cro jets (Horst et al., 2007). However, the use ultrasonication for 
the formation of nanoemulsions with EOs is a technology almost 
unexplored. Research in this area could lead to significant advanc-
es in the supply of new systems for food flavoring agents.
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Emulsions by definition are colloidal systems thermodynami-
cally unstable due to interfacial tension (enthalpy) observed be-
tween the phases of different chemical nature. The use of emulsifi-
ers and surfactants allows stabilization of these systems by various 
mechanisms such as adsorption of the molecules in water-oil in-
terface with a reduction in the interfacial tension; electrostatic 
interaction of the molecules that act as a barrier to coalescence 
of the droplets in dispersed phase; combination of the two mech-
anisms mentioned above; viscosity increase of the continuous 
phase providing a physical barrier to coalescence. However, the 
emulsification method used is directly related with the reach of 
the kinetic stability because a reduction in droplet size of the dis-
persed phase decreases the velocity of system phase separation 
(McClements, 2012). This effect is related with Stokes law applied 
to colloidal systems, which indicates that the velocity of the drop-
let of the dispersed phase is proportional to the square of its radius 
(Desrumaux and Marcand, 2002).

Emulsification using high-intensity ultrasound with a frequency 
range of 16–100 kHz and a power of 10–1000 W cm−2 has the ability 
to produce fine emulsions with size distribution of highly uniform 
drops (Chandrapala et al., 2012; Silva et al., 2015). Fig. 3.8 shows 
the schematic flowsheet and the type of energy involved in each 
piece of an ultrasound equipment. Emulsification via ultrasound  

Figure 3.8. Schematic flowsheet and the type of energy involved in ultrasonication.
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has distinct effects on the breakdown of the oil droplets in an 
emulsion due to the mechanisms involved in this technique. Ho-
mogenization occurs through two main mechanisms associated 
with the generation of an acoustic field and the application of low-
intensity ultrasound frequency. The acoustic field is responsible 
for generating unstable interfacial waves that promote the mix-
ture of oil with water (continuous phase) leading to the formation 
of droplets in the system. The application of low frequencies of 
ultrasound generates an acoustic cavitation phenomenon, which 
is primarily responsible for the reduction in the oil droplets size. 
The rapid formation and collapse of microbubbles are promoted 
by the intense shear rates associated with cavitation. The collapse 
causes extreme levels of turbulence to be highly localized and this 
acts as an effective method to the breakdown of the droplets of the 
dispersed phase into droplets with sizes that can be lower than  
the submicron range or even reaching the nanoscale (Li and 
 Fogler, 1978a; Li and Fogler, 1978b). Therefore, the superiority of 
ultrasound as an emulsification method can be associated with 
microshear resulting of cavitation. The intense shear involved 
in this technique along with other effects of cavitation, such as 
heating, may cause the rupture of chemical bonds and physical 
changes in the polymers used as emulsifiers (Arzeni et al., 2012; 
Gülseren et al., 2007).

Therefore, when ultrasound is applied as an emulsification 
method using polymers with biological activity associated, such 
as whey proteins, soy, and egg proteins, an evaluation must be 
made about the maintaining of the activity of these macromol-
ecules after ultrasound processing. This can be considered the 
only disadvantage associated with use of this technology (Arzeni 
et al., 2012).

Nanoemulsions obtained can be considered as final process 
products and are characterized by having diverse possibilities 
of application in food products. In addition, since most systems 
are directed to form emulsions type oil-in-water, drying the 
continuous phase of the EOs nanoemulsions by different tech-
niques (spray-drying and freeze-drying, among others) allows  
the particle formation with high encapsulation efficiencies of 
the bioactive compound of interest (Soottitantawat et al., 2003, 
2005).

4.2.1 Effects of the Application of Ultrasound in Oils
Besides the modifications in the molecular structure of the 

emulsifiers (gums, starches, proteins, and others) previously men-
tioned, the use of ultrasound may also cause changes in oily com-
pounds such as EOs. Physicochemical effects such as appearance 



118  Chapter 3 NaNoeNcapsulatioN of flavors aNd aromas by emergiNg techNologies

of off-flavors, metallic taste, production of free radicals, break-
down of compounds (structure modification), and some changes  
in physical parameters are associated with the use of ultrasound 
in food processing. These changes may be related with process 
conditions (temperature and pressure) and microshear mecha-
nisms produced for the acoustic cavitation phenomenon (Pingret 
et al., 2012, 2013). For example, after pasteurization of pineapple, 
grape, and cranberry juices using thermo-sonication, Bermúdez-
Aguirre and Barbosa-Cánovas (2012) observed changes in color 
and pH of the samples. Thus, ultrasound may promote the forma-
tion of chemical products that affect the pH or cause the destruc-
tion of pigments and generate nonenzymatic browning. In other 
research, Anese et al. (2013) observed after processing of tomato 
pulp with ultrasound an increase in the viscosity due to the forma-
tion of a stronger fiber network; however this network entraps the 
lycopene and the lycopene bioaccessibility is decreased. Cravotto 
et al. (2011) studied the extraction of kiwi seed oil using Soxhlet 
and other four different nonconventional techniques, including 
ultrasound-assisted extraction. The authors observed formation 
of off-flavors and presence of oxidation compounds in oil extract-
ed with ultrasound due to the partial degradation of the kiwi seed 
oil. On the other hand, Metherel et al. (2009) showed that the cavi-
tation phenomenon produced by the ultrasound device led to the 
generation of free radicals in flaxseed oil, and although peroxide 
levels were increased, the fatty acid composition almost was not 
affected by ultrasound. Therefore, although the application of ul-
trasound can promote the nanoencapsulation of EOs, the forma-
tion of off-flavors, induction of oxidation in lipid chains, and for-
mation of free radicals are key factors that have to be considered 
in order to avoid some negative effect on the EOs.

4.2.2 Applications of Ultrasonication in Obtaining Nanoemulsions 
of EOs

Hashtjin and Abbasi (2015) studied the formation of natural 
orange peel EOs (OPEO) nanoemulsion assisted by ultrasound. 
OPEO is among the most common important EOs used in the 
food industry and is recognized for being limonene-rich. To per-
form the nanoemulsions, Tween 80 and native gums such as Per-
sian gum (PG) and gum tragacanth (GT) were used as emulsifiers. 
Nanoemulsions were prepared using OPEO (1% w/w), as the oil 
phase, and mixture of Tween 80 (2% w/w), combined with soluble 
fractions of PG and GT (0.25% w/w) and deionized water (96.75% 
w/w), as the aqueous phase. The effects of sonication amplitude 
(70–100%) and different process times (90–150 s) were evaluated. 
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OPEO nanoemulsions with size of 13 nm were obtained using 
sonication amplitude of 94% and process time of 138 s at 310 K. In 
this work, the authors established that sonication amplitude and 
process time, as well as their interaction had a significant effect 
over emulsion droplet size. OPEO nanoemulsions showed Newto-
nian behavior and were physically stable at 278 K and 298 K over 
three months of storage. The authors concluded that the obtained 
results strengthen the potential of ultrasonic technique for appli-
cation in food and pharmaceutical products. Through ultrasonic 
technique it is possible to produce nanoscale emulsions of EOs 
with long-term kinetic stability.

Salvia-Trujillo et al. (2014) evaluated the antimicrobial activity 
of lemongrass EOs nanoemulsions against E. coli. Nanoemulsions 
were prepared using sodium alginate (1% w/v), Tween 80 (1% v/v), 
and lemongrass EOs (1% v/v). When the sonication was performed 
at 400 W and 180 s, nanoemulsions with droplet size of 4.3 ± 0.2 nm 
were obtained. However, the lowest droplet size of emulsion di-
minished the antimicrobial potential of lemongrass essential oil 
nanoemulsions against E. coli when compared with nanoemul-
sions with droplet size above 34.9 ± 8.5 nm obtained at 120 W and 
30 s of sonication.

5 Conclusions and Future Perspectives
Flavor and aroma compounds have a fundamental place in re-

lation with food quality and its acceptability by consumers. The 
change in perception, manner of buying, and how food are pro-
duced have prompted consumers to look for food produced using 
natural additives obtained through environmentally friendly pro-
cesses that use nontoxic solvents. Besides, herbs and spices have 
been used since ancestral times as flavoring and aromatic agents 
in making foods. Due to the characteristics of their EOs, nowadays 
they have become a valuable source of bioactive compounds and 
the industrial use of EOs is a very promising area. However, because 
of their volatility and sensibility to temperature, EOs require greater 
care for preservation. Nanoencapsulation allows an increase in EOs’ 
solubility and offers protection against factors that trigger their deg-
radation, enhancing EOS’ performance as flavoring agents and tak-
ing advantage of their pharmacological properties. The developing 
of novel formulations that enhance its flavoring and aroma charac-
teristics as well as the use of its bioactive properties for increasing 
shelf-life or even prevent diseases through controlled release allows 
us to think of a promising future in the field of EO nanoencapsu-
lation. Although currently the application of emerging techniques 
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in the nanoencapsulation of EOs is relatively limited, the produc-
tion of nanoparticles and nanoemulsions using supercritical fluids 
as well as nanoemulsion formation assisted by ultrasound both 
present the potential to develop new food products with enhanced 
properties. According to the discussion in this chapter, these two 
technologies have great potential for application in nanoencapsu-
lation of EOs with applications in the food industry. The possibility 
of using encapsulation materials and solvents recognized as safe 
(GRAS) in processes performed at operating conditions that guar-
antee the integrity of the compounds is a valuable opportunity to 
continue the development of a promising area such as nanoencap-
sulation of natural flavors and aromas for food industry.
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Daniel Ioan Hădărugă†, Sophie Fourmentin*
*University of the Littoral Opal Coast (ULCO), Unit of Environmental 
Chemistry and Interaction on the Living (UCEIV), Dunkirk, France  
**Banat’s University of Agricultural Sciences and Veterinary Medicine, 
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1 Introduction
Aroma and flavors are one of the most important ingredients 

of food products. Nevertheless, they can present problems of in-
stability, losses during heating, or reactions with other food matrix 
ingredients. In this context, the food industry is aware of the po-
tential of encapsulation technology to overcome these problems 
and provide as well controlled or targeted delivery or release sys-
tems. Encapsulation in cyclodextrins (CDs) is among the most  
interesting tools in this perspective. CDs are nontoxic naturally oc-
curring oligosaccharides derived from starch. They are available in 
industrial scale, low prices, food quality, and have been included 
in the GRAS list of the FDA. CDs possess a hydrophilic external 
surface and a hydrophobic interior cavity. This unique conforma-
tion allows them to encapsulate hydrophobic guests in their inter-
nal cavity forming noncovalent inclusion complexes.

The possible benefits of CD encapsulation are various. Inter-
estingly, encapsulation in CDs could be performed both in solu-
tion and in solid state using various techniques from laboratory to 
industrial scale. CDs can control the release of aroma and flavors 
during food product preparation, storage, and consumption and 
increase the solubility and retention of these poorly soluble sub-
stances. Encapsulation in CDs can also improve the stability of aro-
ma and flavors, extend product shelf life, protect it from oxidation 
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and isomerization during storage, and create a controlled release  
system of active substances. Moreover, encapsulation also al-
lows aroma and flavors to remain active as antimicrobial agents 
despite the harmful environmental conditions and long storage 
period.

One of the crucial steps when formulating CD encapsulated 
aroma is to select the appropriate CD and determine optimal con-
ditions for the preparation of solid dosage forms. Proper choice of 
encapsulation conditions may thus control encapsulation yield, 
aroma release, and aroma stability during preparation, storage, 
and consumption of the food product.

The current chapter focuses on the encapsulation of aroma 
in CDs. This chapter will not stop at the preparation of inclusion 
complexes in solution and in solid state but it will cover the de-
scription of analytical methods used to characterize and bring 
evidence of the inclusion complexes. Correlations between hy-
drophobicity and geometry of aroma compounds, the space fill-
ing of CDs cavity, and the formation/stability constants (K

f
) of  

inclusion complexes will also be discussed. Moreover, relation-
ships between the solubility, intrinsic photostability, and volatility 
of aroma with the solubilizing, photoprotector, and retention abil-
ities of CDs will be examined. Additionally, this chapter reviews 
the effects of encapsulation on the physicochemical and biologi-
cal properties of aroma.

2 Aroma and Flavors
2.1 definition/description

The smell or olfaction is one of the most important senses of 
vertebrates that identifies and evaluates foodstuffs or their own 
peers. It furnishes pleasant sensations (eg, the flower perfumes) 
or warns about various dangers such as degraded food or chemi-
cal risks. Smell is a way for communication between humans or 
animals and nature. The sense of smell is almost all the time re-
lated to perfume, aroma, or flavor. The term perfume belongs to 
the Latin name per fumum that refers to the use of the olibanum 
for religious purposes (Ohloff, 1994). Aroma or aroma substances 
(odorants) are volatile compounds that are perceived by the odor 
receptor sites from the olfactory tissue (by orthonasal and/or ret-
ronasal detection). On the other hand, flavor is a more complex 
sensation that especially comprises compounds responsible for 
odor and taste; furthermore, other human sensations such as vi-
sual and mouth feeling are involved in flavor perception (Schudel, 
1990; Theimer and Davies, 1967).
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The olfaction mechanism is one of the most complex systems. 
Shortly, it presumes a molecular interaction of the volatile com-
pound at the binding site of the olfactive receptors, followed by a 
cascade of enzymatic reactions that open the sodium and calcium 
ion-channels and generates the electric signal at the olfactory 
cells level. An important role in the olfaction mechanism is re-
lated to odorant-binding proteins (OBPs) and odorant-degrading 
enzymes (ODEs) that regulate the aroma concentration at the ol-
factory receptors in the mucus (Glusman et al., 2000). There are 
a lot of classifications of aroma related to the main type of smell 
descriptors; the latest comprise aromatic, phenolic, floral, fruity, 
citric, aldehydic, green, herbaceous, coniferous, balsamic, woody, 
animal, empyreumatic, spicy, and putrid (Ashurst, 1991; Pigott 
and Paterson, 1994).

In addition to the contribution of aroma, taste compounds 
also have an important role for the overall flavor of food products. 
There are five basic tastes named sweetness, saltiness, sourness, 
bitterness, and umami (the meaty taste) (Shallenberger, 1993).

2.2 extraction and synthesis
The main sources of aroma compounds are plant materials. 

Consequently, they are “natural,” but other aroma and flavor de-
rivatives (even “nature-identical” or “artificial”) exist. They are 
obtained by fermentation (Gabelman, 1994; McNeil et al., 2013) 
or by semisynthesis or total synthetic procedures (Hădărugă and 
Hădărugă, 2003). Thermally generated aromas (the Maillard reac-
tion) are also very important in the food field (Parliment, 1989; 
Zhang and Ho, 1991). According to the Regulation (EC) 1334/2008 
of the European Parliament and of the Council on flavorings and 
certain food ingredients with flavoring properties for use in and 
on foods (Anon, 2008), natural flavoring substances are those that 
have been identified in nature, the source are materials of veg-
etable, animal or microbiological origin, and the manufacturing 
process is natural (Baines and Seal, 2012; Parker et al., 2015). Vari-
ous raw materials as well as plant parts can be used (blossoms, 
buds, fruits, peels, seeds, leaves, bark, or roots) (Bauer et al., 2001). 
Hydrodistillation or steam-distillation for essential oils (by direct 
heating, steam flow in high or low-pressure conditions), extrac-
tion by organic solvents or animal fat (concrete oil, oleoresins, res-
inoids, or balsams, absolute oil, tinctures, and pomades) (Pybus 
and Sell, 1999), supercritical fluid extraction, cold mechanical 
pressing, vacuum distillation, cryoconcentration, electromag-
netical field concentration, and pervaporation are often used for 
separation/extraction of aroma and flavors (Bauer et al., 2001; 
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Guenther, 1972; Martin and Laffort, 1990; Rivera Calo et al., 2015). 
Natural aroma and flavors are also obtained by means of bio-
technology using plant cells, microorganisms such as bacteria, 
yeasts, fungi, or enzymes (Gabelman, 1994; Van der Schaft, 2015). 
Numerous ways for semisynthesis and total synthesis of even 
“nature-identical” or “artificial” aroma compounds exist. Gener-
ally, odorant compounds that occur in high quantities are used 
as raw materials for obtaining other expensive flavors (eg, α- and 
β-pinene) (Fig. 4.1).

2.3 physiochemical properties
Aroma compounds must have some molecular properties in 

order to generate the smell sensation. They must have moderate 
water solubility, sufficient vapor pressure for an appropriate con-
centration in the inspired air, low polarity, and high lipophilicity. 
Generally, the molar mass of aroma is lower than 400 Da (Kfoury 
et al., 2015d). One of the main characteristics of odorants is the 
limit of perception (Weber–Fechner’s law). There are two differ-
ent limits of perception, namely the limit of detection or detec-
tion threshold (the lowest concentration at which an odorant can 
be detected) and the limit of recognition or recognition threshold 
(the lowest concentration at which an odorant can be recognized) 
(Bauer et al., 2001). The difference between these two limits of 
perception is approximately one order of magnitude. The over-
all flavor of foodstuffs is drastically influenced by so-called “key 
odorants” (compounds that provide the characteristic aroma of 
the food, such as citral) and “off-flavoring” compounds (which 
degrade the food flavor) (Bauer et al., 2001).

The quality and acceptability of these fragrance, aroma, and 
flavoring products are regulated by various national and inter-
national entities such as FDA (Food and Drugs Administration), 
FEMA (Flavor Extract Manufacturers’ Association that approves 
the list of food additives), GRAS (generally recognized as safe), or 
EOA (Essential Oil Association). There are two important steps for 
aroma and flavor analysis: sampling and effective analysis. Clas-
sical and modern sampling techniques for aroma and flavoring 
compound analysis exist: steam-distillation, solvent extraction, 
or combined methods (hydrodistillation–extraction), static and 
dynamic headspace analysis (SH and DH), purge-and-trap (PT), 
pervaporation and microextraction techniques [solid- and liquid-
phase microextraction (SPME and LPME) and stir bar sorptive ex-
traction (SBSE)] (Jelen et al., 2012). Various methods are also used 
for aroma and flavor analysis (Chin and Marriott, 2015; Hădărugă 
and Hădărugă, 2003; Lawless and Heymann, 1998; Marsili, 1997). 
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Figure 4.1. Schematic representation of the semisynthesis ways of the main monoterpenoids starting from pinenes. 
reproduced from Hădărugă and Hădărugă (2003), with permission of polytechnic press.
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They consist of classical methods (such as density) as well as ad-
vanced physical methods that include gas and liquid chromatog-
raphy (GC-FID, GC-MS, MDGC, GC-FTIR, HPLC, etc.). Sensorial 
analysis (even classical or coupled with GC techniques: GC-sniff-
ing and GC-O) allows the identification of “key odorants” or “off-
flavoring” compounds even at very low concentrations (lower 
than the GC limit) by using aroma extract dilution analysis (AEDA), 
combined hedonic aroma response measurements (CHARM), or 
OSME specific techniques (Lawless and Heymann, 1998). These 
are used for determination of flavor dilution factors (FDs) and odor 
activity values (OAVs). One of the very useful tools for evaluation 
of authenticity and identification of adulteration of food products 
by means of flavor analysis is the “electronic nose” (Gardner and 
Barlett, 1993; Mielle, 1996).

Aroma or odorant compounds belong to hydrocarbons and 
their derivatives containing oxygen, sulfur, or nitrogen. Classifica-
tion of odorant compounds is generally performed according to 
the affiliation of these compounds to terpenoids, the main class 
of odorant compounds that occur in essential oils. The term ter-
pene was used for all compounds having a chemical and archi-
tectural relation with C

5
H

8
, the isoprene unit (eg, monoterpenes, 

C
10

H
16,

 and sesquiterpenes, C
15

H
24

) (Furia and Bellanca, 1975). All 
terpene derivatives belong to the larger class called terpenoids. 
Thus, a method of classifying odorant compounds is as terpenoids 
and nonterpenoid compounds (Fig. 4.2) (Bauer et al., 2001; Parker 
et al., 2015). On the other hand, the main taste sensations are gen-
erated by mono- and disaccharides or other artificial sweeteners 
for the sweet taste, sodium chloride or other salts for salty taste, 
and acids (citric, oxalic, or ascorbic) for sour taste. There are many 
classes of compounds offering a bitter taste, including simple salts 
(MgSO

4
), as well as alkaloids (quinine), amino acids and peptides, 

flavones, and triterpenoids or sulfur-containing compounds (sini-
grin from mustard) (Fig. 4.2). Artificial compounds such as mono-
sodium glutamate, disodium 59-guanilate, or 59-inosinate and 
maltol generate the umami taste (Shallenberger, 1993).

Due to their hydrophobic character, aromas are not soluble or 
poorly soluble in water. Moreover, they are generally thermally la-
bile and sensitive to light. Therefore, it is necessary to keep them 
away from light and moisture. Molecular encapsulation technolo-
gies have been developed to convert aroma to different physical 
aspects: liquids, pastes, powders, granules, spheres, capsules, or 
microcapsules. These different forms can retain, protect, stabilize, 
reduce the volatility, and produce controlled release systems of 
aroma. Various compounds can be used for their encapsulation; 
among them we can cite starch, gelatin, or cyclodextrins (CDs) 
(Madene et al., 2006).



 Chapter 4 CyClodextrins as enCapsulation material for flavors and aroma  133

3 Cyclodextrins
3.1 History

The development of CDs has been pursued for more than 
120 years. It could be mainly divided into three periods: discovery 
(1891–1935), maturity (1935–70), and application (1970–present) 

Figure 4.2. some examples of aroma and flavors from (a) monoterpenoid, (b) sesquiterpenoid, (c) nonterpenoid 
classes, and (d) flavoring compounds having bitter taste.
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(Crini, 2014; Szejtli, 1998, 2004). CDs were discovered in 1891 
by Villiers, who noted the transformation of potato starch to a 
novel crystalline carbohydrate under the action of unpure bu-
tyric ferment (Villiers, 1891). However, it is generally accept-
ed that Schardinger is the “Founding Father” of CD chemistry 
(Schardinger, 1903, 1911). He mainly isolated Bacillus macerans, 
the strain of bacteria that produces cyclodextrin glucanotrans-
ferase  (CGTase), the enzyme responsible for CD formation, and 
discerned the presence of two forms, α- and β-dextrins, named 
Schardinger dextrins in his honor, as well as their cyclic structure. 
γ-Dextrin was discovered later (Freudenberg and Jacobi, 1935). 
The application of CDs was launched in 1953 when Freuden-
berg, Cramer, and Plieninger deposed the first patent covering 
their ability to complex and increase the solubility and stabil-
ity of physiologically active organic compounds  (Freudenberg 
et al., 1953). Nevertheless, Cramer’s work clearly revealed the 
ability of CDs to act as refuge/host molecules through the en-
capsulation phenomena and introduced the notion of “inclu-
sion complex” (Cramer, 1954; Cramer and Henglein, 1957). From 
that time effort has been devoted to produce CDs on a large scale 
trying to find various applications (Brewster and Loftsson, 2007; 
 Duchêne et al., 2005; Szejtli, 2003; Szejtli and Szente, 2005; Szente 
and  Szejtli, 2004; Wenz, 2009). An exhaustive historical examina-
tion of CDs can be found elsewhere (Crini, 2014; Loftsson and 
 Duchêne, 2007; Szejtli, 1998).

3.2 physicochemical properties
Production of pharmaceutical and food-grade CDs from starch 

digestion began effectively at industrial scale since 1979 when 
genetic engineering progress led to the production of CGTases 
with increased activity, selectivity, and specificity (Crini, 2014; Li 
et al., 2009; Liu et al., 2012; Xie et al., 2013). CDs occur as crystal-
line, homogenous, nonhygroscopic cyclic oligosaccharides (Sze-
jtli, 2004). The most common native CDs contain 6, 7, and 8 D-(+) 
glucopyranose units bound together by α(1–4) linkages and are 
referred as α-, β- and γ-CDs (Fig. 4.3).

CDs of over eight glucose units also exist but are hard to produce 
and purify (Endo and Ueda, 2004; Freudenberg and Cramer, 1948; 
Larsen, 2002). The chair conformation of the glucose units re-
sulted in a toroidal (truncated, V-shaped, doughnut-shaped, skirt-
shaped) shape of CDs with the secondary and primary hydroxyl 
groups projected on the wide and narrow rim of the torus, respec-
tively. Thus, the external surface of CDs is hydrophilic contrary to 
the hydrophobic cavity of the torus consisted of C─H groups and 
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glucosidic oxygens (Fig. 4.3). While the height of the cavity is the 
same for native CDs, the number of glucose units determines the 
cavity diameter. Physicochemical properties of native α-, β- and 
γ-CDs are summarized in Table 4.1.

The structure of CDs is stabilized by the formation of hydrogen 
bonds between C-2 and C-3 hydroxyl groups of adjacent glucose 
units (Szejtli, 1998). This phenomenon widely affected, in addi-
tion to molecular dimensions, the water solubility of CDs. The 
formation of a complete ring of intramolecular hydrogen bonds 
in β-CD counteracts its hydration and reduces its solubility as 
compared to other native CDs (Table 4.1) (Bekiroglu et al., 2003; 
Szejtli, 1998). Disruption of intermolecular hydrogen bonds (sub-
stitution of highly reactive hydroxyl groups with either polar or 
apolar moieties) generally produces CD derivatives with anoma-
lous increased solubility (Del Valle, 2004; Szente and Szejtli, 1999). 
Synthesis of derivatives aims also to construct CDs with enhanced 
complexation ability, selectivity, and CD polymers (Schmidt 
et al., 2014). More than 15,000 CD derivatives had been obtained 
by alkylation, hydroxyalkylation, sulfate addition, acetylation, 

Figure 4.3. schematic representation of (a) the chemical structure and (b) tridimensional structure of Cd and (c) the 
inclusion phenomena.
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amination, esterification, etherification, and so forth (Khan 
et al., 1998; Szejtli, 2004), but only some particular one such as hy-
droypropylated derivatives (HP-α-CD, HP-β-CD, HP-γ-CD) (Gould 
and Scott, 2005), methylated (RAMEα, RAMEB, RAMEγ, CRYS-
MEB) (Kiss et al., 2007), and sulfobutylated (SBE-β-CD) (Tongiani 
et al., 2009) are marketed and widely used (Szejtli, 1997). In-depth 
description on CDs and their derivatives could be found in various 
literatures (Duchêne, 1991; Hashimoto, 2002; Khan et al., 1998; 
Kurkov and Loftsson, 2013; Szejtli, 1998; Szente and Szejtli, 1999).

Table 4.1 Physicochemical Characteristics  
of α-, β-, and γ-CDs

Physicochemical Properties α-CD β-CD γ-CD
Glucose units 6 7 8

Chemical formula C36H60O30 C42H70O35 C48H80O40

Chiral carbons 30 35 40

Molecular weight 972 1135 1297

Cavity diameter (Å) 5.7 7.8 9.5

Cycle diameter (Å) 14.6–15 15.4–15.8 17.5–17.9

Cavity volume (Å3) 173 262 427

Aqueous solubility at 25°C (g 100 mL−1) 14.5 1.85 23.2

Torus height (Å) 7.8 7.8 7.8

Internal water molecules 6–8 11–12 13–17

Melting point (°C) 275 280 275

pKa at 25°C 12.3 12.2 12.1

Log P at 25°C −13 −14 −17

Rotatory power at 25°C +150.5 +162.5 +177.4

Diffusion coefficient at 40°C 3.4 3.2 3

H donor 18 21 24

H acceptor 30 35 40

Cycle opening, t1/2 (h) 33 28 15

Mean, Kf (1:1) (M−1) 130 ± 8 490 ± 8 350 ± 9

Hydrolysis by intestinal amylases Negligible Slow Rapid

Brewster and loftsson, 2007; Kurkov and loftsson, 2013; loftsson and Brewster, 2010, 2011; stella and He, 2008.
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3.3 inclusion Complex formation
The growing interest in CDs is due to their amphiphilic 

structure, which enables them to act as host molecules and en-
capsulate hydrophobic guests into their apolar cavity through 
the formation of CD/guest inclusion complexes (Bilensoy 
and Hincal, 2009; Laza-Knoerr et al., 2010; Pinho et al., 2014;  
Valente and Söderman, 2014) (Fig. 4.3). This process involves a 
wide variety of intermolecular interactions (hydrophobic inter-
actions, hydrogen bonds, Van der Waals interactions, steric in-
teractions, etc.). Cramer was the first to clarify the mechanism 
of inclusion complex formation that he described in five steps: 
(1) the guest comes near to CD leading to the elimination of wa-
ter molecules from the CD cavity. Released water molecules get 
to a gaseous state energy level with enhanced degrees of free-
dom of translation and rotation and decreased Van der Waals 
and hydrogen bonds interactions. (2) The guest also acquires a 
perfect gas state energy level when it liberates water molecules 
that envelop it. (3) The guest goes into the cavity where Van der 
Waals interactions and/or hydrogen bonds lead to the stabi-
lization of the subsequent inclusion complex. (4) Water mol-
ecules released from guest and CD cavity are rearranged and 
form hydrogen bonds between each other. (5) The part of the 
guest that remains outside the cavity is again hydrated by water 
molecules and integrated into the hydration shell around the 
CD (Crini, 2014).

The inclusion phenomenon is generally accompanied by an 
enthalpy–entropy compensation effect. This phenomenon was 
noticed for the first time by Bender (Bender and Komiyama, 1978) 
and could be explained by the liberation of water molecules from 
CD cavity and the formation of hydrogen and Van der Waals in-
teractions between CD and guest (Bender and Komiyama, 1978; 
Liu and Guo, 2002). Hereto Szejtli (1982) added the importance 
of steric interactions in the stabilization of inclusion complexes. 
Nonetheless, the formation of inclusion complexes is reversible 
and leads to an equilibrium between encapsulated and free guest 
(Hedges et al., 1995).

Even though the major class of inclusion complexes represent 
a 1:1 CD:guest stoichiometry, higher stoichiometries might also 
occur. (1) One CD could encapsulate two guests. (2) One guest 
could be entrapped by two CDs. (3) Two CDs could encapsulate 
two guests simultaneously (Landy et al., 2007). This leads to the 
formation of 1:2, 2:1, and 2:2 inclusion complexes, respectively. 
These complexes occur generally as a mixture with 1:1 inclusion 
complex (Fig. 4.4).
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3.4 fields of application
The negligible toxic effects (Antlsperger and Schmid, 1996; Irie 

and Uekama, 1997; Stella and He, 2008) and inexpensive costs of 
CDs (eg, the price of the food grade β-CD is around US$5–6 per 
kg) resulted in their wide applications in different domains. They 
are mostly used in food and aroma (López-Nicolás et al., 2014; 
Marques, 2010; Szejtli, 2004; Szejtli and Szente, 2005; Szente and 
Szejtli, 2004), cosmetics (Buschmann and Schollmeyer, 2002; 
Hougeir and Kircik, 2012; Tarimci, 2011), pharmacy or medicine 
(Liao et al., 2015; Loftsson and Brewster, 2010; Loftsson and Duch-
êne, 2007), and remediation and decontamination technologies 
(Blach et al., 2008; Fakayode et al., 2007; Landy et al., 2012; Morin-
Crini and Crini, 2013). Nevertheless, several other applications have 
been developed such as textile finishing (Ammayappan and Jeyako-
di Moses, 2009; Lo Nostro et al., 2002), functional textiles (Wang and 
Chen, 2005), analytical chemistry (Mosinger et al., 2001), chroma-
tography (Juvancz and Szejtli, 2002; Xiao et al., 2012), and catalysis 
(Hapiot et al., 2006; Komiyama and Monflier, 2006), nanotechnol-
ogy (Tejashri et al., 2013; Yaméogo et al., 2014), and others.

The use of CD in food formulations has been extensively dis-
cussed in the literature (Alonso et al., 2009; Astray et al., 2009; Cra-
votto et al., 2006; Del Valle, 2004; Jiang et al., 2011; Marques, 2010; 
Martina et al., 2013; Szejtli, 2004; Szejtli and Szente, 2005; Szente 
and Szejtli, 2004). CDs are composed of glucose but they are only 
slightly sweet compounds. A 2.5% β-CD solution is as sweet as a 
1.71% solution of sucrose (Toda et al., 1985). Thus, it has been well 
proved that CDs accomplish the requirements for neutrality in 
terms of odor and taste and assert consequently a very broad field 
of use. CDs are generally exploited for their ability to form inclu-
sion complexes, but also as prebiotics.

Readers interested in a detailed description, characteristics, and 
use of CD encapsulation in various fields are invited to refer to for-
mer reviews (Bilensoy, 2011; Dodziuk, 2006; Duchěne et al., 1986; 
Hashimoto, 2006; Szente and Szejtli, 2004; Szejtli and Szente, 2005).

Figure 4.4. Schematic representation of the different stoichiometries of CD/guest inclusion complexes.
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3.5 regulatory status
Regulations for CDs (Table 4.2) differ between countries with 

Japan being the pioneer producer and consumer of CDs (Mosinger 
et al., 2001).

The use of α- and β-CDs in food was first authorized in Japan, 
then in Hungary and Germany in 1976, 1983, and 2000, respective-
ly. In France as in the Netherlands and Belgium, the use of CDs in 
food was approved in 1986 and generally used for flavors encap-
sulation. Spanish authorities approved the use of β-CD in foods in 
1987. The Joint Expert Committee on Food Additives (JECFA) of the 
United Nations Food and Agriculture Organization/World Health 
Organization (UN FAO/WHO) accepted the use of α-, β-, and γ-CDs 
in 1995, 2000, and 2002, respectively. Owing to their favorable toxi-
cological profile, no acceptable daily intake (ADI) was defined for 
α- and γ-CDs. Nevertheless, the ADI of β-CD was fixed to 5 mg kg−1 
body weight in food products [this was allocated based on the no 
effect level (NOEL) of 470 mg kg−1 body weight per day in the diet 
of dogs during a whole year and a safety factor of 100]. Excess in-
take of β-CD could result in fewer of the side effects like gas produc-
tion and soft stools. The assigned E-numbers for α-, β-, and γ-CDs 
are E457, E459, and E458, respectively (JECFA, 2013; Commission 
Directive 2003/95/EC, 2003). In addition, α-, β- and γ-CDs were in-
cluded in the GRAS list of the US Food and Drug Administration 
(FDA) as food additives in 2000, 2001, and 2004, respectively. In 
Australia and New Zealand, α- and γ-CDs are considered as Novel 
Food. It’s noteworthy to mention that human beings have been 
constantly consuming CDs. A study showed that enzyme- and heat-
processed starch containing foods include small amounts of native 
and branched-type (glucosylated and maltosylated) CDs (Szente 
et al., 2006). Only a few studies attempted to examine the toxicity 
of CD derivatives (Boulmedarat et al., 2005; Gould and Scott, 2005; 
Irie and Uekama, 1997; Kiss et al., 2007; Ulloth et al., 2007) and no 
regulatory status approved till this date their use in food.

Table 4.2 Approval Situation of CDs
CDs Europe USA Australia, New Zealand Japan
α-CD Novel Food (2004) GRAS (2004) Novel Food (2004) Natural product

β-CD Carrier for food additives (<1 g kg−1) GRASa (2001) — Natural product

γ-CD Novel Food (2001) GRAS (2000) Novel Food (2003) Natural product
aGras as a flavor protector.
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3.6 fate of Cyclodextrins after ingestion
CDs are generally resistant to the action of amylases (Kurkov 

and Loftsson, 2013). Unlike linear dextrins and starch, they possess 
no reducing-end crucial for the action of β-amylases and are very 
slowly hydrolyzed by α-amylases that digest starch from inside the 
carbohydrate chain. However, selectivity depends on the amylases 
and CD type. α- and β-CDs are stable to salivary α-amylases where-
as γ-CD is susceptible to the action of both salivary and pancreatic 
α-amylases (Munro et al., 2004; Szejtli, 1987). Thus, α- and β-CDs 
are mainly fermented by the colon microflora while the degrada-
tion of γ-CD starts in the mouth by salivary α-amylases (Harangi 
et al., 2012) and proceeds in the gastrointestinal tract by pancreatic 
α-amylases and bowel bacteria (Antlsperger and Schmid, 1996; De 
Bie et al., 1998; Irie and Uekama, 1997; Stella and He, 2008; Van Om-
men et al., 2004; Zhou et al., 1998). Digestion rate of CDs increases 
when increasing the cavity size and decreases when CD cavity is 
occupied by the guest (Buedenbender and Schulz, 2009). Fig. 4.5 
illustrates a schematic comparison of the fate of native CDs after 
oral intake (Kurkov and Loftsson, 2013). Additionally, CDs induce 

Figure 4.5. Schematic comparison of the digestion of native CDs after ingestion 
(Kurkov and Loftsson, 2013).
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favorable changes in the gastrointestinal microflora supporting the 
growth and activity of bifidobacteria and lactobacilli and decreasing 
pathogens such as Clostridium perfringens (Pranckute et al., 2014; 
Spears et al., 2005).

4 Cyclodextrins/Aroma Inclusion 
Complexes
4.1 investigation and Characterization of Cd/aroma 
inclusion Complexes in solution

The task to find the appropriate CD and the optimal formu-
lation conditions is challenging for aroma’s encapsulation and 
depends on the demands and the desired application of the final 
product. An inclusion complex is a dynamic equilibrium and its 
application relies mainly on the stability of interactions between 
its components (Dodziuk, 2006). Analytical characterization is 
fundamental for a correct and efficient use of CD/aroma inclu-
sion complex. In solution, the main parameter that describes the 
strength of interaction between the inclusion complex compo-
nents is the formation constant (K

f
), also called binding, stability, 

or association constant (Houk et al., 2003). Although a large num-
ber of analytical methods are available for the characterization of 
inclusion complexes in solution (Marques, 2010; Mura, 2014) few 
have been applied to CD/aroma complexes. This is mainly attrib-
utable to the very low aqueous solubility of aroma. Nonetheless, 
some techniques could be used such as static headspace coupled 
to the gas chromatography (SH-GC) (Ciobanu et al., 2012, 2013a,b; 
Decock et al., 2008; Kfoury et al., 2014a,c, 2015a; Tanemura 
et al., 1998), UV-Visible (UV-Vis) spectroscopy (Astray et al., 2010; 
Decock et al., 2006; Zeng et al., 2012), fluorescence spectroscopy 
(Chen et al., 2010; Jiang et al., 2010), high-performance liquid 
chromatography (HPLC) (Moeder et al., 1996), and isothermal ti-
tration calorimetry (ITC) (Liu et al., 2001, 2004, 2007). Moreover, 
in order to build more reliable and precise information and sur-
pass the drawbacks of the measurement methods, authors would 
rather combine and compare results obtained from different tech-
niques (Kfoury et al., 2014c; Yañez and Günther, 2014). The pub-
lished data regarding the determination of K

f
 values of CD/aroma 

inclusion complexes are summarized in Table 4.3. Additionally, to 
fully characterize inclusion complex in solution, phase solubility 
studies (Higuchi and Connors, 1965) and nuclear magnetic reso-
nance spectroscopy (NMR) (Schneider et al., 1998) are generally 
carried out.
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Table 4.3 Published Formation Constants (Kf) Values 
of CD/Aroma Inclusion Complexes

Aroma/Flavor Log Pa α-CD β-CD γ-CD CRYSMEB RAMEB HPBCD
Trans-anethole 3.096 1,163b

927c

710f

630b

1,040d

542c

497f

96b 740b

1,039c

877f

1,553b

1,815c

1,110f

1,042b

712e

845c

981f

Benzyl alcohol 1.275 52g 64g — 56g 53g 63g

Camphene 3.329 598b 4,825b 360b 6,625b 6,057b 3,033b

Camphor 2.160 184b 2,058b 1,048b 1,901b 1,194b 1,280b

Carvacrol 3.810 2,620

β-Caryophyllene 5.170 — 28,674h 4,004h 11,488h 14,274h 4,960h

Cinnamaldehyde 2.484 236g 450g

400i

— 595g 1,696g 969g

928j

β-Citronellol 3.152 223g 3,141g — 3,290g 4,048g 2,578g

p-Cymene 3.898 140b 2,505b 88b 2,549b 3,543b 2,213b

Eucalyptol 2.716 13b 615b 742b 688b 673b 334b

Eugenol 2.100 350c

94g

462c

264g

140d

— 454g 568g 436c

462g

Estragole 2.818 335c

478k

987c

939k

108i 1,584c

1,661k

1,916c

1,761k

1,508c

1,581k

Geraniol 3.202 908 5,288 — 9,778 11,008 7,128

p-Hydroxybenzaldehyde 1.248 — 138o — — — —

Isoeugenol 2.379 178c

85g

364c

255g

— 263g 514g 418c

441g

Isomethylionone 4.160 71g 9,869g — 15,632g 13,176g 9,789g

Lilial 4.389 4,387g 56,567g — 14,7617g 166,338g 112,205g

Limonene 3.615 1,289b 3,162b

2,230d

116b 3,668b 4,386b 2,787b

4,730l

Linalool 3.213 32b 366b 138b 816b 833b 596b

940l

958e

720m

Menthol 3.335 82b

10n

1,731b

2,240d

105b 2,396b 1,928b 1,079b
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Aroma/Flavor Log Pa α-CD β-CD γ-CD CRYSMEB RAMEB HPBCD
Menthone 3.149 35b 656b

546d

83b 989b 748b 664b

Myrcene 3.994 212b 1,431b 138b 959b 1,286b 575b

1,240l

Methyl heptine 
carbonate

3.220 2,905g 226g — 539g 485g 325g

Cis-ocimene 3.970 42h 432h 20h 622h 593h 538h

Trans-ocimene 3.970 46h 538h 26h 789h 640h 627h

α-Pinene 3.542 1,778b 2,588b 214b 2,999b 2,395b 1,637b

5,780l

1,842o

β-Pinene 3.329 1,018b 4,587b 633b 5,141b 4,450b 3,151b

7,360l

1,671o

Pulegone 2.516 30b 331b 82b 1,025b 796b 676b

798o

Sabinene hydrate 2.320 108h 2,108h 708h 1,308h 1,882h 772h

γ-Terpinene 3.360 37h 1,309h 40h 1,950h 2,066h 1,488h

α-Terpineol 2.600 126h 1,143h 89h 1,223h 1,287h 761h

Thymol 3.342 — 1,467 — — — 806o

Vanillin 1.067 — 90p

100q

— — — —

ahttp://www.molinspiration.com/cgi-bin/properties
bCiobanu et al. (2013a).
cKfoury et al. (2014c).
ddonze and Coleman (1993).
edemian (2000).
fKfoury et al. (2014b).
gdecock et al. (2008).
hKfoury et al. (2015b).
iJiang et al. (2010).
jChen et al. (2010).
kKfoury et al. (2015c).
ltanemura et al. (1998).
mnumanoğlu et al. (2007).
nastray et al. (2010).
oKfoury et al. (2014a).
pferrazza et al. (2014).
qZeng et al. (2012).

Table 4.3 Published Formation Constants (Kf) Values 
of CD/Aroma Inclusion Complexes (cont.)

http://www.molinspiration.com/cgi-bin/properties
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4.1.1 Static Headspace-Gas Chromatography
Static headspace coupled to gas chromatography (SH-GC) is em-

ployed in numerous fields to detect volatile compounds (Kolb, 1999; 
Snow and Slack, 2002). It allows direct analysis of a volatile present 
in a gaseous phase in equilibrium with a coexisting aqueous or solid 
phase in a closed vessel without any interference of the nonvolatile 
matrix (Kolb and Ettre, 2006). The SH-GC is sensitive and allows the 
detection of the encapsulation of volatile aroma and flavors in CD 
at very low concentrations, where they are, as well as their inclusion 
complexes, soluble in aqueous solutions (Bicchi et al., 2012). In this 
case the nonvolatile matrix is an aqueous solution of CD. This tech-
nique has been widely applied to determine K

f
 values for CD/aro-

ma inclusion complexes (Ciobanu et al., 2013a; Decock et al., 2008; 
Kfoury et al., 2015a; Matsuda et al., 1991; Saito et al., 1999). The de-
termination of a K

f
 value relies on the comparison of the amount 

of aroma present in the gaseous phase when evenly introduced in 
water or CD solutions at different concentrations. Fig. 4.6 illustrates 
the experimental procedure used in SH-GC.

The effect of increased concentrations of β-CD on the chro-
matographic peak of γ-terpinene is shown as an example in 
Fig. 4.7. The magnitude of the variation reflects the strength of 
binding between the two components and leads to the determi-
nation of the K

f
 value.

Recent studies have developed and validated a new SH-GC 
method to determine the binding potential of CDs toward volatiles 
directly present in complex mixtures like essential oils (Fourmen-
tin et al., 2013; Kfoury et al., 2015a). This method is based on the 
investigation of a panel of equilibriums that take place in a hetero-
geneous mixture and provides the binding potential of CD to each 

Figure 4.6. Illustration of the static headspace-gas chromatography experiment.
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Figure 4.7. representation of (a) the variation of γ-terpinene chromatogram with various concentrations of Cd and (b) the 
experimental peak areas fit (filled diamonds) with theoretical titration curve (dashed lines) for a 1:1 inclusion complex.
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individual constituent of the essential oil. Fig. 4.8 illustrates the ef-
fect of different CDs (0.4, 1, 2, and 4 mM) on the main volatile com-
ponents of Satureja montana essential oil (Kfoury et al., 2015a).

4.1.2 UV-Visible and Fluorescence Spectroscopies
These two methods are generally based on the measurement of 

a variation in the absorbance or fluorescence intensity of a fixed 
aroma’s concentration in the presence of different CD concentra-
tions. K

f
 value can be calculated from spectral changes using dif-

ferent approaches such as Benesi–Hildebrand, Scatchard, or Scott 
(Benesi and Hildebrand, 1949; Connors, 1987). Several examples 
for CD/aroma inclusion complexes are found in the literature such 
as eucalyptol, α-pinene, β-pinene, limonene, thymol, linalool, pu-
legone, and geraniol (Kfoury et al., 2014a), vanillin and p-hydroxy-
benzaldehyde (Zeng et al., 2012), and so forth. However, several 
molecules lack a chromophore or a fluorophore structure. This 
led researchers to improve current classic methods and develop 
new experimental procedures such as the spectral displacement 

Figure 4.8. Representation of the variation of the chromatogram of Satureja montana EO in the presence of various 
CDs. reprinted from Kfoury, m., et al., 2015a. promising applications of cyclodextrins in food: improvement of essential oils 
retention, controlled release and antiradical activity. Carbohydr. polym. 131, 264–272, with permission from elsevier.
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method (Landy et al., 2000, 2007). It allows the study of com-
pounds that possess weak or no UV chromophore or which are 
too poorly soluble in aqueous solution to give observable signal 
(Decock et al., 2006; Kfoury et al., 2014b; Tutaj et al., 2003). None-
theless this approach can also be applied with fluorescence, 1H 
NMR, circular dichroism, or other techniques (Landy et al., 2007).

4.1.3 Isothermal Titration Calorimetry
A very useful method used for the investigation of inclusion 

complexes in solution is the isothermal titration calorimetry (ITC) 
(Bouchemal and Mazzaferro, 2012; Wszelaka-Rylik and Giery-
cz, 2013). It allows in a single experiment the determination of 
the K

f
 value as well as of the thermodynamic parameters of the 

inclusion process. Thus, it evaluates the enthalpy and entropy 
changes and provides a complete thermodynamic profile of the 
interactions between CD and aroma (Giordano et al., 2001; Liu 
et al., 2007). Fig. 4.9 illustrates an example of an ITC titration of  
β-CD water solution against (−)-borneol water solution. Hereto, 

Figure 4.9. ITC results for a titration of β-CD water solution against (−)-borneol 
water solution.
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this technique is still not widely applied to aroma owing to their 
very poor aqueous solubility. Alternative nonconventional ap-
proaches suitable for such compounds are now being explored 
(Bertaut and Landy, 2014).

4.1.4 Phase Solubility Studies
To describe how the CD concentration influences aroma’s solu-

bility, phase solubility studies are generally carried out (Higuchi 
and Connors, 1965). These studies allow, besides the determina-
tion of a K

f
 value for the inclusion complex, the evaluation of the 

increase in aroma’s solubility, the complexation efficiency, the 
optimal aroma:CD ratio, and the increase in formulation bulk, 
crucial factors for the preparation of solid inclusion complexes 
(Loftsson et al., 2005). Fig. 4.10 illustrates as an example the phase 
solubility profiles obtained for trans-anethole with the three na-
tive CDs (Kfoury et al., 2014c).

As we can see, different profiles could be obtained: α-CD/trans-
anethole showed an A

L
-type diagram indicating a linear increase 

in trans-anethole aqueous solubility with CD’s concentration;  
B-type profile was observed for β-CD/trans-anethole representa-
tive for the formation of inclusion complexes with limited solu-
bility in the aqueous medium; γ-CD didn’t show any considerable 

Figure 4.10. Phase solubility profiles of CD/trans-anethole inclusion complexes.
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increase in trans-anethole solubility, probably due to its poor abil-
ity to encapsulate this aroma. The assessment of the phase solubil-
ity profiles is based on the classification made by Higuchi and Con-
nors (1965). This example confirms that selecting the appropriate 
CD is of great importance to explore successful encapsulation of 
the aroma and application of the inclusion complex. Phase solu-
bility studies have been widely performed to investigate the solu-
bilizing potential of CDs toward different aromas such as eugenol, 
isoeugenol, trans-anethole, and estragole (Kfoury et al., 2014c), 
linalool and 2-pentanoylfuran (Liang et al., 2012), carvacrol (San-
tos et al., 2015), thymol (Tao et al., 2014), α-terpineol (Mazzobre 
et al., 2011), α-bisabolol (Waleczek et al., 2003), curcumin (Ansari 
et al., 2014), cinnamaldehyde (Carlotti et al., 2007; Hill et al., 2013), 
vanillin (Karathanos et al., 2007; Zeng et al., 2012), p-hydroxybenz-
aldehyde (Zeng et al., 2012), geraniol (Mourtzinos et al., 2008), 
and so forth. Additionally, authors attempted to develop method 
aiming to determine the increase in solubility of each single com-
pound present in an initial mixture such as major garlic oil com-
ponents, for example (Bai et al., 2010).

4.1.5 NMR Spectroscopy
To distinguish between inclusion and noninclusion complex-

es, NMR spectroscopy plays a crucial role and permits the struc-
tural elucidation of inclusion complexes (Fielding, 2000; Schnei-
der et al., 1998). 1H NMR or 13C NMR experiments provide a wealth 
of information on the inclusion complex and are based respec-
tively on the observation of the difference in the proton or carbon 
chemical shifts and relaxation rates between free and complexed 
species (CD and aroma). Analysis of chemical shift changes of 
the aroma’s nuclei as a function of increasing CD concentration 
allows the determination of the K

f
 value and provides insights 

on the mechanism of inclusion, the degree of penetration of the 
aroma in CD’s cavity, and the geometry of the complex in solu-
tion (Djedaini et al., 1990; Rekharsky et al., 1995). Additionally, 2D 
NMR spectroscopy offers a rapid and clear evidence for the spatial 
proximity of atoms following the observation of intermolecular 
dipolar cross-correlations (Meyer and Peters, 2003). Two protons 
closely located in space can produce a nuclear Overhauser effect 
(NOE) cross-correlation in NOE spectroscopy (NOESY), or rotat-
ing-frame NOE spectroscopy (ROESY). These NOE cross-peaks 
between protons of CD and guest molecules point to spatial con-
tacts within 0.4 nm. The observed NOE effect is particularly useful 
to clarify the supramolecular structure of the inclusion complex 
and establish the binding mode and penetration of the aroma into 
the CD’s cavity. Fig. 4.11 shows a section of the contour plot of 
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the ROESY spectrum for β-CD/trans-anethole inclusion complex 
(Kfoury et al., 2014b). The ROESY spectrum showed correlation 
between the protons of the aromatic cycle of trans-anethole and 
those of the cavity of β-CD (H-3 and H-5) indicating that the phe-
nyl ring of trans-anethole is embedded inside the cavity.

NMR spectroscopy has also been applied to study CD inclu-
sion complexes with eugenol (Garg et al., 2010), thymol (Del Toro- 
Sánchez et al., 2010), curcumin (Jahed et al., 2014), vanillin (Ferrazza 
et al., 2014), p-hydroxybenzaldehyde (Zeng et al., 2012), cinnamal-
dehyde (Wu et al., 2011), linalool and benzyl acetate (Numanoğlu 
et al., 2007), fenchone (Nowakowski and Ejchart, 2014), or carva-
crol (Locci et al., 2004).

4.2 investigation and Characterization of Cd/aroma 
inclusion Complexes in solid state

CDs are some of the most appropriate matrices for food 
formulations that need controlled release of bioactive com-
pounds when they are consumed (Crini, 2014). This is the case 
for aroma and flavors, vitamins, or antioxidants (Daruházi 

Figure 4.11. (a) roesy spectrum of β-Cd/trans-anethole complex in d2o and (b) possible inclusion mode. reprinted 
from Kfoury, m., et al., 2014b. Cyclodextrin, an efficient tool for trans-anethole encapsulation: chromatographic, spectroscopic, 
thermal, and structural studies. food Chem. 164, 454–461, with permission from elsevier.
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et al., 2008, 2013; Folch-Cano et al., 2010; Hădărugă et al., 2012a; 
Kfoury et al., 2015a,d; Kurkov and Loftsson, 2013; Li et al., 2014; 
Pinho et al., 2014). Generally, the inclusion complex is obtained 
in solid state in order to be used in food (especially in solid-like 
foodstuffs) (Astray et al., 2009; Del Valle, 2004; Kfoury et al., 2015a; 
Li et al., 2014; López-de-Dicastillo et al., 2011; Szejtli and 
Szente, 2005). The main advantages of such CD encapsulation are 
related to the protection against degradation of labile compounds 
under temperature, light, water, and/or oxygen action (Hădărugă 
et al., 2006, 2008a, 2010b, 2014) as well to the controlled release of 
bioactive compounds (long time action in the human body such 
as antioxidant flavors) (Del Toro-Sánchez et al., 2010; Numanoğlu 
et al., 2007; Reineccius et al., 2002), enhancing of water solubility 
and bioavailability (especially volatile aroma and flavors that are 
hydrophobic molecules) (Del Valle, 2004; Mazzobre et al., 2011; 
Mohan et al., 2012; Nxumalo et al., 2013). For example, limonene 
is easily oxidized to diepoxy-limonene, which was proved to be a 
carcinogenic compound; its degradation is significantly reduced 
by nanoencapsulation in CD (Fig. 4.12). Solid CD complexes can 
also be easily handled and quantified at industrial level that im-
plies reducing costs of production, packaging, and storage (Duch-
êne, 2011; Szejtli, 1988).

Due to the high lipophilicity (low polarity) and high vapor pres-
sure, as well as the geometrical compatibility of the majority of 

Figure 4.12. Degradation of limonene (the main compound from citrus essential oils) and protection of this labile 
aroma compound by CD complexation.
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aroma compounds, the interaction with the inner cavity of CDs 
and the stability of the final complex are enhanced (Brewster and 
Loftsson, 2007; Duchêne, 2011; Loftsson and Duchêne, 2007; Sze-
jtli, 1988). The main aroma and flavors that well interact with the 
CD cavity belong to acyclic or cyclic terpenes and their oxygenated 
derivatives, nonterpenoidic aliphatic compounds, nonphenolic or 
phenolic aromatic compounds, and N-, O-, S-containing hetero-
cyclic compound classes (Marques, 2010; Hădărugă et al., 2012b; 
Kfoury et al., 2015b). If aroma compound mixtures are used for 
CD complexation (as is the case for all essential oils), the relative 
concentrations of the complexed compounds are more or less 
modified, depending on the CD nanoencapsulation competitivity 
(Costescu et al., 2008; Hădărugă et al., 2012b, 2014).

4.2.1 Synthesis of Solid Inclusion Complexes
The techniques for solid inclusion complex preparation can 

be classified as follows: (1) cocrystallization or coprecipitation, 
especially as laboratory technique, is one of the oldest methods 
that assumes the mixing of CD and aroma solutions (or even sus-
pensions) at appropriate temperatures for a due time, followed by 
crystallization by cooling at low temperatures, filtering and dry-
ing (Hădărugă et al., 2012b; Hegheş et al., 2015; Moreira da Silva 
et al., 1999; Ponce Cevallos et al., 2010; Riviş et al., 2008; Zhang 
et al., 2007). Various solvents and complexation temperatures can 
be used according to the aroma properties. The main disadvan-
tage of this technique is that related to the yield of encapsulation 
(Hădărugă et al., 2012a,b). An important part of the compounds 
remains in the filtrate and this technique is more useful for low 
water soluble CDs such as β-CD. (2) Cogrinding comprises slurry, 
dump, paste, and kneading complexation, according to the synthe-
sis conditions (De Souza Siqueira Quintans et al., 2013; Guimarães 
et al., 2015; Songkro et al., 2012; Tao et al., 2014). This method is 
used on both laboratory and industrial scales. It presumes the 
simultaneous mixing of the main components of the complex in 
the presence of various water/solvent mixture quantities and ra-
tios. The encapsulation conditions that include the temperature, 
encapsulation time, the nature of CD, as well as other additives 
will give the appropriate cogrinding complexation particulari-
ties. The final product is obtained by drying at normal pressure 
or vacuum and specific drying atmosphere and temperature that 
depend on the thermal and oxidative stability of the encapsulat-
ed compounds, as well as the quality of encapsulation and com-
plex stability. The resulted solid complexes have no well-formed 
crystals in comparison with the cocrystallization method, which 
furnish more reproducible complex crystals. On the contrary, the 
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recovering yields are higher in comparison with cocrystallization 
method. (3) Coevaporation is a technique that needs the mixing 
of aroma with CD in the presence of an appropriate solvent for 
a determined time. The solvent is progressively removed at vari-
ous temperatures (normal, high, or low values) according to the 
compounds or their complex stability. (4) Spray-drying and freeze-
drying are techniques that belong to coevaporation method (Ara-
na-Sánchez et al., 2010; Hill et al., 2013; Kfoury et al., 2015a; Nuchu-
chua et al., 2009; Tao et al., 2014; Yuan et al., 2014; Zhu et al., 2015). 
They presume the strong mixing of appropriate compounds for 
complexation in the presence of a solvent and the solution or sus-
pension is sprayed in specific conditions in order to obtain micro- 
or nanoparticles of complexes that are more or less amorphous 
(Duchêne, 2011). (5) Sealed-heating is a technique that works in 
a well-sealed reactor at high pressure and temperature during 
few hours. The product is separated by known procedure, but the 
complex crystals are not well formed (Duchêne, 2011). (6) Com-
plexation by using supercritical carbon dioxide method is less used 
in the case of aroma or other volatile compound. The equipment 
is composed by cells containing the compound and the CD. The 
cells are maintained in supercritical conditions in the presence of 
carbon dioxide (73.8 bar and 31.1°C). After depressurization, the 
obtained complex is grounded (De Marco and Reverchon, 2008; 
Duchêne, 2011). (7) Microwave method allows rapid attaining of 
the desired temperature for complex formation in all CD/aroma  
mixtures in the presence of the solvent and other additives  
(Duchêne, 2011). The complexation time is drastically reduced 
and the complex has uniform properties in all bulk volume. Thus, 
the complexation time is generally 1.5 min and the temperature 
60°C (at a maximum power of 150 W). These microwave complex-
ation parameters can be modified according to the stability and 
properties of guests.

A synopsis of the main CD complexes containing aroma and 
flavors (or bioactive systems such as essential oils) that were 
obtained even at laboratory or industrial level, is presented in 
Table 4.4.

4.2.2 Characterization of Solid Inclusion Complexes
CDs and their complexes can be analyzed by various methods  

that allow determining both the content of included compounds  
and the bonding of these compounds in solid CD complex-
es (Astray et al., 2009; Buschmann and Schollmeyer, 2002; 
Marques, 2010; Del Valle, 2004; Mura, 2015). Indirect methods for 
the evaluation of inclusion quality are related to the determina-
tion of water (or other solvents) content of complexes (Hădărugă 
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Table 4.4 A Selection of Aroma Compounds  
and Essential Oils Obtained as CD Complexes  

in Solid State
Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

Aroma compounds

2-Acetyl-1-pyrroline 
(rice flavor)

α-Cyclodextrin and 2-hydroxypropyl-β-cyclodextrin solid complexes, 
obtained by spray-drying method, and analyzed by SEM and GC-FID

Kawakami et al. 
(2009)

Allyl isothiocyanate β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by UV-Vis

Zhang et al. (2007)

Trans-anethole β-Cyclodextrin solid complex, obtained by coprecipitation and 
freeze-drying methods, and analyzed by UV-Vis, FT-IR, TGA, SEM, 
and XRD

Zhang et al. (2015)

Benzaldehyde β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

Benzyl acetate 2-Hydroxypropyl-β-cyclodextrin solid complex, obtained by slurry and 
freeze-drying methods, and analyzed by 1H-NMR and circular dichro-
ism spectroscopy (CD)

Numanoğlu et al. 
(2007)

Camphene/fenchene β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-FID, 1H-NMR, and XRD. Application for the 
separation of camphene from fenchene

Ceborska et al. 
(2013a)

Carvacrol β-Cyclodextrin solid complex, obtained by slurry method, and 
analyzed by TG, DSC, and SEM. Evaluated for its anticancerigene 
activity

Guimarães et al. 
(2015)

(R)-(−)- and (S)-(+)-
carvone

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by 1H-NMR

Moreira da Silva 
et al. (1999)

β-Caryophyllene β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

Cinnamaldehyde β-Cyclodextrin solid complex, obtained by freeze-drying method, 
and analyzed by oxidative DSC, TEM, and UV-Vis. Evaluated for its 
antimicrobial activity

Hill et al. (2013)

Cinnamaldehyde β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by DSC

Ponce Cevallos et al. 
(2010)

Citral (geranial and 
neral)

Monochlorotriazinyl-β-cyclodextrin solid complex, obtained by 
freeze-drying method, and analyzed by SEM, TEM, FT-IR, TG, and 
MM

Zhu et al. (2015)
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Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

Citronellal β-Cyclodextrin solid complex, obtained by kneading method, and 
analyzed by GC-MS, SEM, FT-IR, and DSC. Evaluated for its mosquito 
repellent activity

Songkro et al. (2012)

Citronellol β-Cyclodextrin solid complex, obtained by kneading method, and 
analyzed by GC-MS, SEM, FT-IR, and DSC. Evaluated for its mosquito 
repellent activity

Songkro et al. (2012)

p-Cymene β-Cyclodextrin solid complex, obtained by kneading method. Evalu-
ated for its antinociceptive and antiinflammatory activities

De Souza Siqueira 
Quintans et al. 
(2013)

γ-Decalactone β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

Estragole (methyl 
chavicol)

α-, β-, γ-, 2-Hydroxypropyl-β-, randomly methylated-β-, and low 
methylated-β-cyclodextrin solid complexes, obtained by freeze- 
drying method, and analyzed by UV-Vis, DSC, FT-IR, 1H-NMR, and 
SHGC. Evaluated for their antioxidant activity

Kfoury et al. (2015b)

Ethyl benzoate 2-Hydroxypropyl-β-cyclodextrin solid complex, obtained by freeze-
drying method, and analyzed by UV and FT-IR

Yuan et al. (2014)

Eugenol β-Cyclodextrin solid complex, obtained by freeze-drying method, 
and analyzed by oxidative DSC, TEM, and UV. Evaluated for its 
antimicrobial activity

Hill et al. (2013)

Eugenol α-, β-, γ-, and 2-hydroxypropyl-β-cyclodextrin solid complexes, ob-
tained by freeze-drying method, and analyzed by FT-IR, DSC, and TG

Nuchuchua et al. 
(2009)

Eugenol β-Cyclodextrin solid complex, obtained by freeze-drying method, and 
analyzed by FT-IR, XRD, and UV-Vis. Evaluated for its antibacterial 
activity

Wang et al. (2011b)

Geraniol β-Cyclodextrin solid complex, obtained by kneading and slurry 
methods, and analyzed by DSC, KFT, FTIR, and SEM

Menezes et al. 
(2012)

Hydroxycitronellal β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

α-Ionone β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

Table 4.4 A Selection of Aroma Compounds  
and Essential Oils Obtained as CD Complexes  

in Solid State (cont.)
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Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

(+)- and (−)-Isopu-
legole

β-Cyclodextrin solid complex, obtained by coprecipitation, and 
analyzed by HPLC and XRD

Ceborska et al. 
(2013b)

(−)-Limonene β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

(+)-Limonene β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

d-Limonene β-Cyclodextrin solid complex, obtained by kneading method, and 
analyzed by vacuum oven drying for the water content

Fang et al. (2013)

(−)-Linalool β-Cyclodextrin solid complex, obtained by kneading and slurry meth-
ods, and analyzed by DSC, KFT, FTIR, SEM, XRD, and GC-MS/FID

Menezes et al. 
(2013)

(−)-Linalool α-, β-Cyclodextrin solid complexes, obtained by coprecipitation 
method, and analyzed by GC-MS and TG

Riviş et al. (2008)

(+)-Linalool α-, β-Cyclodextrin solid complexes, obtained by coprecipitation 
method, and analyzed by GC-MS and TG

Riviş et al. (2008)

Linalool 2-Hydroxypropyl-β-cyclodextrin solid complex, obtained by slurry and 
freeze-drying methods, and analyzed by 1H-NMR and circular dichro-
ism spectroscopy (CD)

Numanoğlu et al. 
(2007)

(+/−)-Linalyl acetate β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

(−)-Menthol β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

α-Terpineol β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and 2-hydroxypropyl-β-cyclodextrin, obtained by freeze-drying; they 
were analyzed by DSC and SEM

Dos Santos et al. 
(2011, 2012)

α-Terpineol β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by DSC and water content

Mazzobre et al. 
(2011)

Thymol β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by DSC

Ponce Cevallos et al. 
(2010)

Thymol β-Cyclodextrin solid complex, obtained by freeze-drying and knead-
ing methods, and analyzed by UV-Vis, TEM, and DSC. Evaluated by 
its antimicrobial activity

Tao et al. (2014), 
Riviş et al. (2008)

Table 4.4 A Selection of Aroma Compounds  
and Essential Oils Obtained as CD Complexes  

in Solid State (cont.)
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Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

Vanillin β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Riviş et al. (2008)

Essential oils

Abies alba (fir, 
Pinaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Hădărugă et al. 
(2005)

Allium sativum L. 
(garlic, Liliaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, SEM, and KFT

Hădărugă et al. 
(2007b, 2012b)

A. sativum L. (garlic, 
Liliaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by UV, FT-IR, DSC, and XRD

Wang et al. 
(2011a,b)

A. sativum L. (garlic, 
Liliaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, FT-IR, and moisture content. Evaluated for 
its antifungal activity

Ayala-Zavala et al. 
(2008)

Anethum graveolens 
L. (dill, Apiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, SEM, and KFT

Hădărugă et al. 
(2005, 2012b)

Artemisia dracun-
culus (tarragon, 
Asteraceae)

α-, β-, γ-, 2-Hydroxypropyl-β-, randomly methylated-β-, and low 
methylated-β-cyclodextrin solid complexes, obtained by freeze-
drying method, and analyzed by UV-Vis, DSC, FT-IR, 1H-NMR, and 
SH-GC. Evaluated for their antioxidant activity

Kfoury et al. (2015b)

Carum carvi L. (cara-
way, Apiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, SEM, and KFT

Hădărugă et al. 
(2005, 2012b)

Capsicum annuum 
(pepper, Solanaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by HPLC, TG, DSC, and KFT

Hegheş et al. (2015)

Cinnamomum 
casia L. (cinnamon, 
Lauraceae)

β-Cyclodextrin solid complex, obtained by freeze-drying method, 
and analyzed by oxidative DSC, TEM, and UV-Vis. Evaluated for its 
antimicrobial activity

Hill et al. (2013)

Cinnamomum zeyl-
anicum (cinnamon, 
Lauraceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, FT-IR, and moisture content. Evaluated for 
its antifungal activity

Ayala-Zavala et al. 
(2008)

Citrus sinensis 
L. Osbeck (sweet 
orange, Rutaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation and 
kneading methods, and analyzed by TG, KFT, FT-IR, SEM, and GC-FID. 
Evaluated for its larvicidal activity

Galvão et al. (2015)

Table 4.4 A Selection of Aroma Compounds  
and Essential Oils Obtained as CD Complexes  

in Solid State (cont.)
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Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

Cymbopogon 
winterianus 
(citronella, Poaceae)

β-Cyclodextrin solid complex, obtained by kneading method, and 
analyzed by GC-MS, SEM, FT-IR, and DSC. Evaluated for its mosquito 
repellent activity

Songkro et al. (2012)

Citrus aurantium sp. 
sinensis L. (orange, 
Rutaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Costescu et al. 
(2008)

C. aurantium ssp. 
bergamia Risso 
(bergamot, Rutaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Costescu et al. 
(2008)

Citrus lemon L. 
(lemon, Rutaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Costescu et al. 
(2008)

Coriandrum sativum 
L. (coriander, Apia-
ceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, SEM, and KFT

Hădărugă et al. 
(2005, 2012b)

Eucalyptus globulus 
(eucalyptus, Myrta-
ceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Costescu et al. 
(2008)

Eugenia caryophyllata 
(clove, Myrtaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Costescu et al. 
(2008)

E. caryophyllata 
(clove, Myrtaceae)

β-Cyclodextrin solid complex, obtained by freeze-drying method, 
and analyzed by oxidative DSC, TEM, and UV-Vis. Evaluated for its 
antimicrobial activity

Hill et al. (2013)

Foeniculum vulgare 
(fennel, Apiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, SEM, and KFT

Hădărugă et al. 
(2005, 2012b)

Juniperus communis 
L. (juniper, Pinaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, SEM, and KFT

Costescu et al. 
(2008), Hădărugă 
et al. (2012b)

Lavandula augus-
tifolia (lavender, 
Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, and SEM

Hădărugă et al. 
(2007b)
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Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

Lippia gracilis H.B.K. 
(alecrim-da-chapada, 
Brasil, Verbenaceae)

2-Hydroxypropyl-β-cyclodextrin solid complex, obtained by slurry 
and kneading methods, and analyzed by GC-MS, GC-FID, KFT, TG, 
and XRD

Marreto et al. (2008)

Lippia graveolens 
H. B. K. (Mexican 
oregano, Verbena-
ceae)

β-Cyclodextrin solid complex, obtained by spray-drying method, 
and analyzed by SEM and GC-FID. Evaluated for its antioxidant and 
antimicrobial activities

Arana-Sánchez et al. 
(2010)

Litsea cubeba Pers. 
(mountain pepper 
(May Chang-China), 
Lauraceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by UV-Vis, FT-IR, and GC-MS

Wang et al. (2009)

Majorana hortensis 
(marjoram, Lamia-
ceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, and SEM

Hădărugă et al. 
(2007b)

Mentha x villosa 
Hudson (small-leaved 
mint, Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation and 
kneading methods, and analyzed by GC-MS, total oil and surface oil 
contents, TA, XRD, and EGD

Martins et al. (2007)

Ocimum basilicum L. 
(basil, Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, and SEM

Hădărugă et al. 
(2007b)

O. basilicum var. 
basilicum (basil, 
Lamiaceae)

α-, β-, γ-, 2-Hydroxypropyl-β-, randomly methylated-β-, and low 
methylated-β-cyclodextrin solid complexes, obtained by freeze-
drying method, and analyzed by UV-Vis, DSC, FT-IR, 1H-NMR, and 
SH-GC. Evaluated for their antioxidant activity

Kfoury et al. (2015b)

Picea excelsa L. 
(spruce, Pinaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Hădărugă et al. 
(2005)

Pistacia terebinthus 
(turpentine, Pinaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS and TG

Hădărugă et al. 
(2005)

Salvia sclarea L. 
(sage, Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, and DSC

Hădărugă et al. 
(2007a)

S. sclarea L. (sage, 
Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by UV

Tian et al. (2008)

Table 4.4 A Selection of Aroma Compounds  
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et al., 2012a,b, 2013; Hegheş et al., 2015). Other analytical methods 
allow evaluating the crystallinity or amorphous state, dimensions, 
and morphology of the micro- or nanocrystals of CD/aroma com-
plexes (He et al., 2008; Lu et al., 2012). Analytical methods can be 
classified as follows: (1) chromatographic, (2) spectroscopic, (3) 
microscopic, (4) thermoanalytical methods as well as (5) specific 
methods (eg, for volatile compounds).

4.2.2.1 Chromatographic methods
The chromatographic methods are used for both “pure” CD anal-

ysis and for determination of the concentration and composition 
of CD/aroma complexes (such as CD/essential oil complexes). Pa-
per and thin layer chromatography were the first chromatographic 
methods used for separation and analysis of CDs. Today, they were 
replaced by modern techniques such as high-pressure liquid chro-
matography (HPLC) (Ceborska et al., 2013b; Hădărugă et al., 2010a; 
Hegheş et al., 2015; López-Nicolás and García-Carmona, 2008) or 
gas chromatography (GC) (Marques, 2010). A derivatization of 
CDs to more volatile compounds for GC analysis is needed. Gas 
chromatography coupled with mass spectrometry (GC-MS) is 

Aroma/Flavoring  
Compound/
Essential Oil

Type of Cyclodextrin, Methods of Complexation, 
and Analysis of Solid Complexes References

Satureja montana 
L. (Winter savory, 
Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, total oil and surface oil extraction, and 
photochemiluminiscence (PCL). Evaluated for its antifungal activity

Haloci et al. (2014)

Thymus vulgaris L. 
(thyme, Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-FID, GC-MS, FTIR, and 1H-NMR. Evaluated for its 
antifungal activity

Del Toro-Sánchez 
et al. (2010)

T. vulgaris L. (thyme, 
Lamiaceae)

β-Cyclodextrin solid complex, obtained by coprecipitation method, 
and analyzed by GC-MS, TG, DSC, and SEM

Hădărugă et al. 
(2007b)

T. vulgaris L. (thyme, 
Lamiaceae)

β-Cyclodextrin solid complex, obtained by freeze-drying and knead-
ing methods, and analyzed by UV-Vis, TEM, and DSC. Evaluated by 
its antimicrobial activity

Tao et al. (2014)
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often used to identify and quantify the CD-encapsulated volatiles 
such as aroma compounds (Arana-Sánchez et al., 2010; Hădărugă 
et al., 2012b; Marreto et al., 2008; Menezes et al., 2013). High ac-
curacy for the quantification of aroma and flavors is obtained for 
gas chromatography-flame ionization detector system (GC-FID) 
as well as for evaluation of the competitivity of aroma compounds 
from mixtures (eg, essential oils) to the molecular encapsulation 
in CDs (Ayala-Zavala et al., 2008). The relative composition and 
CD (α-, β-, γ- and 2-hydroxypropyl-β-CD) molecular encapsula-
tion competitivity of essential oils from Apiaceae, Liliaceae, Lau-
raceae, Lamiaceae, Myrtaceae, Rutaceae, and Pinaceae botanical 
families have been determined by GC-MS (Hădărugă et al., 2005, 
2007a,b,c, 2012a,b, 2014). For example, limonene from caraway 
essential oil was better encapsulated in β-CD in comparison with 
(S)–(+)-carvone, which was encapsulated in lower relative concen-
tration than in the raw essential oil (Hădărugă et al., 2012b). The 
same behavior was observed for linalool from coriander, anethole 
from fennel, methyl-chavicol from basil, γ-terpinene from marjo-
ram, p-cymene from eucalyptus, pinenes and camphene from fir, 
spruce, juniperus, and turpentine, as well as acyclic sulfides from 
garlic essential oils that were encapsulated in β-CD and analyzed 
by GC-MS (Hădărugă et al., 2005, 2007c, 2012b). On the other hand, 
linalyl acetate from lavender and sage (Hădărugă et al., 2007a), as 
well as cinnamaldehyde from cinnamon essential oils were en-
capsulated in β-CD in similar relative concentrations such as in 
the raw products (Hădărugă et al., 2012b; Hill et al., 2013; Ponce 
Cevallos et al., 2010). It was not the case of carvacrol from thyme, 
menthol from mint, eugenol from clove, or eucalyptol from euca-
lyptus essential oils (Costescu et al., 2008). They were encapsulat-
ed in β-CD in lower relative concentrations, according to GC-MS 
analysis of the raw and recovered essential oils.

4.2.2.2 thermoanalytical methods
The thermoanalytical methods are useful for the evaluation of 

the quality of encapsulation of aroma and flavors in CDs (Hegheş 
et al., 2015; Marreto et al., 2008; Mura, 2015; Riviş et al., 2008). It 
is possible to determine the mass loss of CD complexes by using 
thermogravimetry (TG) (Menezes et al., 2012; Mura, 2015; Wang 
et al., 2011b), which indicates the loss of water, other solvents 
used for complexation and volatile compounds from aroma. Un-
fortunately, it is difficult to discriminate between the volatile com-
pounds, even if the water is generally released in the first part of 
heating. An example is presented in Fig. 4.13a.

The mass loss of β-CD is 13.8% up to 100°C and less than 0.5% 
up to 260°C, while the β-CD/linalyl acetate (the main compound 
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from lavender essential oil) complex had a mass loss of only 7.3% 
for the first range corresponding to the water (and other volatiles) 
release and 5.6% for the range of 100–260°C, which corresponds 
especially to linalyl acetate dissociation. The last interval corre-
sponds to the decomposition of β-CD.

Another thermal method that is often used for the analy-
sis of CD complexes is differential scanning calorimetry (DSC) 
(Hădărugă et al., 2007a,b, 2012b; Menezes et al., 2013; Mura, 2015). 
Generally, physical mixture, only the single compounds, as well as 
the complex are analyzed and compared for evaluating the for-
mation of the inclusion compound. These differences are related 
to the disappearance of the peak corresponding to the boiling of 
aroma compound and the modification of the peak correspond-
ing to the water of hydration. Other peaks can appear correspond-
ing to the dissociation of the host–guest complex. For example, 
the DSC analysis of β-CD and its complex with Matricaria cham-
omilla L. (chamomile) essential oil indicates an important peak 
corresponding to the dissociation of the hydration water from 
β-CD (with an endothermal effect of 1205 J g−1) that is shifted to 
lower temperature (from 123.9 to 78.4°C) and a lower calorimetric 
effect for the complex (878.8 J g−1). Moreover, a large peak that cor-
responds to dissociation of chamomile essential oil components 
appears in the range of ∼120–260°C (282.1 J g−1 and peak tempera-
ture of 181°C) (Fig. 4.13b).

Other thermoanalytical methods such as evolved gas analysis 
(EGA), drying/sublimation, TAS-chromatography or thermofrac-
tography are also used for the analysis of CD/aroma and flavors 
inclusion complexes (Marques, 2010).

Figure 4.13. (a) thermogavimetric analysis of β-Cd (continuous line) and β- Cd/linalyl acetate complex (dotted 
line); (b) differential scanning calorimetry analysis of β-Cd (continuous line) and β-Cd/Matricaria chamomilla l. 
(chamomile) essential oil complex (dotted line).
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4.2.2.3 spectroscopic methods
The CD complex structures in solid state can be determined 

by X-ray diffraction (XRD) (Mura, 2015). The reduction or modi-
fication of the diffractogram shapes after CD complexation in-
dicates the formation of amorphous compounds and thus the 
formation of the inclusion complex. The crystallinity or amor-
phous character of the complexes significantly depends on the 
synthesis method (eg, kneading and lyophilization/freeze-drying 
furnish more amorphous complexes in comparison with cocrys-
tallization method, which allows to obtain CD complexes with 
high crystallinity) (Ceborska et al., 2013a; Marreto et al., 2008; 
Menezes et al., 2013; Wang et al., 2011a).

Other spectroscopic methods such as Fourier transform–
infrared spectroscopy (FT–IR) (Duchêne, 2011; Menezes 
et al., 2012, 2013; Mura, 2015; Nuchuchua et al., 2009) and Raman 
spectroscopy (Mohan et al., 2012; Mura, 2015) are also used to in-
vestigate CD/aroma inclusion complexes.

4.2.2.4 microscopic methods
Microscopic methods such as scanning electron microsco-

py (SEM) (Arana-Sánchez et al., 2010; De Souza Siqueira Quin-
tans et al., 2013; Hădărugă et al., 2007a,b,c, 2012a,b; Menezes 
et al., 2013; Mura, 2015) and transmission electron microscopy 
(TEM) (Hill et al., 2013; Tao et al., 2014) are often used to evalu-
ate the morphology of micro- and nanoparticles of complexes 
as well as the dimensions and uniformity of such materials (He 
et al., 2008; Zhang et al., 2015; Zhou et al., 2013). An example of 
SEM analysis for β-CD and its complex with Silybum marianum 
L. (milk thistle) oil is presented in Fig. 4.14. It can be observed that 
β-CD have hexagonal-like crystal shape, while the corresponding 
thistle oil complex reveals acicular- or prismatic-like morphology.

There are few other methods used to analyze the CD complexes 
that are more or less specific for encapsulated volatile compounds. 
It is the case of Karl Fischer water titration (KFT) that is a selective 
method for the analysis of water and very useful for CD/aroma 
complexes (where the bioactive compounds have higher volatility 
and cannot allow the correct evaluation of water content in such 
complexes by classical drying or thermal methods) (Hădărugă 
et al., 2012b; Hegheş et al., 2015). Furthermore, KFT analysis al-
lows discrimination between “surface” water and “strongly re-
tained” water molecules in CD/aroma complexes (Hădărugă 
et al., 2012a, 2013). This aspect furnishes indirect information 
about the formation of the molecular inclusion complex (the in-
ner water molecules—strongly retained—are partially replaced by 
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hydrophobic aroma or flavors during CD complexation). Capillary 
and gelelectrophoresis (Mura, 2014), cyclic voltammetry, circular 
dichroism spectroscopy (Mura, 2014; Stancanelli et al., 2007), War-
burg oxidation (for unsaturated guest compounds), solubility, dis-
solution, and humidity tests (Numanoğlu et al., 2007; Szejtli, 1988) 
are also used to study CD/aroma and flavors inclusion complexes. 
Furthermore, molecular modeling and docking studies allow re-
searchers to evaluate the geometric compatibility and the effi-
ciency of complexation (by means of the calculated interaction 
energy) (Hădărugă, 2011; Hădărugă et al., 2008a,b, 2009; Pérez-
Garrido et al., 2009; Pînzaru et al., 2011).

4.3 factors Controlling encapsulation of aroma 
and flavors in Cds
4.3.1 Hydrophobic Effect

Encapsulation of aroma in CDs is in reality a complex process. 
Although predominantly hydrophobic interactions take place 
during inclusion complex formation, other requirements are to 
be considered such as the CD and aroma molecular properties. 
To demonstrate this aspect, multiple studies looked for factors 
controlling the encapsulation of flavors and aroma in CDs. This 
mainly allows a more precise analysis of the influence of aroma’s 

Figure 4.14. scanning electron microscopy analysis of β-Cd (a) and β-Cd/Silybum marianum l. (milk thistle) extract 
complex (b).
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properties (size, geometry, hydrophobicity, solubility) on its en-
capsulation in CDs aiming to optimize inclusion complex prep-
aration and to select the appropriate application. Many studies 
showed a satisfactory correlation between hydrophobicity (log P) 
and the K

f
 values with correlation coefficients equal to 0.986 for 

β-CD (Decock et al., 2008), 0.8548 and 0.8824, for α-CD and β-CD, 
respectively (Astray et al., 2010), and 0.9232 for HP-β-CD (Kfoury 
et al., 2014a). This indicates that the most important criterion in 
the inclusion complex formation is the hydrophobic character of 
aroma or flavor. However, considering the stability constants of 
the overall aromatic compounds present in Table 4.3 with β-CD, 
although we could observe the same tendency, the correlation be-
comes weaker (Fig. 4.15).

The deviation from the ideality indicates that the linear cor-
relation between the stability of inclusion complex and the hy-
drophobic character of aroma might be right for analogous family 
and cannot be universally applied. This proved that the hydro-
phobic interactions are not the sole driving forces for inclusion 
complex formation. Thus, other factors must be taken into con-
sideration to predict a theoretical approach for inclusion com-
plex stability.

Figure 4.15. Relationship between formation constants (log Kf) and hydrophobic character (log P) of aroma from 
Table 4.3.
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4.3.2 Solubility Effect
The aroma or flavor’s intrinsic solubility is an important pa-

rameter to be considered particularly when formulation with CDs 
aims for solubility enhancement. Data collected from literature 
shows a strong correlation between the solubility enhancement 
of aroma in the presence of HP-β-CD and their intrinsic aqueous 
solubility (Fig. 4.16) (Kfoury et al., 2014a,c; Liang et al., 2012; Yuan 
et al., 2014; Zhang et al., 2009).

This proves that the formation of inclusion complexes also 
occurs through desolvation/dissolution of the aroma and widely 
depends on their solubility. Here, we should note that this correla-
tion could not be universally applicable for estimating inclusion 
complex stability because solubilization by CDs not only includes 
inclusion complex formation but also surfactant-like effects and 
molecular aggregation (Jansook and Loftsson, 2009; Loftsson 
et al., 2005).

4.3.3 Steric Effects
The space filling of CD cavity also plays a major role in inter-

preting the inclusion stability. This is defined by the molecular 

Figure 4.16. Relationships between solubility enhancement upon encapsulation and intrinsic solubility of aroma.
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volume, shape, and geometry of the aroma that describe its fit into 
the cavity without any steric hindrance. The ability of molecular 
modeling programs to visualize the space filling of CD cavity and 
the correlation with experimental K

f
 values confirm that the sta-

bility of encapsulation depends on the geometric accommoda-
tion of the aroma in the CD and increases dramatically with the 
amount of space filling of the cavity (Decock et al., 2008; Four-
mentin et al., 2013). An example is illustrated in Fig. 4.17.

The weak empty space observed between β-CD cavity and  
β-caryophyllene as compared to β-CD cavity and thujanol suggests 
that the former provides sufficient contact with the wall of the cav-
ity thus is more tightly encapsulated (Eftink et al., 1989). Results 
are confirmed by higher K

f
 value for β-CD/β-caryophyllene inclu-

sion complex (Kfoury et al., 2015c). Another important param-
eter that has to be taken into consideration is the encapsulation 
of isomers. For example, E- and Z-isomers, are not likewise rec-
ognized by different CDs (Decock et al., 2008; Miron et al., 2012; 
Ruktanonchai et al., 2011) as well as α- and β-isomers (Ciobanu 
et al., 2013a; Kfoury et al., 2014a), (+) and (−) enantiomers (Nowa-
kowski and Ejchart, 2014), constitutional isomers (Bethanis 
et al., 2013; Ciobanu et al., 2013a; Decock et al., 2006, 2008; Kfoury 
et al., 2014c, 2015b), and aromatic cycle with different substitution 
pattern (vanillin and p-hydroxybenzaldehyde) (Zeng et al., 2012).

Taking into account the different correlations, this indicated 
that a multiparametric relationship takes hold and influences the 
inclusion complex formation. The strength of binding between 
CD and the aroma involves balance between hydrophobic inter-
actions, solvation processes, and hydrogen bonds as well as Van 
der Waals and steric interactions. Thus, no unique correlation 
could be implemented probing that several parameters should 

Figure 4.17. Illustration of the space filling of β-CD cavity by thujanol 
and β-caryophyllene.
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be taken into account to presume the inclusion complex stability. 
Finally, the binding magnitude could be classified as very weak, 
weak, moderate, strong, and very strong when K

f
 values fell within 

the respective ranges 0–500 M–1, 500–1,000 M–1, 1,000–5,000 M–1, 
5,000–20,000 M–1, and greater than 20,000 M–1 (Carrier et al., 2007). 
This generally facilitates the selection of the proper CD for each 
specific aroma depending on the desired characteristics of the in-
clusion complex.

5 Effects of Encapsulation
Encapsulation in CDs aims mainly to improve aroma function-

alities, control sensory quality and organoleptic behavior of food, 
and design new functional systems allowing aroma differentiation 
and burst. The possible benefits of encapsulated aroma in CDs 
are various. Table 4.5 is a recap chart of major published works 
regarding the improved properties of aroma and flavors upon en-
capsulation in CDs.

5.1 solubility enhancement
Aqueous solubility is a crucial requirement to achieve desired 

concentration of a substance in a food product (Bagade et al., 2014). 
The lipophilic nature of aroma and flavors is an obstacle in their 
direct incorporation in food because they are hardly soluble in 
aqueous media (Vohs, 2013). To overcome this problem, CDs arise 
as a potential tool in food formulation (Astray et al., 2009; Cra-
votto et al., 2006; Szente and Szejtli, 2004). Encapsulation in CDs 
has the ability to increase aroma’s solubility, reduce dosage form 
volume, and standardize the composition (Munin and Edwards-
Lévy, 2011). Moreover, inclusion complexes lead to disperse active 
ingredients into aqueous phases. Another important income of 
encapsulation is that, after ingestion, encapsulated aroma could 
be more bioavailable because CDs are able to improve their dis-
solution in gastrointestinal fluids (Carrier et al., 2007; Salústio 
et al., 2011; Saravana Kumar et al., 2013; Uekaji et al., 2013). This 
certainly is of major interest for the encapsulation of nutraceuti-
cals and bioactive aroma. From the literature, it is clear that the 
use of CDs greatly enhances the solubility of encapsulated agents 
such as naringenin and natural flavonoid responsible for the bit-
ter taste of grapefruit (Shulman et al., 2011), and increase the bio-
availability of flavors such as rhubarb extract (Hsu et al., 2013), tea 
extract (Haidong et al., 2011), thymol (Nieddu et al., 2014), and 
curcumin (Patro et al., 2014).
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Table 4.5 Examples of Improved Properties of Flavors 
and Aroma After Encapsulation With Different CDs

Aroma Cyclodextrins Improved Properties References
Allyl isothiocyanate β-CD Stability, antibacterial Aytac et al. (2014)

Trans-anethole α-CD, β-CD, HP-β-CD, 
RAMEB, CRYSMEB

Solubility, stability Kfoury et al. (2014b)

α-CD, β-CD, HP-β-CD, 
RAMEB, CRYSMEB

Solubility, antioxidant Kfoury et al. (2014c)

Borneol β-CD Solubility, stability Su et al. (2012)

Camphor α-CD, β-CD, γ-CD Solubility Yu et al. (2003)

Carvacrol α-CD, β-CD, HP-β-CD Solubility, antibacterial, antifungal Liang et al. (2012)

β-CD Solubility, antibacterial Santos et al. (2015)

β-CD Pain management Guimarães et al. (2015)

Carvone β-CD Stability Partanen et al. (2002)

β-CD Solubility, stability Ajisaka et al. (2000)

β-Caryophyllene β-CD Dissolution, bioavailability Liu et al. (2013)

Cinnamaldehyde β-CD Solubility, antibacterial Hill et al. (2013)

α-CD, β-CD Antibacterial Chun et al. (2015)

Citronellal β-CD Solubility, stability Ajisaka et al. (2000)

Curcumin β-CD Solubility Jahed et al. (2014)

β-CD Solubility, stability Mangolim et al. (2014)

β-CD Solubility, release Ansari and Ahmed (2015)

p-Cymene β-CD Analgesic, antiinflammatory De Souza Siqueira 
Quintans et al. (2013)

Eugenol β-CD Stability Seo et al. (2010)

β-CD, HP-β-CD Stability Choi et al. (2009)

HP-β-CD Solubility Garg et al. (2010)

β-CD Stability, antibacterial Wang et al. (2011b)

α-CD, β-CD, HP-β-CD Solubility, antibacterial, antifungal Liang et al. (2012)

β-CD Solubility, antibacterial Hill et al. (2013)

α-CD, β-CD, HP-β-CD, 
RAMEB, CRYSMEB

Solubility, antioxidant Kfoury et al. (2014c)

Estragole α-CD, β-CD, γ-CD, HP-β-
CD, RAMEB, CRYSMEB

Stability, antioxidant Kfoury et al. (2015b)

α-CD, β-CD, HP-β-CD, 
RAMEB, CRYSMEB

Solubility, antioxidant Kfoury et al. (2014c)

(Continued )
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Aroma Cyclodextrins Improved Properties References
Ethyl benzoate HP-β-CD Solubility, stability Yuan et al. (2014)

Geraniol β-CD Solubility, stability Mourtzinos et al. (2008)

β-CD Solubility, stability Ajisaka et al. (2000)

Isoeugenol α-CD, β-CD, HP-β-CD, 
RAMEB, CRYSMEB

Solubility, antioxidant Kfoury et al. (2014c)

Limonene β-CD Stability Partanen et al. (2002)

β-CD Solubility, stability Ajisaka et al. (2000)

Linalool β-CD, HP-β-CD Solubility, stability Numanoğlu et al. (2007)

β-CD Analgesic, antiinflammatory Quintans-Júnior et al. 
(2013)

α-CD, β-CD, HP-β-CD Solubility, antibacterial, antifungal Liang et al. (2012)

β-CD Pain management Nascimento et al. (2014)

Menthol β-CD Solubility, stability Ajisaka et al. (2000)

Menthone β-CD Solubility, stability Ajisaka et al. (2000)

Myrcene β-CD Solubility, stability Ajisaka et al. (2000)

Nerol β-CD Solubility, stability Ajisaka et al. (2000)

Pulegone β-CD, γ-CD Stability Moon et al. (2008)

Terpineol β-CD, HP-β-CD Stability Dos Santos et al. (2012)

β-CD Solubility, stability Mazzobre et al. (2011)

β-CD Solubility, stability Ajisaka et al. (2000)

Stability, antibacterial Yang et al. (2015)

Thymol β-CD Release Del Toro-Sánchez et al. 
(2010)

β-CD Solubility, stability Mourtzinos et al. (2008)

β-CD Antifungal Del Toro-Sánchez et al. 
(2010)

β-CD Pharmacokinetic properties Nieddu et al. (2014)

Vanillin α-CD, β-CD, γ-CD Stability Kayaci and Uyar (2011)

β-CD Stability Hundre et al. (2015)

Table 4.5 Examples of Improved Properties of Flavors 
and Aroma After Encapsulation With Different CDs 

(cont.)
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5.2 protection of aroma and flavors
Flavors are generally expensive and therefore it is an ultimate 

concern to prevent their loss or degradation (Govindasamy 
et al., 2013). Thanks to CDs aroma and flavors could be covered 
with a protective barrier that reduces their volatility, prevents 
their degradation, evaporation, and reaction with other food 
matrix ingredients during storage and strong thermal or me-
chanical treatments improving consequently the food shelf life 
(Marques, 2010; Szente and Szejtli, 2004). CDs are well proved 
to be useful in stabilizing aroma that cannot be effectively stabi-
lized using other techniques (Reineccius et al., 2002). For exam-
ple, encapsulation in β-CD improved the retention of citral (26-
fold enhancement) and menthol (86-fold enhancement) in fruit 
leathers and hard candies, respectively, (Reineccius et al., 2004) 
as well as the caraway essential oil components (carvone and 
limonene) during heat treatment (Partanen et al., 2002). Encap-
sulation of flavors in CDs could also inhibit off note develop-
ment, maintain true aromatic profile, minimize interactions 
with packaging materials, and enhance photostability with-
out adding antioxidants. Increase in the global sensory qual-
ity and reduction in the browning of pear juice (Andreu-Sevil-
la et al., 2011; López-Nicolás et al., 2009) and lemon-flavored 
juice beverages (Strassburger et al., 2010) were observed upon 
treatment with CDs. Similar promising light, heat, or oxida-
tive stability results were obtained with other CD encapsulated 
flavors such as citral (Szente and Szejtli, 2004), trans-anethole 
(Kfoury et al., 2014b), estragole (Kfoury et al., 2015b), geraniol 
and thymol (Mourtzinos et al., 2008), or curcumin (Paramera 
et al., 2011) (Table 4.5). Encapsulation in CDs might be also 
one of the tools to preserve the integrity of aroma, maintain or 
improve their antioxidant, antibacterial, and antifungal activi-
ties (Costa et al., 2015; De Vos et al., 2010; Hill et al., 2013; Liang 
et al., 2012; Pinho et al., 2014) and prevent the deterioration of 
food quality by reducing interactions between phenols and pro-
teins (Budryn et al., 2015).

5.3 ensuring Controlled release
Aroma release must be controlled because it strongly af-

fects aroma perception and food intake (Ramaekers et al., 2014; 
Ruijschop and Kok, 2009). A slow release leads to a weak percep-
tion whereas a rapid one promotes only a brief burst of flavor lead-
ing to an unbalanced flavor profile of food (Charles et al., 2015; 
Guichard et al., 2013). The ultimate goal of CDs is to allow a 
controlled release of encapsulated aroma at desired rate during 
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processing, storage, and food consumption (Marques, 2010). CDs 
play the role of a flavor reservoir and the dissociation of the in-
clusion complex requires generally the presence of moisture nor-
mally found in food or heating (Ho et al., 2011). As seen in other 
studies, adding β-CD to fat-free yogurt resulted in an extended pe-
riod of lemon aroma release making it closer to regular fat yogurt 
(Kant et al., 2004) and encapsulating menthol in chewing gums 
ensured higher aromatic content and allowed it to release steadily 
when chewed (Yoshii et al., 2007). Other studies also described a 
controlled release of flavors such as linalool and benzyl acetate 
(Numanoğlu et al., 2007), terpineol (Mazzobre et al., 2011; Yang 
et al., 2015), ethyl benzoate (Yuan et al., 2014), estragole (Kfoury 
et al., 2015b), or thymol (Del Toro-Sánchez et al., 2010) upon en-
capsulation (Table 4.5).

5.4 improving organoleptic Behavior and masking 
off flavors

The importance of adding aroma and flavors to food also 
lies in their powerful bioactivities and beneficial health effects 
(Amorati et al., 2013; Lucera et al., 2012; Tongnuanchan and  
Benjakul, 2014). However, application must be done at important 
concentrations to achieve good antioxidant or antimicrobial ef-
ficacy against pathogens and toxin-producing microorganisms 
and to ensure this activity for an extended storage period (Calo 
et al., 2015; Radulovic et al., 2013). This complicates their use and 
negatively affects sensory acceptability of food due to the high 
pronounced odor or flavor (Sánchez-González et al., 2011). The 
use of encapsulated aroma can effectively alleviate these deficien-
cies because there is always a dynamic equilibrium between the 
free and the encapsulated aroma (Qi and Hedges, 1995). Thus, a 
part of the active aroma will be encapsulated, masking odor and 
flavor, and will be progressively released. This reduces the strong 
flavors caused by the direct incorporation of aroma and allows the 
addition of higher amount than conventional dosing without af-
fecting the sensory acceptability of food and maintains their ac-
tivity for a long period of time (Appendini and Hotchkiss, 2002; 
Hanušová et al., 2009; López-Nicolás et al., 2014). Encapsulation 
in CDs could also reduce off-flavors, first by avoiding contact be-
tween aroma and oxygen or ions and preventing direct exposure 
to light, and second by encapsulating generated off-flavors (Szejtli 
and Szente, 1979, 2005). Studies showed that incorporation of CDs 
reduced up to 50% the bitterness intensity of ginseng in a model 
energy drink (Tamamoto et al., 2010) and soybean antioxidant hy-
drolysates (Hou et al., 2013). The addition of HP-β-CD improved 
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also the nutritional and some physicochemical parameters of car-
rot-orange juice (Karangwa et al., 2012).

5.5 active packaging
Another technology that drives researchers to invest their 

knowledge in CD encapsulation is the design of biobased active 
food-packaging materials. Incorporating aroma for flavoring pur-
poses or as bioactive agents as a form of inclusion complexes in 
food packaging materiel allows their gradual release into food 
(Martina et al., 2013). This leads to an extended self-life due to the 
preservation of organoleptic properties and the prevention of mi-
crobial growth and food spoilage (Arfat et al., 2015; Lee et al., 2015; 
Morelli et al., 2015). When inclusion complex is exposed to water 
molecules (high humidity normally presents in food), interactions 
between CD and aroma are weakened, and the latter is passively 
released into the food (Mascheroni et al., 2013). β-CD ensured, for 
example, a gradual release of carvacrol (Lavoine et al., 2014), eu-
genol, and trans-cinnamaldehyde (Sun et al., 2014) from the pack-
aging material into the food. A multilayered antimicrobial pack-
aging using a β-CD/trans-cinnamaldehyde inclusion complex 
improved the shelf life of fresh-cut melon (Moreira et al., 2014) 
and papaya (Brasil et al., 2012) and CD-encapsulated allyl iso-
thiocyanate showed better antimicrobial activity for fresh-cut on-
ions treatment as compared to free allyl isothiocyanate (Piercey 
et al., 2012). This provides a postharvest handling procedure that 
maintains optimal flavor and nutritional quality of fruits and veg-
etables until consumption (Kader, 2008).

5.6 improving Handling and dosage
Another goal of employing encapsulation is to provide a su-

perior ease in handling aroma during storage or incorporation 
into food products (JadhavAmbadas et al., 2013; Nokhodchi 
et al., 2011). Encapsulation in CDs could be used to convert an 
oily aroma into a powder, which offers a standardized, dosable, 
and nearly odorless form (Marques, 2010; Riviş et al., 2008). Ad-
ditionally, encapsulation can avoid negative effects on the tex-
ture, flavor, and solubility during the rehydration of a dehydrated 
food product. For example, CDs are efficient in the preparation 
of freeze-dried pear juice and offer a superior retention of aroma 
(Tobitsuka et al., 2005). To facilitate storage and dosage standard-
ized solid inclusion complexes are commercialized at industrial 
scale. CAVAMAX® W7/CITRAL and CAVAMAX® W7/L-MENTHOL 
are β-CD inclusion complexes of citral and menthol produced by 
Wacker Chemie AG for direct application.
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5.7 aroma differentiation/Burst
Finally, encapsulation in CDs may improve aroma differentia-

tion and aroma burst (Taylor et al., 2009). Aroma differentiation 
is generally experienced when aroma diffuses slowly out of CDs 
into the food during cooking or heating process leading to per-
ception change (Romani et al., 2012). The study of the release of 
menthol, ethyl butyrate, ethyl hexanoate, benzaldehyde, citral, 
and methyl anthranilate from CDs coupled to sensory evaluation 
suggested that CDs may alter the food sensory profile in a tem-
perature-dependent manner (Reineccius et al., 2003). Also, when 
inclusion complexes are placed in excess water or in the mouth, 
a burst release of encapsulated aroma takes place and released 
aroma is perceived. Encapsulated aroma in pear juice that is not 
perceived during direct smelling is released once the juice is in 
the mouth (López-Nicolás et al., 2009). This phenomenon could 
also be experienced with tea where the release of encapsulated 
aroma into hot water is a burst release upon the addition of tea 
bags to hot water.

6 Conclusions
The need for tasty and healthy foodstuffs with an extended 

shelf life requires the development of new aroma delivery systems. 
The improvement of encapsulation technologies may overcome 
possible limitations of aroma and flavors use and maintain the 
maximum of their functionalities in a food matrix. CDs are food-
grade encapsulant materials available in large scale, low prices, 
food quality, and included in the GRAS list of the FDA. Encapsula-
tion in CDs is of particular importance and is an economical and 
simple technological process. CDs improve aqueous solubility of 
poorly soluble substances, offer a protective effect for sensitive 
ingredients (eg, aroma and flavors), ensure controlled release, re-
duce loss and volatility and provide superior handling of aroma 
and flavors. This leads to maintaining food organoleptic proper-
ties and extending shelf life. The challenge consists in adopting 
the appropriate CD for the selected aroma to achieve maximum 
encapsulation yield/efficiency and optimal characteristics based 
on the desired performance properties of the inclusion complex. 
This chapter provided a brief history of aroma and CDs and dis-
cussed encapsulation techniques as well as characterization 
methods for CD/aroma or flavors inclusion complexes. It also in-
vestigated parameters controlling the stability binding of aroma 
and flavors to CDs and reported the beneficial effects of encapsu-
lation on aroma’s properties.
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C.-A., 2015. Capsicum annuum extracts/β-cyclodextrin complexes. Thermal 
analyses—Karl Fischer water titration correlations and antioxidant activity. J. 
Therm. Anal. Calorim. 120, 603–615. 

Higuchi, T., Connors, A.K., 1965. Phase solubility techniques. Adv. Anal. Chem. 
Instrum. 4, 117–212. 

Hill, L.E., Gomes, C., Taylor, T.M., 2013. Characterization of beta-cyclodextrin 
inclusion complexes containing essential oils (trans-cinnamaldehyde, 
eugenol, cinnamon bark, and clove bud extracts) for antimicrobial delivery 
applications. LWT Food Sci. Technol. 51 (1), 86–93. 

Ho, B.T., Joyce, D.C., Bhandari, B.R., 2011. Release kinetics of ethylene gas from 
ethylene-α-cyclodextrin inclusion complexes. Food Chem. 129 (2), 259–266. 

Hou, L., Wang, J., Zhang, D., 2013. Optimization of debittering of soybean 
antioxidant hydrolysates with β-cyclodextrins using response surface 
methodology. J. Food Sci. Technol. 50 (3), 521–527. 

Hougeir, F.G., Kircik, L., 2012. A review of delivery systems in cosmetics. Dermatol. 
Ther. 25 (3), 234–237. 

Houk, K.N., Leach, A.G., Kim, S.P., Zhang, X., 2003. Binding affinities of host-guest, 
protein-ligand, and protein-transition-state complexes. Angew. Chem. Int. 
Ed. 42 (40), 4872–4897. 

http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0565
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0565
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0565
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0570
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0570
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0570
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0585
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0585
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0585
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0590
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0590
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0590
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0595
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0595
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0600
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0600
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0605
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0605
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0615
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0615
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0625
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0625
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0635
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0635
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0640
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0640
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0640
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0645
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0645
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0650
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0650
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0650


182  Chapter 4 CyClodextrins as enCapsulation material for flavors and aroma

Hsu, C.M., Yu, S.C., Tsai, F.J., Tsai, Y., 2013. Enhancement of rhubarb extract 
solubility and bioactivity by 2-hydroxypropyl-β-cyclodextrin. Carbohydr. 
Polym. 98 (2), 1422–1429. 

Hundre, S.Y., Karthik, P., Anandharamakrishnan, C., 2015. Effect of whey protein 
isolate and β-cyclodextrin wall systems on stability of microencapsulated 
vanillin by spray-freeze drying method. Food Chem. 174, 16–24. 

Irie, T., Uekama, K., 1997. Pharmaceutical applications of cyclodextrins. III. 
Toxicological issues and safety evaluation. J. Pharm. Sci. 86 (2), 147–162. 

JECFA (Joint FAO/WHO Expert Committee on Food Additives). 78th JECFA 
November 2013.

JadhavAmbadas, S., Kankudte Ashish, D., Wadikar Jagdish, C., Chintale Ashwini, 
G., Karde Vaibhav, K., Puri Sachin, G., 2013. Liquisolid technique a novel 
approach to enhance solubility and dissolution rate: a review. Res. J. Pharm. 
Technol. 6 (8), 819–824. 

Jahed, V., Zarrabi, A., Bordbar, A.K., Hafezi, M.S., 2014. NMR (1H, ROESY) 
spectroscopic and molecular modelling investigations of supramolecular 
complex of β-cyclodextrin and curcumin. Food Chem. 165, 241–246. 

Jansook, P., Loftsson, T., 2009. CDs as solubilizers: effects of excipients and 
competing drugs. Int. J. Pharm. 379 (1–2), 32–40. 

Jelen, H.H., Majcher, M., Dziadas, M., 2012. Microextraction techniques in the 
analysis of food flavor compounds: a review. Anal. Chim. Acta 738, 13–26. 

Jiang, S., Li, J.N., Jiang, Z.T., 2010. Inclusion reactions of β-cyclodextrin and its 
derivatives with cinnamaldehyde in Cinnamomum loureirii essential oil. Eur. 
Food Res. Technol. 230 (4), 543–550. 

Jiang, H., Zhang, S., Shi, Q., 2011. Removal of cholesterol by β-cyclodextrin. Asian 
J. Chem. 23 (9), 3783–3786. 

Juvancz, Z., Szejtli, J., 2002. The role of cyclodextrins in chiral selective 
chromatography. Trends Anal. Chem. 21 (5), 379–388. 

Kader, A.A., 2008. Flavor quality of fruits and vegetables. J. Sci. Food Agric. 88 (11), 
1863–1868. 

Kant, A., Linforth, R.S.T., Hort, J., Taylor, A.J., 2004. Effect of β-cyclodextrin on 
aroma release and flavor perception. J. Agric. Food Chem. 52 (7), 2028–2035. 

Karangwa, E., Hayat, K., Rao, L., Nshimiyimana, D.S., Foh, M.B.K., Li, L., Ntwali, J., 
Raymond, L.V., Xia, S., Zhang, X., 2012. Improving blended carrot-orange juice 
quality by the addition of cyclodextrins during enzymatic clarification. Food 
Bioprocess Technol. 5 (6), 2612–2617. 

Karathanos, V.T., Mourtzinos, I., Yannakopoulou, K., Andrikopoulos, N.K., 2007. 
Study of the solubility, antioxidant activity and structure of inclusion complex 
of vanillin with β-cyclodextrin. Food Chem. 101 (2), 652–658. 

Kawakami, K., Fujita, A., Mikami, T., Yoshii, H., Paramita, V., Neoh, T.L., Furuta, T., 
2009. Formation of rice flavor powder with α-cyclodextrin by spray drying. 
Eur. Food Res. Technol. 229, 239–245. 

Kayaci, F., Uyar, T., 2011. Solid inclusion complexes of vanillin with cyclodextrins: 
their formation, characterization, and high-temperature stability. J. Agric. 
Food Chem. 59 (21), 11772–11778. 

Kfoury, M., Auezova, L., Fourmentin, S., Greige-Gerges, H., 2014a. Investigation 
of monoterpenes complexation with hydroxypropyl-β-cyclodextrin. J. Incl. 
Phenom. Macro. 80 (1–2), 51–60. 

Kfoury, M., Auezova, L., Greige-Gerges, H., Ruellan, S., Fourmentin, S., 
2014b. Cyclodextrin, an efficient tool for trans-anethole encapsulation: 
chromatographic, spectroscopic, thermal and structural studies. Food Chem. 
164, 454–461. 

Kfoury, M., Landy, D., Auezova, L., Greige-Gerges, H., Fourmentin, S., 2014c. 
Effect of cyclodextrin complexation on phenylpropanoids’ solubility and 
antioxidant activity. Beilstein J. Org. Chem. 10, 2322–2331. 

http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0655
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0655
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0655
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0660
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0660
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0660
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0665
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0665
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0675
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0675
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0675
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0680
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0680
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0685
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0685
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0690
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0690
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0690
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0695
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0695
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0700
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0700
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0705
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0705
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0710
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0710
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0715
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0715
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0715
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0715
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0720
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0720
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0720
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0725
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0725
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0725
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0730
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0730
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0730
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0735
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0735
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0735
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0740
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0740
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0740
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0740
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0745
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0745
http://refhub.elsevier.com/B978-0-12-804307-3.00004-1/ref0745


 Chapter 4 CyClodextrins as enCapsulation material for flavors and aroma  183

Kfoury, M., Auezova, L., Greige-Gerges, H., Fourmentin, S., 2015a. Promising 
applications of cyclodextrins in food: improvement of essential oils 
retention, controlled release and antiradical activity. Carbohydr. Polym. 131, 
264–272. 

Kfoury, M., Auezova, L., Ruellan, S., Greige-Gerges, H., Fourmentin, S., 2015b. 
Complexation of estragole as pure compound and as main component of 
basil and tarragon essential oils with cyclodextrins. Carbohydr. Polym. 118, 
156–164. 

Kfoury, M., Balan, R., Landy, D., Nistor, D., Fourmentin, S., 2015c. Investigation of 
the complexation of essential oil components with cyclodextrins. Supramol. 
Chem. 27, 1–10. 
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1 Introduction
Research activities in the area of nanoparticle delivery systems 

for the essential micronutrients and nutraceuticals, which can be 
incorporated into food products, have increased almost exponen-
tially during the past decade. Moreover, current market projec-
tions for these technologies suggest a multifold increase in their 
commercial potential over the next decade, as functional foods 
become increasingly popular among consumers as a result of in-
creased awareness of bioactive food ingredients and their impact 
on the prophylactics of human health and physiological func-
tions (Ransley et al., 2001; McClements et al., 2008; McClements 
et al., 2009; McClements, 2014; Faulks and Southon, 2008; Augus-
tin and Hemar, 2009; Semenova and Dickinson, 2010, Chapter 2).

Actually, it is commonly recognized nowadays that reducing 
the size of the delivery systems for prophylactic and therapeutic 
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biologically active compounds to the nanoscale, especially below 
500 nm, do exhibit enhanced delivery over the more conventional 
dosage forms because of enhancements in the following factors: 
(1) the apparent solubility of the active ingredients; (2) the rate of 
mass transfer through biological barriers, leading to an increase in 
cellular uptake; (3) the gastrointestinal retention time in the mu-
cus covering the intestinal epithelium; (4) the rate of release (due 
to the large surface area); and (5) the direct uptake of particles by 
the intestinal epithelium (Jani et al., 1990; Horn and Rieger, 2001; 
Hussain et al., 2001; Chen et al., 2006; Medina et al., 2007; Lai 
et al., 2007; Gibbs et al., 1999; Ratnam et al., 2006; Acosta, 2009; 
McClements, 2014; Semenova and Dickinson, 2010, Chapter 2; 
Moghimi et al., 2001; Kreuter, 2001; Nishioka and Yoshino, 2001; 
Merisko-Liversidge et al., 2003; McClements et al., 2008).

The aim of the nanoencapsulation of the bioactive com-
pounds will be, on the one hand, their protection against degra-
dation/oxidation along with undesirable interactions with other 
food components during food processing and storage and, on 
the other hand, the enhancement of their bioavailability in vivo 
(Gouin, 2004; Acosta, 2009; Dickinson, 2014; Lalush et al., 2005; 
Chen et al., 2006; Sanguansri and Augustin, 2006; Bouwmeester 
et al., 2007; Letchford and Burt, 2007; Semenova et al., 2008; 
 Semenova and Dickinson, 2010, Chapter 1). Such nanoencapsu-
lation utilizes a combination of the “top-down” and “bottom-up” 
nanotechnological approaches to produce more sophisticated 
nanoparticle systems (Horn and Rieger, 2001). As this takes place, 
the more promising “bottom-up” way is based on the self- and 
coassembly of molecules or particles. These spontaneous pro-
cesses are under strong thermodynamic control, that is, rather 
than requiring large amounts of energy they involve a series of op-
timizations that utilize the tendency of a system to minimize its 
 overall free energy, thereby minimizing any required activation en-
ergies, in order to perform an efficient nanoencapsulation (Föster 
and Konrad, 2003; Sanguansri and Augustin, 2006; Acosta, 2009; 
Semenova and Dickinson, 2010, Chapter 1). In the “bottom-up” 
nanotechnological approach, a large variety of ordered nano-
structures may be obtained by altering either the environmental 
conditions (temperature, pH, ionic strength, etc.) or the concen-
tration of the interacting molecules/particles that is followed by 
changing of the balance of all the attractive and repulsive forces 
between the structure-forming molecules or particles in the sys-
tem (Min et al., 2008; Semenova and Dickinson, 2010, Chapter 1).

Biopolymers are especially important in respect to both the 
nanoencapsulation of the health-promoting biologically ac-
tive molecules and formation of smart, that is, stimuli-sensitive 
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 (switchable) self-assembled delivery nanovehicles for the latter 
owing to a number of the following reasons (Veerman et al., 2003; 
Murray and Ettelaie, 2004; Dickinson, 2004, 2006a,b; Graveland-
Bikker and de Kruif, 2006; van der Linden, 2006; Morris, 2005, 2006; 
Weiss et al., 2006; Bolder et al., 2006; Zhang et al., 2006;  Manski 
et al., 2007; Huppertz and de Kruif, 2008;  Semenova and 
 Dickinson, 2010; Gibis et al., 2013):

1. a biological origin;
2. an abundant availability from renewable natural sources;
3. biocompatibility;
4. biodegradability;
5. nontoxicity in any combinations;
6. the nanoscale dimensions;
7. the amphiphilic nature of their macromolecules, having a 

variety of both polar and nonpolar functional groups, which 
facilitates either their self-assembly or coassembly with dis-
tinct in nature molecules in a bulk aqueous media or at in-
terfaces as a result of the changes in pH, temperature, ionic 
strength, or addition of specific ions, enzymes, etc. As this 
takes place, various kinds of inter- and intramolecular physi-
cal interactions can be involved into these self and coas-
sembly processes. They are hydrogen bonding; electrostatic 
attraction between opposite charges; van der Waals dipole–
dipole attractions; and hydrophobic attraction between non-
polar groups in an aqueous medium (McClements, 2006; 
Morris, 2006; Min et al., 2008; Semenova and Dickinson, 2010, 
Chapter 4). It is worthy to note here that the individual inter-
molecular interaction energies could be rather small in mag-
nitude, but their multiple combination in regular assembly 
evidently can make the nanoscale structures stable;

8. high solubility in an aqueous medium;
9. responsiveness to the environmental changes in pH, ionic 

strength, temperature, specific ions, enzymes, and so forth;
10. a wide diversity in both molecular conformations and architec-

ture of their associate/aggregates (globular, random coil, heli-
cal, worm-like, tubular), which can be favorable for biopolymer 
encapsulating abilities such as the coating, incorporation, en-
trapment, or absorption of different bioactive molecules;

11. involvement into the nanoscale building blocks of particles, 
aggregates, fibers, complexes, and networks commonly found 
in food gels and dispersions.

Therefore, the elaboration of the smart stimuli-sensitive 
(switchable) nanoscale biopolymer vehicles for biologically ac-
tive molecules must rely first on both an in-depth thermodynamic 
understanding of the molecular mechanisms of their formation 
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and on the structural and thermodynamic characteristics of the 
ultimate coassembled nanostructures. Once this information is 
available, it can be used to design, stabilize, or manipulate such 
nanostructures rationally, so as to enhance functionality under the 
conditions encountered in food manufacture and in product usage 
by consumers (Weiss et al., 2006; Semenova and Dickinson, 2010).

The plant [α-linolenic acid (ALA), ϖ-3, linoleic acid (LA) w-6] 
and fish [ϖ-3: eicosapentaenoic acid (EPA), and docosahexaenoic 
acid (DHA)] polyunsaturated fatty acids (PUFAs) are one of the 
essential bioactive compounds, which are not synthesized from 
other food components in a human body, and which are acknowl-
edged to be important for the human health (Hibbeln et al., 2006; 
Cleland et al., 1988; Kremer et al., 1985; Geusens et al., 1994; 
 Semenova and Dickinson, 2010, Chapter 2; Lee and Ying, 2008; 
 McClements, 2014; Phang and Garg, 2014).

Such natural molecules as triacylglycerols and phospho-
lipids are generally natural delivery systems for these PUFAs 
(McClements, 2014; Phang and Garg, 2014). In particular, the 
polyunsaturated soy phosphatidylcholine liposomes PC (Lipoid 
S100) along with supplying of the essential PUFAs (∼57% LA and 
3÷7% ALA) are able, for example, to present both the antiaging and 
liver protection functions (Kidd, 1996, 2000).

However, the high susceptibility of the PUFAs to oxidative deg-
radation during product preparation, transport, and storage under 
extreme environmental conditions (light exposure, high tempera-
ture, pH, ionic strength, etc.), which is followed by the perception 
of off-flavors and unpleasant odor, as well as their low solubility 
in water pose a real challenge for their use in a food manufacture, 
in particular under the elaboration of the low-saturated fat foods 
(McClements, 2014; Semenova and Dickinson, 2010).

One of the general ways of improving the chemical stability of 
these bioactive lipids is their encapsulation within colloidal micro- 
and nanosized delivery systems that inhibit their oxidative degra-
dation (Gibbs et al., 1999; Mayer et al., 2013; McClements, 2014; 
McClements and Decker, 2000; Salminen et al., 2014; Waraho 
et al., 2011).

Another way to protect polyunsaturated lipids against oxida-
tion is their encapsulation within the nanosized either biopolymer 
macromolecules or biopolymer associated/aggregated particles. 
The advantage of this way lies in the maximal retention of func-
tionality of both biologically active and biopolymer molecules 
in the complex particles, which could further be used as health-
promoting structure-forming ingredients.

In particular, by now, the encapsulation ability of casein 
molecules/associates to behave as delivery nanovehicles for 
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 hydrophobic nutraceuticals has been clearly demonstrated for: 
(1) polyphenols (Esmaili et al., 2011; Hasni et al., 2011; Rahimi 
Yazdi and Corredig, 2012; Sahu et al., 2008); (2) a vitamin (D2) 
(Semo et al., 2007); (3) a polyunsaturated soy phosphatidylcholine 
(Semenova 2007; Semenova et al., 2008, 2012, 2014a,b,c, 2016); 
and (4) for the chemotherapeutic drugs (Sahu et al., 2008; Shapira 
et al., 2010), under the elaboration of nonfat or low-fat functional 
food products (Livney, 2010; Semenova and Dickinson, 2010). Fur-
thermore, it was found that incorporation of the vitamin D

2
, for 

example, had relatively little effect on the morphology of the reas-
sembled casein micelles (Semo et al., 2007).

In addition, the promising abilities of nanosized [sodium ca-
seinate (SC) + maltodextrin (MD)] covalent conjugates as delivery 
vehicles for hydrophobic nutraceuticals were also clearly dem-
onstrated (Grigorovich et al., 2012; Markman and Livney, 2012; 
Semenova et al., 2014c, 2016). Both the high protection against 
oxidation for the nutraceuticals studied [soy phosphatidyl-
choline (PC), soy lysophosphatidylcholine (LPC)] (Semenova 
et al., 2014c, 2016); vitamin D, and epigallocatechin gallate (Mark-
man and Livney, 2012) and their high solubility in the wide range 
of pH (including the protein isoelectric point, pI) in the complexes 
with the conjugates in an aqueous medium were revealed. More-
over, it was shown that the covalent conjugation of the maltodex-
trins to the protein can be used in order to control the release of 
PC under the action of the gastric and intestinal enzymes in the 
simulated conditions of the gastrointestinal tract (GIT) in vitro 
(Semenova et al., 2014c). It is significant to note here that in our 
recent (Semenova et al., 2016) and current research work, we have 
mainly studied the covalent conjugates of SC with maltodextrins 
MD, having different dextrose equivalent (DE) = 2 (SA2) and 10 
(MD10), at the same R

weight
 = MD:SC = 2. For these samples of the 

conjugates it was established (on the loss of the free amino groups 
of lysine in SC, as a result of the covalent binding with the malto-
dextrins) that maltodextrin MD10, having the shorter molecular 
chain (DE = 10, 10 glucose units) as compared with maltodex-
trin SA2 (DE = 2, 50 glucose units) (Harkema, 1998), is covalently 
bound in a greater amount (6 molecules MD10 as compared with 
4 molecules SA2) to the individual mass-averaged casein mole-
cules (24 kDa), comprising the original sodium caseinate particles 
(Semenova et al., 2016). This result could be attributed to the less 
steric hindrance for the further MD attachment, caused by the 
already bound shorter maltodextrin MD10 molecules. Moreover, 
as this took place, many molecules of the maltodextrin MD10 (21 
from the 27 moles), having the lower molar weight as compared 
with maltodextrin SA2 (1 from the 5 moles), remained free at the 
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equal weight ratio of MD to SC (R
weight

 = 2) studied for both malto-
dextrins (Semenova et al., 2016).

This chapter reviews our recent findings on the key generic 
structural and thermodynamic parameters that determine the 
potentiality of such food biopolymers as individual caseins, so-
dium caseinate (SC), and covalent conjugates of sodium caseinate 
with maltodextrins produced by the Maillard reaction, to behave 
as smart nanovehicles for the polyunsaturated lipids containing 
the essential PUFAs (liposomes of the soy PC (Lipoid S100: having 
about ∼59% of w-6 LA, and about ∼3% of w-3 ALA) and micelles 
of soy lysophosphatidylcholine (LPC) (Lipoid LPC: having about 
∼44 ÷ 48% of w-6 LA, and about ∼1% of w-3 ALA) alone or in their 
combination with mutually complementary in the w-3 ALA con-
tent triglycerides of a cold-pressed flaxseed oil (FO), (having about 
∼55% of w-3 ALA, and about 7% of w-6 LA) under different experi-
mental conditions (pH, ionic strength, temperature, specific ions, 
enzymatic action), namely:
1. to provide high traditional biopolymer functionality (solubil-

ity in an aqueous medium) to the final coassembled particles 
produced by the nanoencapsulation of the polyunsaturated 
phospholipids by the food biopolymers;

2. to protect the polyunsaturated lipids against oxidation under 
different environmental conditions (pH, ionic strength, tem-
perature, specific ions);

3. to control the release of the polyunsaturated lipids under the 
simulated conditions of the GIT in vitro.
It is worthy of noting here, that the unique advantage of ca-

seins as one of the basic biopolymers for the elaboration of the 
smart [ie, stimuli-sensitive (switchable)] nanovehicles is directly 
governed by the difference of their individual properties in various 
respects, including net molecular charge (α

s1
 > α

s2
 > β > k), sen-

sitivity to precipitation by calcium ions (α
s2

 > α
s1

 > β >> k), and 
distribution of hydrophobic and hydrophilic amino acids within 
their primary structures (Dickinson, 2006a,b; Dickinson and 
Golding, 1998; Swaisgood, 2003; Semenova and Dickinson, 2010, 
Chapter 6; Dickinson et al., 2001). Moreover, it has been found 
that α

s1
-casein, β-casein and k-casein each shows a strong tenden-

cy towards self-association in aqueous medium (Schmidt, 1982; 
Thurn et al., 1987a,b; Burchard, 1994; Leclerc and Calmettes, 1997; 
 Dickinson et al., 1998; de Kruif et al., 2002). As with the case of 
whole casein(ate), this self-association is controlled by a delicate 
balance of specific electrostatic and hydrophobic interactions 
(de Kruif et al., 2002, 2012; Dickinson, 2006b). Thus, the self- and 
coassembly of the individual caseins may be readily manipulated 
by environmental changing that is governed mainly by their  highly 
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 disordered conformations due to the unusually high proline con-
tent, which is fairly uniformly distributed along the polypeptide 
chain (Swaisgood, 2003). That is the caseins have been described 
as “rheomorphi” proteins (Holt and Sawyer, 1993), indicating that 
they adopt molecular structures in solution that are dictated by 
the local environment; that is, their structures are  flexible enough 
to “go with the flow” (Dickinson, 2006b).

By this means, in our experimental work we have used the 
 following different ways for triggering self- and coassembly of 
 individual caseins, sodium caseinate, and covalent conjugates of 
sodium caseinate with maltodextrins:
•	 both	 temperature	 (in	 the	 range	 from	 10	 to	 40°C)	 and	 pH	

(5.5, 7.0) in the case of more temperature sensitive β-casein  
(Semenova et al., 2012), for which it is well known that in an 
aqueous	 solution	 below	 4°C,	 the	 protein	 is	 monomeric,	 but	
above this temperature it exhibits endothermic reversible self-
assembly (Belitz and Grosch, 1982; Payens and Vreeman, 1982)

•	 an	addition	of	calcium	ions	(Semenova et al., 2014a) in the case 
of the most calcium-sensitive α-casein molecules (Belitz and 
Grosch, 1982; Nagy et al., 2010; Dickinson, 2006b);

•	 both	 pH	 (5.5,	 6.0,	 7.0)	 and	 (ionic	 strength	 =	 0.001M,	 0.01M,	
0.1M) for the whole sodium caseinate (Semenova et al, 2014b);

•	 pH	(4.8,	7.0)	in	the	case	of	the	covalent	conjugates	of	sodium	
caseinate with maltodextrins (Semenova et al., 2016).

2 Intermolecular Forces Underlying the 
Encapsulation of the Polyunsaturated Lipids 
by the Biopolymers

First and foremost, the high extent (>92% within the 10% ex-
perimental error) of the encapsulation of both pure forms of the 
studied lipids (either PC liposomes or LPC micelles) and their 
mixed variants [either (PC + FO) or (LPC + FO)] by all studied bio-
polymers was observed in an aqueous medium in the region of 
pH from neutrality to the close vicinity to the casein’s isoelectric 
point (pI) (pH = 4.8, as in the case of the covalent conjugates of the 
SC with maltodextrins) at the weight ratio (10:1) of the biopoly-
mers (≤1 wt/v%) to the lipids (≤0.1 wt/v%) used. It is interesting 
to note, that it was found in spite of the experimental facts that in 
this region of pH zwitterionic phospholipids micelles, individual 
caseins, sodium caseinate, and the covalent conjugates of sodi-
um caseinate with maltodextrins had similar negative charges, 
lowering with approaching the casein’s pI (Dickinson et al., 1998; 
Semenova et al., 2014b, 2016) (Table 5.1).
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The detail description of both the extraction/separation and 
chemical/spectrophotometric determination of the free (ie, non-
encapsulated) PC and LPC are given in our earlier published works 
(Istarova et al., 2005; Semenova et al., 2012, 2014a,b,c, 2016). The 
free triglycerides of FO were determined spectrophotometri-
cally by the enzymatic assay using the Triglycerides-Novo kit (Best  
Vector, Russia).

In addition, the complex formation between sodium caseinate 
(SC) and PC liposomes in an aqueous medium was proved earlier 
by the determined binding isotherms in the pH range from 7.0 to 

Table 5.1 The ζ-Potential of Both Pure and Mixed 
Phospholipid Micelles as well as Biopolymer 
Particles and Their Complexes Measured in 

an Aqueous Medium at Different pH and Ionic 
Strength = 0.001M

Samples

ζ-Potential (mV)

pH = 4.8 pH = 5.5 pH = 7.0
PC −2.3 −7.9 −21.7

LPC −9.2 −19.1 −23.6

PC + FO — — −19.1

LPC + FO — — −27.2

SC — −24.1 −30.5

SC + PC — −31.6 −31.1

Conjugate (SC+ MD-SA2) −6.0 −14.7 −21.5

Conjugate (SC+ MD-SA2) + PC −4.8 −15.4 −22.8

Conjugate (SC+ MD-10) −8.0 −14.6 −26.9

Conjugate (SC+ MD-10) + PC −1.4 −17.1 −25.6

Conjugate (SC+ MD-SA2) + LPC −4.5 −14.8 −25.4

Conjugate (SC+ MD-10) + LPC −10.9 −17.6 −23.4

Conjugate (SC+ MD-SA2) + (PC + FO) — — −41.7

Conjugate (SC+ MD-SA2) + (LPC +FO) — — −51.5

Rweight = MD:SC = 2:1 for the conjugates. Electrophoretic mobilities of the tested samples were determined with a Zetasizer Nano ZS 
Malvern (UK) calibrated against a standard latex dispersion.
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5.0 at the same ionic strength (I = 0.05 M) of the buffers (Istarova 
et al., 2005). Besides, the shape of the Scatchard plots indicated the 
cooperative character of their binding generally (Istarova et al., 2005).

Relying on both literature and our experimental data, it may be 
safely suggested that different kinds of the interactions (electrostat-
ic attraction between opposite charges, hydrogen bonding and hy-
drophobic attraction) contribute into the encapsulation (complex 
formation) of the studied pure (PC and LPC) and mixed [(PC + FO) 
or (LPC + FO)] micelles of the phospholipids by the casein-based 
biopolymer particles in an aqueous medium. As this takes place, 
the prevailing role of one or another type of the interactions de-
pends on pH, ionic strength, and the concentration of the lipids 
(Istarova et al., 2005; Bai et al., 2010; Strömstedt et al., 2010; An-
tunes et al., 2009; Semenova et al., 2012, 2014b; Schulz et al., 2012). 
These findings agree well with the amphiphilic nature of both the 
phospholipids and the casein-based biopolymer particles. In ad-
dition, an increase in temperature up to 313–333 K leads generally 
to the predominant contribution of the hydrophobic attraction 
into the biopolymer–lipids coassemblies (Istarova et al., 2005; Se-
menova et al., 2012, 2014b). Besides, the contribution of the calci-
um ionic bridges into the encapsulation of the PC liposomes by the 
α

S
-casein molecules is also suggested on the basis of both the well-

known high responsiveness of these molecules to the presence of 
Ca2+ (Dickinson, 2006b; Shoemaker and Vanderlick, 2003) and the 
experimentally determined (>88%) percentage of the Ca2+ binding 
by both the individual PC liposomes as well as α

S
-casein molecules 

and their complex particles (Semenova et al., 2014a).
By way of illustration, the data of the isothermal mixing micro-

calorimetry, which are presented in Table 5.2, show the positive 
values of the molar enthalpy, ∆H

protein–PC
, of the pair interactions 

β-casein + PC and SC + PC at the temperature (313K ≡	40°C)	used	
generally for the complex formation between the biopolymers and 
the lipids in our work (Semenova et al., 2012, 2014a,b,c, 2016). We 
have chosen this temperature for the encapsulation of the studied 
pure and mixed phospholipid micelles by all casein-based bio-
polymers in order to strengthen the hydrophobic attraction be-
tween their unipolar parts and, in doing so, to facilitate ultimately 
the location of the polyunsaturated hydrocarbon chains of the 
lipids in the hydrophobic interior of the complex coassembled 
(biopolymer + lipids) particles, forming in an aqueous medium.

The revealed positive values of the ∆H
protein–PC

 point to the pre-
dominantly endothermic in character protein−lipid interactions 
that is characteristic of hydrophobic attraction between  nonpolar 
parts of PC and casein molecules accompanied by the  simultaneous 
release of counterions and water molecules structured primarily 
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near of these nonpolar parts. Thus, such kind of the interactions 
was evidently driven by the gain in the translational entropy of the 
system. This hydrophobic attraction was found to be most pro-
nounced in the case of the β-casein associates formed in an aque-
ous medium. This result could be attributed to the expected the 
surfactant-like micelle structure of the β-casein associates in an 
aqueous medium under the experimental conditions (Belitz and 
Grosch, 1982; Payens and Vreeman, 1982; Schmidt and Payens, 
1972; Semenova and Dickinson, 2010, Chapter 6; Schmidt, 1982; 
Leclerc and Calmettes, 1997; Burchard, 1994). Such structure has 
evidently the more hydrophobic core in comparison with the 
whole SC particles, comprising four caseins (38% α

s1
–, 10% α

s2
–, 

36% β–, and 13% k-casein) differing in various respects, includ-
ing net molecular charge (α

s1
 > α

s2
 > β > k), and distribution of 

hydrophobic and hydrophilic amino acids within their primary 
structures (Swaisgood, 2003; Semenova and Dickinson, 2010, 
Chapter 6).

3 Protection Ability of the 
(Biopolymer + Lipids) Complexes Against 
Oxidation of the Encapsulated Lipids

The degree of the oxidation of the polyunsaturated lipids in the 
tested samples was generally determined by the quantitative mea-
surements of the formation of the secondary product [malonic 

Table 5.2 The Molar Enthalpy, ∆Hprotein–PC, of the 
Pair Biopolymer−PC Interactions Measured in an 

Aqueous Medium (10% Ethanol) at Different pH (Ionic 
Strength = 0.001M, 313 K)

System

∆Hprotein–PC (kJ mol−1)a

pH = 5.5 pH = 6.0 pH = 7.0
SC (1 wt/v%) + PC (0.1% wt/v) 10.4 18.9 12.5

β-Casein (0.5 wt/v%) + PC (0.05 wt/v %) 38.0 — 22.6

Calorimetric measurements were made using a LKB 2277 flow calorimeter set. The sensitivity of the calorimetric measurement was no 
less than 3 × 10−6 J s−1.
aThe molar mass of the individual casein molecule (23−24 kDa) (Swaisgood, 2003) has been taken into account under the calculation of 
the molar enthalpy ∆Hprotein–PC.
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dialdehyde (MDA) (Gutteridge, 1977)] of the peroxidation of the 
PUFAs. The quantitative estimation of MDA was performed using 
the TBARS method (by the reaction of MDA with 2-thiobarbitu-
ric acid (TBA) in the presence of trichloroacetic acid) (Fernán-
dez et al., 1997; Kwon et al., 1965; Heath and Packer, 1968; Fu and 
Huang, 2001). The optical density of the colored TBA–MDA com-
pounds was measured spectrophotometrically at two different 
wave lengths in order to prevent the effect of any slight turbidity 
of the tested samples, namely, at λ = 532 (the maximum of the ab-
sorbance by the TBARS) (Gutteridge, 1977; Fernández et al., 1997; 
Kwon et al., 1965; Gutteridge and Tickner, 1978) and at λ = 580 (the 
minimum of the absorbance by the TBARS) (Gutteridge and Tick-
ner, 1978). The experimental error of the TBARS method, which 
was estimated on the basis of not less than three experimental 
repetitions, was equal to 15%.

We have revealed that all studied biopolymers provide the great 
protection to the encapsulated polyunsaturated lipids against 
oxidation (Semenova et al., 2012, 2014a,b,c, 2016) in the concen-
tration region and at the weight ratio of the biopolymers to the 
lipids = 10:1 used in our experimental work.

For example, the Table 5.3 shows the protective abilities pro-
vided by both individual caseins and the whole sodium caseinate 
to the PC liposomes under the different specific environmental 
triggering of their coassembly.

It is worthy to note here that in our experimental work with 
both individual caseins and sodium caseinate we have used the 
simple injection of the required amount of PC dissolved prelimi-
nary in the pure ethanol (EtOH) into the protein solutions fol-
lowed by their shaking at a designated temperature (generally at 
40°C)	 for	 an	 hour.	The	 ultimate	 concentration	 of	 ethanol	 in	 the	
mixed solution was equal to 10 v/v%.

In addition, it is significant to note here that for these systems 
we have generally used the addition of the low concentration of 
Cu2+ ions (10–5 M CuSO

4
) into the tested sample solutions in order 

to both accelerate the PC oxidation and to make the experimen-
tal work less time consuming. It was shown preliminarily that this 
concentration of Cu2+ ions did not influence on the properties of 
the tested samples, but accelerated the PC oxidation essentially. 
In	addition,	we	have	heated	the	SC	tested	samples	at	70°C	(1	÷	3	h)	
(Semenova et al., 2014b).

It is also worthy of note that for the triggering of the PC coas-
sembly with α

S
-casein we have used two different ways in the ad-

dition of calcium ions under the formation of the ternary complex 
particles (protein + phospholipid + calcium ions). In the first way, 
the ternary complex particles were prepared by the addition of 
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Table 5.3 Effect of the Coassembly at the Specific 
Environmental Triggering of the Soy PC Liposomes 

With Both Individual Caseins and the Whole Sodium 
Caseinate in an Aqueous Medium (Ionic Strength 
0.001M, 10 v/v% EtOH) on the Protection of the PC 
Liposomes Against Oxidation, Accelerated by the 

Presence of 10–5 M CuSO4 Under Storage

Tested Samples

Malonic Dialdehyde (nmol mL−1)

ReferencesPC Liposomes

Complex:
Protein + PC 
Liposomes

pH 7.0, ionic strength = 0.001M

β-Casein, 10°C, 6 days of the storage 3 0.0 Unpublished data

β-Casein, 20°C, 6 days of the storage 8 0.0

β-Casein, 40°C, 1 day of the storage 18 0.3

SC, 22°C, 2 days of the storage 11 0.2 Semenova et al. (2014b)

αS-Casein 22°C, 2 days of the storage 11 0.0 Semenova et al. (2014a)

pH 7.0, the total ionic strength with calcium ions = 0.001M

αS-Casein 22°C, 2 days of the storage, 
I way of Ca2+ addition

11 0.5

αS-Casein 22°C, 2 days of the storage, 
II way of Ca2+ addition

11 0.0 Semenova et al. (2014a)

pH 5.5, ionic strength = 0.001M

β-Casein, 10°C, 6 days of the storage 18 0.0 Semenova et al. (2012)

β-Casein, 20°C, 6 days of the storage 6 0.7

β-Casein, 40°C, 1 day of the storage 11 0.0

SC, 22°C, 2 days of the storage 12 0.0
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calcium ions to the preliminary formed binary complex particles 
(α

S
-casein + PC) using the equilibrium dialysis. By the second way, 

the ternary complex particles were prepared by the addition of PC 
to the preliminary formed binary particles (α

S
-casein + Ca2+ ions),  

for which Ca2+ ions were added by the equilibrium dialysis  
(Semenova et al., 2014a).

To take the next illustration, Table 5.4 presents the great protec-
tion abilities of the covalent conjugates produced by the Maillard 
reaction relative to both the pure phospholipids (PC liposomes as 
well as LPC micelles) and their mixed variants with triglycerides 
of FO, having the equimass ALA to LA weight ratio (Semenova 
et al., 2016).

It is valuable to note here that both the pure PC and mixed 
(PC + FO) vesicles were prepared in the three stages: the first stage 
was the mechanical homogenization (Heidolph) at 22,000 r/min 
(2 min); the second stage was the ultrasound sonication (VCX-130; 
Sonics & Materials, USA) of the samples placed into the ice bath 
(three times for 5 min (30 s —operation/30 s—rest); on the third 
stage the prepared dispersion was passed 19 times through the 
membrane filter (a pore size is 100 nm), using the AVANTI Polar 
Lipid (USA). Mixtures of the prepared vesicles were mixed with the 
conjugates	in	a	shaker	at	40°C	for	1	h	that	was	followed	by	addi-
tional	shaking	at	60°C	(pasteurization)	for	1	h.

Fig. 5.1 shows an example of the size distributions of the pure 
PC liposomes (Fig. 5.1a) and mixed (PC + FO) liposomes (Fig. 5.1b), 
obtained by such method in an aqueous medium at pH 4.8. In ad-
dition, the size distributions of the pure conjugate (SC + MD-SA2) 
and its complexes with the liposomes are shown for a comparison.

The data presented in both Table 5.4 and Fig. 5.1 clearly show 
that the covalent conjugates have the major advantage over both 
the pure SC and the simple mixture of SC with MD–SA2 in their 
rather high solubility at the pH of the protein isoelectric point  
(pH 4.8) in an aqueous medium (Grigorovich et al., 2012) that un-
derlies the efficient encapsulation of the lipids by the conjugates 
under these environmental conditions.

A correlation of the data on the protection of the polyunsat-
urated lipids against oxidation with the structural and thermo-
dynamic features of their supramolecular complexes with the 
 biopolymers allows distinguishing the key generic structural and 
thermodynamic properties of the complex particles that provide 
such  protection.
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Table 5.4 Effect of the Coassembly of Both the Pure 
Phospholipids (PC Liposomes and LPC Micelles) and 
Their Mixed Variants With Triglycerides of FO With 
the Covalent Conjugates of Sodium Caseinate With 

Maltodextrins in an Aqueous Medium (Ionic Strength 
0.001M) on the Long-Term Protection of the Lipids 

Against Autooxidation Under Their Storage at Room 
Temperature Under the Light Exposure

Tested Samples

Malonic Dialdehyde (nmol mL−1)

Polyunsaturated 
Lipids

Complexes of the 
Polyunsaturated Lipids 
With the Biopolymers

PC

Conjugate (SC + MD SA-2), pH 7.0, 3 days of the storage 7.3 0.06

Conjugate (SC + MD SA-2), pH 4.8, 7 days of the storage 15.1 6.7

PC + FO

Conjugate (SC + MD SA-2), pH 7.0, 3 days of the storage 34.3 3.70

LPC

Conjugate (SC + MD SA-2), pH 7.0 1.1 0.00

Conjugate (SC + MD 10), pH 7.0 0.00

SC pH 4.8, 7 days of the storage 4.1 4.04

Conjugate (SC + MD SA-2), pH 4.8, 7 days of the storage 0.33

Conjugate (SC + MD 10), pH 4.8, 7 days of the storage 0.00

LPC + FO

Conjugate (SC + MD SA-2), pH 7.0, 20 days of storage 58.9 5.21
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4 Structural and Thermodynamic Parameters 
of the (Biopolymer + Lipids) Complex Particles 
Underlying Their Protective Abilities Against 
Oxidation of the Encapsulated Lipids
4.1 The Density of the Complex Particles

In the first place, it seems to be the rather high density of the 
complex particles formed (Semenova et al., 2012, 2014a,b,c, 2016).

The density of the particles has been calculated on the basis of the 
light-scattering data using the following equation (Tanford, 1961):

d M N V/( ),w A= (5.1)

where M
w
 is the average molar mass of the particles, N

A
 is the 

Avogadro’s number, V is the volume of the particles, which in our  

Figure 5.1. The size 
distributions of the systems 
involving the pure PC 
liposomes (dot) (a) and mixed 
(PC + FO) (dot) liposomes 
(b), the pure conjugate 
(SC + MD-SA2, Rweight = 2) 
(dash) and their complexes 
(solid) in the buffered 
aqueous medium (pH = 4.8, 
ionic strength = 0.001M). The 
insertion are the photos of 
the solutions of the pure PC 
liposomes (1a), mixed (PC + FO) 
liposomes (1b) and their 
complexes with the conjugate 
(2a) and (2b), respectively. 
The photos of the solutions 
of the pure SC and the simple 
mixtures of SC with MD-SA2 
(Rweight = 2) relate to pH = 4.6, 
ionic strength = 0.001M.
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calculations were generally approximated by the spheres relying 
on the intrinsic for spheres values of the structure-sensitive pa-
rameter ρ = R

G
/R

h
 (1 < ρ ≤ 2) measured using multiangle laser light 

scattering (LS-01 apparatus; Scientific Instruments, St. Petersburg, 
Russia) (Semenova et al., 2014b).

Really, for the all cases of the revealed rather high protection 
of the lipids against oxidation we have generally found either a 
marked increase in the density of the complex particles as com-
pared with the pure biopolymers, or the retention of the high val-
ues of the density of the complex particles that are characteristic 
of original biopolymer particles, how it was observed, for example, 
in the cases of either β-casein particles or covalent conjugates at 
pH 4.8 (Tables 5.5 and 5.6).

Table 5.5 A Comparison Between Densities of 
the Pure Biopolymer Particles and Their Complexes 

With PC Liposomes in an Aqueous Medium in the 
Presence of 10 v/v% EtOH

Tested Samples

d (mg mL−1)

Protein
Complex:
Protein + PC Liposomes References

pH 7.0, ionic strength = 0.001M

β-Casein at 10°C 0.65 3.2

β-Casein at 20°C 0.18 5.8 Unpublished data

β-Casein at 40°C 0.06 38.0

SC at 22°C 0.72 1.1 Semenova et al. (2014b)

αS-Casein at 22°C 0.4 1.2 Semenova et al. (2014a)

pH 7.0, the total ionic strength with calcium ions = 0.001M

αS-Casein at 22°C I way of Ca2+ addition 0.4 75.5 Semenova et al. (2014a)

αS-Casein at 22°C II way of Ca2+ addition 45.5

pH 5.5, ionic strength = 0.001M

β-Casein at 10°C 5.6 41 Semenova et al. (2012)

β-Casein at 20°C 6.3 37

β-Casein, 40°C, 1 day of the storage 49.3 20

SC, 22°C, 2 days of the storage 0.89 2.56
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Most likely, that the relatively high values of the density of the 
complex particles can keep out the diffusion of small molecules 
such as oxygen towards the polyunsaturated hydrocarbon chains 
of the lipids placed in the interior of them.

On the ground of the static and dynamic laser-light-scattering 
measurements the found marked increase in the density of the 
complex particles can be attributed to the shrinkage of the origi-
nal biopolymer particles as a result of the encapsulation of both 
the pure and mixed phospholipids micelles that was accompa-
nied generally with the biopolymer simultaneous association. 
That is manifested itself by the lower extent of the increase in the 
radii of gyration (R

G
) of the complex particles as compared with 

the increase in their weight-averaged molar masses (M
w
) relative 

Table 5.6 A Comparison Between Densities of the 
Pure Conjugate Particles and Their Complexes With 

Both Pure PC Liposomes/LPC Micelles and Their 
Mixed With Triglycerides of FO Variants in an Aqueous 

Medium (Ionic Strength = 0.001M)

Tested Samples

d (mg mL−1)

Conjugate
Complexes of the Polyunsaturated 
Lipids With the Covalent Conjugates

PC

Conjugate (SC + MD SA-2), pH 7.0 1.2 1.9

Conjugate (SC + MD SA-2), pH 4.8 30.7 10.8

PC + FO

Conjugate (SC + MD SA-2), pH 7.0 1.2 5.7

LPC

Conjugate (SC + MD SA-2), pH 7.0 1.2 2.9

Conjugate (SC + MD 10), pH 7.0 0.7 1.5

Conjugate (SC + MD SA-2), pH 4.8 30.7 21.7

Conjugate (SC + MD 10), pH 4.8 13.0 11.3

LPC + FO

Conjugate (SC + MD SA-2), pH 7.0 1.2 7.5
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to the pure biopolymers (Semenova et al., 2012, 2014a,b,c, 2016). 
Fig. 5.2 shows an example of such alterations.

By way of visualization, Tables 5.7 and 5.8 show the 3D-atomic 
force microscopy (AFM) images and the averaged measured pa-
rameters of the complex particles of the conjugate (SC + MD-SA-2) 
with both pure PC liposomes (Table 5.7) and the mixed (PC + FO) 
liposomes (Table 5.8) in comparison with the parameters of both 
the conjugate and the liposomes alone.

On the strength of the data observed (Tables 5.5–5.8 and 
Fig. 5.2) it may be inferred that the zwitterionic PC liposomes 
and LPC micelles in their both pure form and in the mixture with 
triglycerides of FO could form many new structurally important 
physical intra- and intercross bonds both within and between 
original caseins-based biopolymer molecules studied.

In addition, an example of the dependencies of the structural 
parameters of the complex particles on PC concentration (10–6M 
÷10–3M), shown in Fig. 5.3 for the complex (SC + PC) particles, 
gives the supporting evidence of the increasing inter- and intra-
cross-bonding of the protein particles by PC with increasing PC 
concentration. That is manifested itself in the successive increase 
in the values of the density of the (SC + PC) complex particles with 
increasing PC concentration. As this takes place, the values of the 
structure-sensitive parameter 1 < ρ < 2 indicate the retention of 
the spherical form of the SC particles in their complexes with PC 
liposomes.

Figure 5.2. Weight average molar weight, Mw, (•) and radius of gyration, RG, (▲) 
(pH 7.0, ionic strength 0.001M) for the covalent conjugate (SC + MD-SA2, Rw = 2) 
(1), complex particles of the conjugate (SC + MD-SA2, Rw = 2) + PC liposomes 
(2), complex particles of the conjugate (SC + MD-SA2, Rw = 2) + mixed (PC 
liposomes + triglycerides of FO) (3).



Table 5.7 The Area of the Cross-Section (S), the Volume (V), and 
the Height (Z) of the Pure PC Liposomes, the Conjugate (SC + MD–
SA2) Rw = 2 Particles and Their Complexes (pH 7.0) Measured by 

Atomic-Force Microscopy (an AF Microscope SOLVER P47 (SMENA, 
NT-MDT, Russia), Where N is a Number of the Particles Under the 

Consideration and Averaging

Samples N S (µm)2 V × 103 (µm)3 Z (nm)
PC 2459 0.00353 ± 6E-5 0.02950 ± 6E-5 7.2073 ± 0.0688

Conjugate 881 0.01791 ± 0.00266 0.008666 ± 0.00521 6.54225 ± 0.09108

Conjugate + PC 760 0.04184 ± 0.00413 0.60239 ± 0.06658 13.17596 ± 0.19213



Table 5.8 The Area of the Cross-Section (S), the Volume (V), and the 
Height (Z) of the Pure PC Liposomes and Mixed (PC + FO) Liposomes 

as well as the Complex Particles of the Latter With the Conjugate 
(SC + MD-SA2) Rw = 2 (pH 7.0) Measured by Atomic-Force Microscopy 

(an AF Microscope SOLVER P47 (SMENA, NT-MDT, Russia), Where N is 
a Number of the Particles Under the Consideration and Averaging

Samples N S (µm)2 V × 103 (µm)3 Z (nm)
PC 2459 0.00353 ± 6E-5 0.02950 ± 6E-5 7.2073 ± 0.0688

PC + FO 3569 0.00662 ± 1.7E-4 0.05521 ± 0.0016 7.34354 ± 0.0515

Conjugate + (PC + FO) 3000 0.0265 ± 0.0005 0.5214 ± 0.0111 17.5393 ± 0.1291
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4.2 Thermodynamic Stability 
of the PC Liposome Bilayers

In addition, in the case of the PC liposomes, the found gen-
eral increase in the thermodynamic stability of the PC bilayers 
involved into the complex particles (reflected by the increase in 
the enthalpy of the phase transition, ∆H

tr
, from the solid-like gel 

state of the bilayer to its fluid liquid-crystalline state) (Fig. 5.4) 
seem facilitated to some extent by the revealed protective abil-
ity of the complex particles against PC oxidation (Semenova 
et al., 2012, 2014a,b, 2016).

In order to determine ∆H
tr
 we have used the differential scan-

ning calorimetry (DSC) measurements on the complex particles 
involving a model saturated phosphatidylcholine, namely, di-
palmitoylphosphatidylcholine (DPPC). The choice of DPPC was 
dictated by the difference in the phase behavior of the bilayers 
of the saturated and unsaturated phosphatidylcholine liposomes 
in an aqueous medium. By this means DPPC bilayer shows gen-
erally the phase transition from the solid-like gel state to the 
fluid	 liquid-crystalline	 state	 in	 the	 vicinity	 to	 40°C	 (Semenova 
et al., 2012, 2014a,b, 2016), whereas the polyunsaturated PC bilayer 
does not, because it has already been in the fluid liquid-crystalline 
state	 at	 any	 temperature	 exceeding	 0°C	 (Menger et al., 2005). It 
is worthy of note here that under the temperature used for the 

Figure 5.3. Effect of PC concentration on both the structure sensitive parameter 
ρ (), and the density (•) of the (SC + PC) nanoparticles at pH 7.0 and ionic 
strength = 0.001 M. The characteristic values of ρ, which are inherent for the 
different architecture of the polymer associates, are shown by the dotted lines. The 
given value of the ionic strength is indicative of the ionic strength of the buffer.
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complex formation between PC/DPPC liposomes and the bio-
polymers,	 namely	 40°C,	 the	 model	 DPPC	 bilayer	 apparently	 ap-
proaches maximally to the fluid liquid-crystalline state of the real 
polyunsaturated PC bilayer that is evidence in favor of the useful-
ness of DPPC as the model substance.

The identified positive impact of the complex formation be-
tween DPPC and the casein-based biopolymers on the thermo-
dynamic stability of the DPPC bilayer could be attributable, on 
the one hand, to the neutralization of the uncompensated charge 
of the DPPC polar heads as a result of the attractive interactions 
with the oppositely charged functional groups of the caseins 
(Shoemaker and Vanderlick, 2003), and, on the other hand, to 
strengthening of the hydrophobic attraction between hydrocar-
bon chains of the DPPC molecules induced some optimization of 
their packaging caused, in turn, by the incorporation of the hy-
drophobic parts of casein molecules into the bilayers of the DPPC 
liposomes (Gennis, 1989).

Figure 5.4. The coefficient, k, of the increase in the enthalpy of the transition of the phospholipid bilayer from the 
solid-like gel state to the fluid liquid-crystalline state as a result of the complex formation between the model 
dipalmitoylphosphatidylcholine (DPPC) and the following biopolymers in an aqueous medium at different pH and the 
same ionic strength of the buffers = 0.001M. pH = 7.0: (1) SC; (2) β-casein; (3) Conjugate (SC + MD-SA2, Rweight = MD:SC 
=2); (4) αS-casein; (5) αS-casein + Ca2+ ions (the I way of the calcium ions addition); (6) αS-casein + Ca2+ ions (the II 
way of the calcium ions addition). pH = 5.5: (7) SC. pH = 4.8: (8) Conjugate (SC + MD-SA2, Rweight = MD:SC =2). DSC 
measurements were performed by the high sensitivity differential scanning calorimetry using a DASM-4M model, 
Differential Scanning Calorimeter (Pushino, Russia).
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4.3 Microviscosity of the Bilayers 
of the Lipid Particles

Moreover, the investigation of the state of both the pure and, 
mixed with FO triglycerides, bilayers of the PC liposomes as well 
as LPC micelles, using electron paramagnetic resonance spectros-
copy (EPRS), indicates the increase in their microviscosity as a re-
sult of the interactions with the biopolymers. It is significant to 
note that this increase has been seen even in spite of the decreas-
ing effect of the added FO triglycerides molecules (Table 5.9) that 
was most pronounced for the case of the PC liposomes.

First and foremost, the found results agree well with the litera-
ture data, which indicate that the increase in the extent of the total 
unsaturation of the lipid bilayers causes generally the decrease in 
their microviscosity, whereas the addition of proteins leads gener-
ally to the increase in it (Wassall et al., 2004). Moreover, the found 
results correlate well with the increase in the thermodynamic sta-
bility of the phospholipid bilayers involved into the complex par-
ticles (Fig. 5.4) detected by the DSC measurements. In particular, 
the similar larger effect of the conjugates on both the microviscos-
ity of the bilayers of the lipids (Table 5.9) and the ∆H

tr
 (Fig. 5.4) was 

detected as compared with that of SC.
Most likely, the disclosed increase in the microviscosity of the 

bilayers of the encapsulated PC liposomes could be attributed 
to the more dense packing of the hydrocarbon chains of PC as a 
result of the location of the protein hydrophobic groups in the 
phospholipid bilayers (Wassall et al., 2004).

The less pronounced effect of the complex formation on the 
microviscosity of LPC micelles could be attributed to their prob-
able transformation into the new clusters within the interior of the 
complex nanoparticles with biopolymers that facilitates somehow 
the attraction between LPC hydrocarbon chains.

Thus, it is likely that this biopolymer effect on the microviscos-
ity of the encapsulated phospholipid-based particles could also 
contribute to their protection against oxidation in their supramo-
lecular complexes with the biopolymers studied.

5 Thermodynamic Parameters Controlling 
Solubility of the (Biopolymer + Lipids) 
Complex Particles in an Aqueous Medium

The behavior of the biopolymer particles in a bulk and at the 
interfaces of the biopolymer solutions is driven thermodynami-
cally by the values of their chemical potentials, which can be 
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presented as a virial series in biopolymer concentration, as de-
veloped by Ogston (1962) at the level of an approximation of just 
pairwise molecular interactions:

µ µ= − × +RT m m A m( / ) ( )1 1
0

1 2
1

2 2
*

2
2

 (5.2)

RT m m A m[ln( / ) ]2 2
0

2
0

2
*

2µ µ= + + (5.3)

Table 5.9 Effect of Both the Addition of FO 
Triglycerides and the Encapsulation by the 
Biopolymers (SC, Conjugates [SC + MD] at 

Rweight = MD:SC = 2) (1 wt/v%) on the Microviscosity 
of Both the Bilayers of the PC Liposomes and LPC 

Micelles, Measured by a Spectrometer Bruker EMX 
(Germany) Using 16-Doxylstearic Acid Spin Probe C16 

With the Depth of Localization of 20 Å (pH 7.0 of an 
Aqueous Medium)

Sample τ × 1010 (s) ± Effect (%) ±
PC 9.85 0.17 0 0

PC + FO 8.78 0.10 −10.9 1

PC + SC 10.13 0.10 +2.8 0.3

PC + conjugate (SC + MD-SA2) 13.68 0.30 +38.9 0.4

PC + conjugate (SC + MD-10) 12.88 0.10 +30.8 0.3

PC + FO + conjugate (SC + MD-SA2) 14. 10 0.20 +43.1 0.4

LPC 13.41 0.14 0 0

LPC + FO 10.88 0.47 −18.9 3.4

LPC + conjugate (SC + MD-SA2) 15.99 0.14 +19.2 0.9

LPC + conjugate (SC + MD-10) 15.17 0.48 +13.1 3.5

LPC + FO + conjugate (SC + MD-SA2) 11.57 0.11 −13.8 0.1
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Here, µ
i
0 and m

i
 are the standard chemical potential and con-

centration (molal scale) of the i-component (i = 1 for solvent, i = 2 
for biopolymer); A2

*  is the second virial coefficient (in molal scale 
units of cm3/mol, that is, taking the polymer molar mass into ac-
count); and m0 is the standard-state molality for the polymer.

Thus, the sign and magnitude of the second virial coefficient 
provides information on how the behavior of the biopolymer so-
lution deviates from that of the thermodynamically ideal state, 
thereby reflecting the nature and intensity of the intermolecular 
pair interactions (both biopolymer–biopolymer and biopolymer–
solvent) (Prigogine and Defay, 1954; Tanford, 1961; Ogston 1962; 
Nagasawa and Takahashi, 1972; Semenova and Dickinson, 2010).

In order to make the notion of the second virial coefficient more 
clear it is worthy of note here that the sign of A

2
 provides a simple 

indicator of the type of interactions present in a biopolymer so-
lution. Hence, a positive value of A

2
 indicates thermodynamically 

unfavorable biopolymer−biopolymer interactions in the solution 
(an increase in the magnitude of the chemical potential µ

i
 of the 

biopolymer (i = 2) in solution)—in other words, a mutual biopoly-
mer repulsion. A positive A

2
 also indicates thermodynamically  

favorable biopolymer–solvent interactions (a decrease in the mag-
nitude of µ

i
 of the solvent (i = 1) in the presence of the biopolymer 

in solution)—in other words, a mutual attraction. The exact oppo-
site is the case for a negative value of the second virial coefficient 
(Semenova and Dickinson, 2010).

The advantage of a static light-scattering, used in our work, 
over some other methods, determining the second virial coef-
ficient, is the capability to measure both thermodynamic (A

2
) 

and structural parameters (M
w
, R

G
) in a single experiment. This 

advantage has provided us with the possibility to estimate the 
contributions from the excluded volume effects, A2

exc , to the pair 
interactions between biopolymer particles in an aqueous solu-
tion. The repulsive “steric/excluded volume” interactions arose 
from the highly thermodynamically unfavorable overlap of full 
electron clouds leading to the restriction in the occupation of the 
same volume in solution by two different particles (Semenova and 
Dickinson, 2010). Thus, both the size and the shape of the biopoly-
mer particles, as determined by both their macromolecular con-
formation/flexibility and their ultimate architecture, are of prime 
importance to the excluded volume repulsive interactions.

In turn, the difference between measured A2
*  and the excluded 

volume term A2
exc  allows an estimation of the total contributions 

from the other kinds of the interactions [electrostatic A( )2
el , hydro-

gen bonding A( )2
h/b  and hydrophobic A( )2

h ] as follows:

A A A A A2
*

2
exc

2
el

2
h/b

2
h− = + + (5.4)
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Under the assumption of the spherical architecture of the par-
ticles found in our experiments generally (1 < ρ ≤ 2) we have used 
the simplest case of the interacting solid spheres and the following 
equation for the calculation of the A2

exc  (Tanford, 1961):

A N R10 4 /3(2 )A2
exc 3 3= −

 (5.5)

The parameter R in the Eq. (5.5) is the radius of the equiv-
alent hard sphere representing the biopolymer particle. The 
equivalent hard sphere corresponds to the space occupied in 
the aqueous medium by a single biopolymer particle, which is 
completely inaccessible to both other biopolymer particles and 
solvent molecules. In our calculations, we have generally used 
the R

h
, measured by the dynamic light scattering (using multi-

angle laser light scattering (LS-01 apparatus, Scientific Instru-
ments, St. Petersburg, Russia), as the radius of the equivalent 
hard sphere.

First and foremost, it is important to note that the general 
noticeable trend in the change of the second virial coefficient of 
biopolymers as a result of their complex formation with the phos-
pholipid particles studied is both the less negative and more posi-
tive values. It is interesting that such alteration occurs in spite of 
the simultaneous, as a rule, decrease in the positive values of the 
excluded volume terms A( )2

exc  (Semenova et al., 2014a,b, 2016). 
This result evidently indicates the intensification of the electro-
static repulsions (a positive contribution from the A2

el  to the A2
* ) 

between the particles that cause either a decrease in the absolute 
negative values of the summary term ( A A A2

el
2
h/b

2
h+ + ) or even give 

rise to its positive values (Semenova et al., 2014a,b, 2016). Actually, 
by way of illustration, Fig. 5.5 a and b shows the dominant contri-
bution of the electrostatic repulsions in the pair interactions of the 
complex particles that, in addition, agrees well with their higher 
zeta-potential as compared with that of the pure conjugate par-
ticles (Fig. 5.5a). This gives the impression that more hydrophobic 
patches of both biopolymer and polyunsaturated lipids were hid-
den in the interior of their supramolecular complexes, while their 
charged groups were exposed simultaneously at the surface of 
them (Semenova et al., 2014b). One might expect that because of 
such distribution, the hydrophilic–hydrophobic balance of the 
surface properties of the coassembled complex particles shifted 
evidently toward more hydrophilicity, that is, the greater number 
of the polar and charged groups, which were hydrophilic in their 
nature, became exposed into the aqueous medium. Besides, rely-
ing on this result, it may be safely suggested that the hydrophobic 
hydrocarbon tails of the lipid molecules are hidden apparently in 
the interior of the complex biopolymer-based particles (Semenova  
et al., 2014a,b, 2016).
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Thus, the positive value of the second virial coefficient un-
derlies, generally, rather high solubility of the complex particles 
formed in an aqueous medium even at pH = 4.8 (Fig. 5.5b), that 
is, at the protein isoelectric point that, in turn, can be favorable 
to the bioavailability of the complex particles in vivo (Ratnam 

Figure 5.5. Contributions of the different kinds of the pair interactions into the 
value of the molal second virial coefficient A2

*  (m3 mol–1). The black columns 
refer to the A2

*  (m3 mol–1); the striped columns refer to the contributions from 
the excluded volume effects, A2

exc, the gray columns refer the summary term 
A A A2

el
2
h/b

2
h+ +  combining the contributions from the electrostatic interactions 

A( )2
el , hydrogen bonding A( )2

h/b  and hydrophobic attractions A( )2
h . A: (pH 

7.0, ionic strength = 0.001M) Conjugate (SC + MD SA-2, Rweight = MD:SC = 2) 
(1) alone; (2) with PC liposomes; (3) with mixed (PC + FO) liposomes − for a 
better comparison the presented values reduced by tenfold; (4) with LPC; (5) with 
(LPC + FO) − for a better comparison the presented values reduced by 104. B: 
(pH 4.8, ionic strength = 0.001M) Conjugate (SC + MD SA-2, Rweight = MD:SC = 2) 
(1) alone; (2) with PC liposomes; (3) with mixed (PC + FO) liposomes − for a better 
comparison the presented values increased by 10-fold.
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et al., 2006; Acosta, 2009; Amidon et al., 1995; Horter and Dress-
man, 2001; Hecq et al., 2005; Semenova and Dickinson, 2010, 
Chapter 2; McClements et al., 2008; Velikov and Pelan, 2008; Singh 
et al., 2009).

6 Structural Parameters of the Biopolymer 
Nanovehicles Controlling Release of the 
Polyunsaturated Lipids in Vitro
6.1 The Density and Architecture of the Complex 
Particles

The generality of the importance of such structural param-
eters as the density of the complex particles and their architec-
ture for their susceptibility to the action of the specific for both 
proteins and maltodextrins digestive enzymes are supported 
by the data in vitro obtained for the complex particles formed 
between PC liposomes and the following biopolymers: β-casein 
(Semenova et al., 2012), α

S
-casein (Semenova et al., 2014a), SC 

( Semenova et al., 2014b), and both covalent (SC + MD-SA2) 
and electrostatic (SC + dextran sulfate) complexes (Semenova 
et al., 2014c).

Based on these data, Fig. 5.6 shows, as an example, the rela-
tionship between the initial rate of the hydrolysis in vitro, V

0
, and 

both the density and architecture of the tested particles. It was 
observed that the higher is the original density of the particles at 
their similar original architecture (the close values of ρ) and the 
lower is the initial rate of their hydrolysis by the digestive enzyme, 
and vice versa.

In addition, it was established that both the chemical and 
physical modification of food proteins through the covalent or 
electrostatic interactions with polysaccharides, respectively, 
could regulate release of PC from the complex particles essentially 
decreasing, for example, the release of PC up to 80% in the simu-
lated gastro intestinal conditions that could be mainly attributed 
to the steric effects from the polysaccharides attached to the pro-
tein (Semenova et al., 2014c). However, further detailed studies, 
using as elaborated recently the standard protocol for the simulat-
ed conditions of the digestion in the GIT (Minekus et al., 2014), are 
required in order to get a more penetrating insight into the impact 
of the protein-polysaccharide electrostatic and covalent interac-
tions on the elaboration of smart biopolymer nanovehicles for a 
wide variety of nutraceuticals and in particular for the essential 
polyunsaturated lipids.
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7 Conclusions
On the strength of the data observed, we could suggest that the 

following physicochemical properties underlay the potentiality of 
such food biopolymers like individual caseins, whole sodium ca-
seinate and its covalent conjugates with maltodextrins to behave 
as smart nanovehicles for the essential polyunsaturated lipids:
1. the amphiphilic nature of the proteins that provided, on the 

one hand, the high level (>92%) of the encapsulation of the lip-
ids via the different kinds of the interactions (electrostatic and 
hydrophobic attractions, hydrogen bonding) and, on the other 
hand, the high level of solubility in an aqueous medium;

2. the ability to form nanosized complex particles that could fa-
cilitate both the bioavailability and bioaccessibility of the es-
sential lipids in vivo;

3. enough flexibility to the shrinkage as a result of the many 
new intra- and interphysical bonds formation with the lipids 
that led to the marked increase in the density of the complex 

Figure 5.6. Impact of the structural parameters (ρ and d) of the complex 
(biopolymer + PC liposomes) particles, formed in an aqueous medium at ionic 
strength = 0.001M: 1: pH = 7.0, αS-casein; 2: pH = 7.0, αS-casein + PC + Ca2+ 
(I way); 3: pH = 7.0, αS-casein + PC + Ca2+ (II way); 4: pH = 5.5, 400C, β-casein + PC; 
5: pH = 7.0, covalent conjugate (SC + MD-SA2, R weight = MD : SC = 2) + PC, on 
the initial rate (V0) of their hydrolysis by pepsin in vitro (pH 2.0, I = 0.01 M of the 
buffer, 37°C; Enzyme:Substrate = 1:1000). The V0 was determined from the laser 
light scattering measurements (LS-01, Scientific Instruments, St. Petersburg, 
Russia) of the changes of the intensity of the light scattering, ∆I90, from the tested 
solutions with time of the hydrolysis at the angle of scattering Θ = 90.
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particles that, in turn, provided the protection to the polyun-
saturated lipids against oxidation;

4. the ability to increase the thermodynamic stability of the bilay-
ers of PC liposomes and microviscosity of both PC liposomes 
and LPC micelles in the complex particles that could also con-
tribute into the protection of the lipids against oxidation;

5. the possibility to form a wide diversity of the complex particles 
having different density and architecture that could be used in 
order to control the release of the essential lipids under the en-
zymatic action of the digestive enzymes in GIT.
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1 Introduction
Flavor substances of natural and synthetic origin have been 

widely used in human nutrition. Flavor plays an important role in 
food quality and influences consumers’ satisfaction and food con-
sumption. Direct use of the raw materials for this purpose poses 
numerous practical difficulties like inconsistency in the compo-
sition of raw materials, flavor/aroma content, size and growing 
site of the product, and so forth. Microbiological contaminations 
and parasitic infestation, and undesirable alteration in the ratio 
of certain components during storage are also a few parameters 
which affect the final result. Besides limited shelf life, the natural 
sources of certain aromas present serious storage problems. To 
avoid these disadvantages, concentrates, spice oleoresins (solvent 
extracts of spices), essential oils, and flavors (extracted by steam  
distillation) have been used in the food industry for over a century. 
Extracted or distilled ingredients could be easily converted to 
solid powder-like products, simply by spreading the oleoresins or 
oils onto salt or starch, dextrins, or microencapsulating them with 
gum Arabic, cellulose ethers, or starch derivatives. The powdered 
flavors offer the food manufacturer a clean, standardized form of 
what was once a variable and unreliable ingredient, difficult to 
measure for accurate dosage. Gradually, technology was applied 
in food processing to improve use, storage, and effectiveness. 
However, the performance of fragrances tends to fade by evapora-
tion, interactions with other components, oxidation, and chemi-
cal degradation. Encapsulation is an elegant way of improving 
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the performance, such as substantivity, tenacity, and endurance 
(Porzio, 2007, 2009, 2012). Technological advantages that in-
clude stability, standardizable compositions, simple dosing, and 
so forth has taken the flavor business to immense profitability. 
Significant attention has been paid to improving flavor retention 
due to the instability of volatile flavors in the presence of air, light, 
moisture, or high temperature (Manojlovic et al., 2008; Bhandari 
et al., 1998; Given, 2009).

Aroma is due to volatile and odorous organic molecules, mostly 
in gaseous or liquid forms, but some solid materials may also con-
tain a distinct smell (vanillin and menthol). These molecules are 
lipophilic and low molecular weight (between 100 and 250), belong-
ing to hydrocarbons, alcohols, aldehydes, ketones, esters, acids, 
and sulfides group of compounds. Aroma molecules can be either 
added during the processing of the food product or are generated 
during cooking of the food product. For reducing or eliminating 
any losses through evaporation, during the process the volatile 
compounds are stabilized by complex formation. The reduction of 
volatility can be demonstrated by a rise in the boiling point of solu-
tions, or in the sublimation for solids (Duchene et al., 1989). Com-
plexation has been used to avoid the obliteration of certain flavors, 
colors or vitamins related with certain ingredients by processing or 
in storage. For example, from the flavored complex, the flavor may 
be released in the warm moisture of the mouth.

The aroma characteristic depends on the composition of the 
molecule and the type of the matrix. The composition of the mol-
ecule determines the macroscopic variables in thermodynamic 
and kinetic parameters of the molecule, which decide the volatility 
and resistance to mass transfer between different phases, espe-
cially from the product to air of the compound (Druaux and Voil-
ley, 1997; van Ruth and Roozen, 2002; van den Oever et al., 2009). 
Proper choice of food composition and microstructures may ma-
neuver the aroma release during its preparation and consumption.

The flavor and fragrance industry had a turnover of about 
US$22.09 billion in 2012 and increased to US$24.89 at the rate 
of 8.69% in 2014. According to an assumption (Ubbink and 
Schoonman, 2003) about half of this turnover is from flavor in-
dustry while about 20–25% of all flavors are estimated to be sold 
in an encapsulated form. Major part (80–90%) of the encapsu-
lates are prepared using spray-dried method, followed by spray 
chilling (5–10%), melt extrusion (2–3%), and preparation by melt 
injection (the remaining 2%) (Ubbink and Schoonman, 2003; 
Porzio, 2007, 2009, 2012, 2013) (Fig. 6.1).

The physical and chemical properties of the encapsulates de-
pend on the aroma properties as well as the carrier material. As 
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majority of aroma molecules are lipophilic, and due to their in-
ability to mix well with hydrophilic carrier material, they form oil 
droplets. When more hydrophobic carrier material is used, aroma 
mixes with the carrier material forming single-matrix morphol-
ogy, similar to when entrapping water-soluble aroma molecules 
(like vanillin) in hydrophilic carrier materials. Once encapsulated, 
the desirable quality is required that the aroma should diffuse 
out in the right amount at the appropriate time. Research has 
shown that the molecular size of the carrier material decides the 
diffusion rate. In general, the diffusion through carrier material 
decreases with increasing molecular size (stearic hindrance, re-
lated to molecular weight), decreasing vapor pressure (volatility), 
and increasing log P of the aromas (Goubet et al., 1998). Among 
the carbohydrate carrier materials the order of retention is alco-
hols > ketones = esters > acids, with many exceptions (Goubet 
et al., 1998). These observations indicate that the presence of 
chemical groups not only influences the retention, but also other 
characteristics like polarity, having an inverse relation in which 
the higher the polarity, the lower the retention.

Other factors that influence the encapsulation are the physi-
cal and chemical properties of coating material. Permeability 
of the aroma molecule is influenced by the molecular weight of 

Figure 6.1. Latest trend in the flavor and fragrance industry.
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the coating material, conformation, chemical composition, and 
its physical state. Higher molecular weight and the highest de-
gree of polymerization of the carrier material limit aroma diffu-
sion, as was found for maltodextrins (Goubet et al., 1998). Very 
high polymerization probably lowers the degrees of interactions 
between aroma and carrier material, thereby lowering its diffu-
sion rate. Physical state of the carrier molecule also influences 
the aroma release. When an amorphous coating material is in a 
glassy state, molecules have restricted relative mobility, similar to 
those of a crystalline phase (Ubbink and Schoonman, 2003; Gou-
bet et al., 1998; Soottitantawat et al., 2004; Carolina et al., 2007). 
The temperature plays a crucial role in transition from glassy 
to crystalline state. Below the glass transition temperature, the 
diffusion through carrier material is limited due to crystalline 
phase, while above the transition temperature, the carrier mate-
rial is in rubbery state and diffusion is relatively faster. Also the 
high molecular weight of the carrier molecules like carbohydrate 
(Ubbink and Schoonman, 2003) have increased transition tem-
perature but low storage stability due to poor porosity (Ubbink 
and Schoonman, 2003). Usually, a compromise has to be made 
between a high glass transition temperature of the carrier mate-
rial (which is favored by high molecular weight material) and low 
porosity (which increases with the use of low molecular weight 
materials). Also, the glass transition temperature decreases with 
increasing percentages of plasticizers and exposure to relatively 
high humidity. High humidity leads to greater mobility of the 
carrier material, which could be sufficient to associate and crys-
tallize, thereby forcing out the aroma and thus causing loss of aro-
ma (Goubet et al., 1998). The choice of carrier molecule becomes 
more complex and restricted when lipophilic aromas and hydro-
philic carrier material is to be used, due to compatibility between 
the two. In that case, hydrophilic carriers as encapsulation carriers 
are mostly selected. To understand their association and retention 
characteristics, Hildebrand’s solubility parameters for aromas and 
polymers could be useful to predict their compatibility.

Keeping these parameters under consideration, various tech-
niques have been studied and proposed for encapsulation of 
aroma, broadening the application range of encapsulation tech-
nique. Since long it has been used in pharmaceutical industry for 
controlled release and delivery of drugs (Kosaraju, 2005). Now, 
its use in foods and consumer products (Gibbs et al., 1999; Jack-
son and Lee, 1991b; Gouin, 2004; Reineccius, 1996, 1998; Zeller 
et al., 1999; Pothakamury and Barbosa-Canovas, 1995) is widely 
accepted with many advantages being recognized, especially in 
encapsulation of aroma chemicals, flavors, and fragrances. The 
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demand for fragranced products has been growing with diverse 
applications and promise of further refinement in the future. The 
applicability of the technique in consumer products includes air 
fragrances, bath additives, candles, cosmetics, household, oral hy-
giene, laundry products, and so forth.

2 New Technologies: Future Course
Modern advancement is based on traditional platforms. The 

sol–gel process, used commonly now for encapsulation, originated 
in the traditional ceramic industry (Gouin, 2004). During sol–gel 
encapsulation, an inorganic gel network is formed by gelation of 
a sol (a colloidal suspension) like metal alkoxides, which can react 
and undergo the sol–gel transition in an aqueous environment 
similar to inorganic interfacial polymerization encapsulation.

Development of newer encapsulation methods is time- and 
effort-consuming, requiring a multidisciplinary approach, partic-
ularly with foods materials. However, for fragrance encapsulation, 
no extensive legislation is required for approval, thereby making 
the use of new materials as matrix materials easier to apply for 
commercial uses. However, cost considerations in the food indus-
try are much more stringent than in the pharmaceutical or cos-
metic industries.

3 Nanotechnology
Under the umbrella of nanotechnology properties, methodol-

ogy involving scaling down of structural features of materials to 
the nanometer range is utilized. Two approaches are used to make 
nanostructures materials: (1) top-down (break-down of larger 
structures) or (2) bottom-up (building from individual atoms or 
molecules capable of self-assemblage). Biomineralization, a natu-
rally occurring process, has inspired researchers for creating ar-
tificial nanocomposites based on nanoclays. Naturally occurring 
nanoclays are hydrophilic and chemical modifications have pre-
sented them as a desirable candidate for nanoencapsulation, with 
good retention and dispersion properties even with hydrophobic 
particles. Manipulation of materials at the nanometer level opens 
up the door to improved functionality of aroma chemicals. A very 
recent development is encapsulation of actives in colloidosomes 
(Gouin, 2004; Dinsmore et al., 2002) similar to liposome entrap-
ment. Here, colloidal particles are formed due to the surface 
tension on the surface of an inner phase or active ingredient in 
a water-in-oil or oil-in-water emulsion, resulting in selectively 
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permeable capsules. Another technique with great potential for 
controlled granule disintegration includes gelatinization of native 
starches under high-pressure treatment (Gouin, 2004; Douzals 
et al., 1996). Several overviews (patent) of the art of the encapsula-
tion of various materials, such as flavors and fragrances, can be 
found in the literature (Risch, 1995; Popplewell and Porzio, 1998). 
New synthetic-based matrices are being developed for enhanced 
deposition and longevity which are also temperature and en-
vironment sensitive, especially in the case of fabric cleaner and 
deodorant (Liu and Hu, 2005). Mixtures of various carriers can 
also be used to tailor desired properties such as release, deposi-
tion, and substantivity (van Soest, 2007). Also matrices contain-
ing inorganic materials have been developed that are suitable for 
transforming fragrances into free-flowing powder with improved 
deposition properties for laundry application (van Soest, 2007). A 
particular example of a new material used for fragrance encap-
sulation is the use of polysaccharide esters such as starch acetate 
(Vedantam and Yong, 2004).

Encapsulation of food ingredients into coating materials can 
be achieved by several methods (Table 6.1). The physical and 
chemical properties of the core matrix and the coating materials 
determine the process for microencapsulation of food ingredients. 
Coating materials, which are basically film-forming materials, can 
be selected from a diversity of natural or synthetic polymers, de-
pending on the material to be coated and the quality needed in 
the final microcapsules. The composition of the coating material 
is the main determinant of the functional properties of the micro-
capsule and of how it may be used to improve the performance 
of a particular ingredient. In general, three precautions need to 
be considered for developing microcapsules: (1) wall formation 
around the material, (2) be sure that leakage does not occur, and 
(3) be sure undesired materials must be kept out. In optimizing the 
process, at least four criteria may be considered: (1) properties of 
the wall materials, (2) features of the core materials, (3) condition 
of the infeed emulsion, and (4) circumstances of the spray drying.

An ideal coating material should exhibit the following charac-
teristics (Desai and Park, 2005):

1.  Good rheological properties at high concentration and easy 
to handle and use during encapsulation.

2.  Ability to disperse or emulsify the active material and stabi-
lize the emulsion produced.

3.  Nonreactivity with the material to be encapsulated both dur-
ing processing and in prolonged storage.

4.  Ability to seal and hold the active material within its structure 
during processing or storage.
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Table 6.1 Various Microencapsulation Techniques and 
the Processes Involved in Each Technique

S. No.
Microencapsulation 
Technique Major Steps in Encapsulation

1. Centrifugal suspension 
separation

a. Mixing of core in a coating material
b. Pouring the mixture over a rotating disc to obtain encapsulated tiny 

particles
c. Drying

2. Coacervation a. Formation of a three-immiscible chemical phases
b. Deposition of the coatings; solidification of the coating

3. Cocrystallization a. Preparation of supersaturated sucrose solution
b. Adding of core into supersaturated solution
c. Emission of substantial heat after solution reaches the sucrose 

crystallization temperature

4. Centrifugal extrusion a. Preparation of core solution
b. Preparation of coating material solution
c. Coextrusion of core and coat solution through nozzles

5. Extrusion a. Preparation of molten coating solution
b. Dispersion of core into molten polymer
c. Cooling or passing of core–coat mixture through dehydrating liquid

6. Fluidized-bed coating a. Preparation of coating solution
b. Fluidization of core particles
c. Coating of core particles

7. Inclusion complexation Preparation of complexes by mixing or grinding or spray drying

8. Liposomal entrapment a. Microfluidization
b. Ultrasonication
c. Reverse-phase evaporation

9. Lyophilization a. Mixing of core in a coating solution
b. Freeze-drying of the mixture

10. Spray chilling a. Preparation of the dispersion
b. Homogenization of the dispersion
c. Atomization of the infeed dispersion

11. Spray cooling a. Preparation of the dispersion
b. Homogenization of the dispersion
c. Atomization of the infeed dispersion

12. Spray drying a. Preparation of the dispersion
b. Homogenization of the dispersion
c. Atomization of the infeed dispersion
d. Dehydration of the atomized particles
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5.  Ability to completely release the solvent or other materials 
used during the process of encapsulation under drying or 
other desolventization conditions.

6.  Ability to provide maximum protection to the active mate-
rial against environmental conditions (eg, oxygen, heat, light, 
humidity).

7.  Solubility in solvents acceptable in the food industry (eg, 
water, ethanol).

8. Chemical nonreactivity with the active core materials.
9. Inexpensive, food-grade status.

10.  Nontoxic, nonallergen, biodegradable, environmentally 
friendly matrix.

Complex and advanced shell materials and technologies have 
been developed having a wide variety of utilities through micro-
encapsulation, for example, use of a trigger to prompt the release 
of the encapsulated ingredient. The triggering agent could be pH 
change (enteric and antienteric coating), mechanical stress, tem-
perature, enzymatic activity, time, osmotic force, and so forth. 
Since none of the single coating materials can meet all of the de-
sired criteria mentioned previously for microencapsulation, to 
fulfill maximum desired qualities, the coating materials are either 
employed in combination or with modifiers (oxygen scavengers, 
antioxidants, chelating agents, and surfactants). Also, chemi-
cal modifications/derivatives of coating material are prepared to 
improve its quality for better/desirable encapsulating properties. 
Some commonly used biocompatible and food-grade coating ma-
terials are listed in Table 6.2(Desai and Park, 2005).

4 Matrix or Coating Materials
The coating or matrix material is referred to as wall, membrane/

carrier/shell or capsule. Based on the size of the particles, matrix 
coating can be of three types:
1. Macrocoated powders with sizes larger than 0.1 mm
2. Matrix microparticles or microcapsules with sizes in the range 

0.1–100 µm
3. Nanoparticles or nanocapsules with sizes smaller than 0.1 µm

Macrocoating is used to stabilize fragrances or to transform 
them from liquid to free-flowing solid powder, while in microen-
capsulation and nanoencapsulation, the particle is entrapped in-
side a miniature capsule—the microcapsule or the nanocapsule, 
respectively. The substance inside the capsule in encapsulation 
can be a gas, liquid, or solid and the wall of the capsule (single or 
multiple layers) can be of various materials, such a wax, plastic, 
or biopolymers like proteins or polysaccharides. The encapsulates 
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can have a variety of shapes, such as spherical, oblong, or irregu-
lar, and can be monolithic or aggregates.

The most commonly used matrix materials are:
1. Lipids (waxes, paraffin, oils, fats, etc.)
2. Inorganics (silicates, clays, calcium sulfate, etc.)
3. Polysaccharides and sugars (gums, starches, celluloses, cyclo-

dextrin, dextrose, etc.)
4. Proteins (gelatin, casein, soy protein, etc.)
5. Synthetics [acrylic polymers, poly(vinylpyrrolidone), etc.]

Literature details differences between matrix encapsulation 
and true encapsulation of a substance. In matrix encapsulation the 
resulting particles are found as aggregates of actives (molecule) in 
a matrix material, having their significant portion on the surface 
of the particles. True encapsulation is used for processes leading 
to core-shell-type products, where actives/particles are enclosed 
in a shell. Environmentally friendly biodegradable polymers have 
gained more attention as carriers matrix because of their biocom-
patibility and biodegradability. They may be of synthetic origin 
such as polyesters, poly(ortho-esters), polyanhydrides, and poly-
phosphazenes, or natural like polysaccharides such as chitosan, 
hyaluronic acid, and alginates.

Table 6.2 Commonly Used Biocompatible and Food-
Grade Coating Materials

S. No. Category Coating Materials
Widely Used 
Methods References

1. Carbohydrate Starch, maltodextrins, chitosan, 
corn syrup solids, dextrin, modified 
starch, cyclodextrins

Spray- and freeze-drying, 
extrusion, coacervation, 
inclusion complexation

[10,17,18]

2. Cellulose Carboxymethyl cellulose, methyl 
cellulose, ethyl cellulose, cellulose 
acetate phthalate, cellulose 
acetate butylate-phthalate

Coacervation, spray 
drying, and edible films

[19]

3. Gum Gum acacia, agar, sodium 
alginate, carrageenan

Spray-drying syringe 
method (gel beads)

[20]

4. Lipids Wax, paraffin, beeswax, 
diacylglycerols, oils, fats

Emulsion, liposomes, film 
formation

[21]

5. Protein Gluten, casein, gelatin, albumin, 
peptides

Emulsion, spray drying [22]



238  Chapter 6 Encapsulation: Entrapping EssEntial oil/flavors/aromas in food

Cyclodextrin is one of the most common and simplest en-
capsulant systems that can form inclusion complexes with dif-
ferent flavors depending on their hydrophobicity molecular 
size and geometry (Piel et al., 2001; Faucci et al., 2002; Cabral 
Marques, 2010). The advantages of cyclodextrin inclusion com-
plexes include high encapsulation yield and long retention time 
(Reineccius et al., 2002, 2003b; Madene et al., 2006). Over the 
years, work has progressed on characterizing the CyD family of 
compounds, and Szejtli et al. (1979) were the first to find appli-
cations for them in the flavor industry (Reineccius, 2009). In the 
USA and Europe, three principal manufacturers of α-, β-, and  
γ-CyD are present. β- and γ-CyDs have both received self-affirmed 
GRAS status (generally recognized as safe) in the USA (Reineccius 
et al., 2002). β-CyD is generally approved for use in Europe (as 
food additive E459). CyD is permitted for use in Japan, though the 
regulations do not specify the precise nature of the chemical enti-
ty. The United Nations Food and Agriculture Organization/World 
Health Organization (FAO/WHO), Joint Expert Committee on 
Food Additives (JECFA) have established an acceptable daily in-
take (ADI) of 0–5 mg/kg body weight in the case of β-CyD while an 
ADI “not specified” has been allocated in the case of both α- and 
γ-CyD (UN FAO/WHO, 1995, 2000, 2001) (Reineccius et al., 2002). 
Besides, a number of enzymatically or chemically modified CyDs 
have also been described, such as branched β-CyDs (Ajisaka 
et al., 2000) and hydroxypropyl-β-CyD (Qi and Hedges, 1995), 
some of which are claimed to have superior properties over the 
parent CyD. At present, however, none are approved for use as 
food additives. The current higher cost of CyDs (γ > α > β) relative 
to that of conventional encapsulation carrier materials remains 
an area of concern.

Unfortunately, as mentioned earlier under the legislation 
in Europe, the use of β-cyclodextrin for encapsulation of flavor 
substances is only permitted to a certain extent, and for other 
cyclodextrins, hardly at all, so other excipients for encapsu-
lation have been widely investigated and reported (Paramita 
et al., 2012; Mourtzinos et al., 2008). Some of these excipients, in 
particular starch, maltodextrins, glucose, and sucrose, are used 
by the body for energy as well. The problems associated with 
high consumption of energy in food has associated symptoms 
like obesity, diabetes, cardiocirculatory disorders, and muscular-
skeletal and locomotion system complaints, therefore introduc-
tion and promotion and high consumption of these substances 
should be minimized. Cellulose, the most abundant and renew-
able polysaccharide, is a preferred alternative for high-energy 
foods. Cellulose is biocompatible, of hydrophilic nature, widely 
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accepted, safe, and biodegradable in nature (Rusli et al., 2013; 
Reza Fareghi et al., 2013; Bagheri and Shateri, 2012), besides hav-
ing a neutral inherent taste and a regulatory effect on digestion. 
However, solubility of cellulose remains an issue, as it is hard to 
dissolve cellulose in aqueous solutions due to the presence of 
strong inter- and intramolecular hydrogen bonds and consider-
able van der Waals forces, limiting its application in flavor indus-
try. Therefore, the hunt for substitutes or cellulose derivatives is 
on to support the application of cellulose in flavor encapsula-
tion (Luo et al., 2013; Porzio and Popplewell, 1994). Wen Lou and 
Popplewell (2003) employed a matrix containing hydroxyethyl 
cellulose (HEC) to encapsulate flavor or fragrance materials as 
food products and laundry applications. Roberts et al. (1996) 
studied the effect of viscosity and thickener (sucrose, guar gum, 
and carboxymethyl cellulose) on dynamic flavor release and 
found that the increase of viscosity and thickener of CMC re-
sulted in lower release in flavor. Sansukcharearnpon et al. (2010) 
prepared a polymer-blend of ethylcellulose (EC), hydroxypropyl 
methylcellulose (HPMC), and poly (vinyl alcohol) to encapsu-
late flavors, and found that menthol shows the slowest release. 
Recently, cellulose-based flavoring substance was produced us-
ing a novel approach of regenerated porous cellulose particles 
(RPC) for flavor encapsulation (Siegel, 2010).

In this method, the encapsulation of flavor was done by ab-
sorption of flavor in the voids located between cellulose chains. In 
employing this process, though a high-yield encapsulation could 
be obtained, the retention of flavor in the flavoring substance was 
poor due to less adsorptive capability of cellulose. To improve the 
retention of flavors, CMC was used as the coating layer of RPC. 
This approach promises to have potential applications in flavor 
entrapment. Commercial encapsulation is generally carried out 
in practice using a number of processes, including spray dry-
ing, spray cooling/chilling, freeze-drying, fluidized bed coating, 
extrusion, coacervation, cocrystallization, and molecular inclu-
sion (Risch and Reineccius, 1995; Gibbs et al., 1999; Shahidi and 
Han, 1993). All these processes, except for molecular inclusions 
process, are macroprocesses having particle size diameters in the 
range 3–800 µm. An encapsulated material particle may be in the 
form of droplets of core material dispersed in a continuous matrix 
of carrier material, or the continuous core, surrounded by a shell 
of carrier. However, in molecular inclusion, the process occurs at 
the molecular level, whereby individual molecules of food or fla-
vor ingredient are trapped or included within cavities present in 
individual molecules of carrier as seen in entrapment using the 
cyclodextrins (CyDs).
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5 Encapsulation Processes
5.1 spray drying

Spray drying is one of the oldest and most commonly used 
processes to encapsulate aroma. It is so common in foods that 
one often tends to forget it is a form of encapsulation. The tech-
nique for producing encapsulated flavoring was discovered by A. 
Boake Roberts in 1937 (Gaonkar et al., 2014), when acetone was 
accidentally added to tomato puree which helped him to main-
tain the color and flavor of tomato powder during spray drying. 
Subsequently, spray drying has become the most important com-
mercial process for making dry flavorings. About 80–90% of the 
encapsulated aroma is prepared by this method (Porzio, 2007, 
2009, 2012, 2013; Ubbink and Schoonman, 2003). In spray dry-
ing, dispersion of the aroma is performed in an aqueous solution 
of carrier material, followed by atomization and spraying of the 
emulsion into a hot chamber. In the hot chamber, the cocurrent 
hot air stream, at predetermined temperature (160–220°C), heats 
the droplets almost instantaneously to 100°C (Porzio, 2007, 2009) 
(Figs. 6.2 and 6.3). During this step a film is formed at the drop-
let surface and the concentration of ingredients in the drying 
droplet keeps increasing, thereby retarding the larger aroma mol-
ecules while the smaller water molecules continue to diffuse to 
the exterior at a substantial rate (Porzio, 2007, 2009; Ubbink and 
Schoonman, 2003; Re, 1998; Jafari et al., 2008a,b). The final prod-
uct comes out in the form of powder of dry particles containing 

Figure 6.2. Flow diagram of spray-drying encapsulation of essential oil or flavor.
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a dispersion of fine aroma droplets and having a particle size of 
10–150 µm. The aroma encapsulates and their load, particle size, 
morphology, and release mechanism varies considerably. Lists of 
some technologies in this area are given in Table 6.3.

Spray-drying technique has many advantages including
1. Continuous production: the dried particles can be collected 

continuously at the bottom of the spray dryer
2. Easy operation: constant quality is possible when drying con-

ditions are held constant and automated
3. Inexpensive
4. Time tested
5. Wide choice of carrier material and equipment

A disadvantage of spray drying might be that very volatile 
aromas (eg, fresh top-notes like ethyl acetate) can be (partially) 
lost during the process (Reineccius et al., 2003a; Reineccius and 
Mei, 2004), thereby changing the balance of some flavor. Also, 
some aromas might be oxidized during the spray-drying process. 
In practical use, due to their small size, spray-dried aroma pow-
ders might be so small that their utility is hampered. For example, 
tea bags are too porous to hold aroma powder and are therefore 
not preferred for this application (Porzio, 2007, 2009). In gener-
al, spray-dried aromas are water-soluble, which might either be 

Figure 6.3. Schematic diagram of spray drying.
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desirable or not depending on the state of affairs. For example, 
in chewing gum the aroma is spray-dried to allow faster release 
upon hydration in the mouth, than when it is in the gum matrix 
(Szente and Szejtli, 2004). However, spray-dried aroma powders 
dissolves quickly in water-containing food products and can then 
not provide a controlled release benefit over nonencapsulated 
aroma during cooking or eating. A delayed release of spray-dried 
aroma in water might only be achieved when the carrier mate-
rial has been irreversibly changed during the preparation process. 
An example is protein denaturation (Porzio, 2007, 2009). Spray 
drying is considered to be among the most ancient processes 
in the flavor industry which still has immense applicability. The 
process is applied in close to 90% of encapsulated flavorings 
present in the market. Microencapsulation by spray drying offers 

Table 6.3 Various Parameters of the Technologies 
Employed in Food Industry

S. No. Technology
Particle 
Size (µm) Morphology

Release 
Mechanism 
Based Upon Load (%)

1. Cocrystallization/
coprecipitation

Various Crystals Dissolution Various

2. Coextrusion 800–8000 Core with wall Diffusion, heat 70–95

3. Complex coacervates 10–800 Core with wall Diffusion 20–90

4. Cyclodextrin 0.002 Molecular inclusion Dissolution 8–10

5. Fluid bed coating 200–5000 Droplets in matrix Dissolution 10–50

6. (Fluidized) spray drying 10–400 Droplets in matrix Dissolution 10–50

7. Granulation/agglomeration/
compaction

200–3000 Droplets in matrix Dissolution 5–40

8. Melt injection 200–2000 Droplets in matrix Dissolution 5–25

9. Melt extrusion 300–5000 Droplets in matrix Swelling + 
dissolution, heat

5–40

10. Microspheres 10–800 Matrix of droplets Diffusion, 
dissolution

20–40

11. Silica particles 10–1000 Matrix Diffusion, heat 5–50

12. Spray chilling/cooling 20–200 Matrix Diffusion, heat 10–20

13. Yeast cells 25–30 In cell membrane Diffusion, heat 1–70
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advantages over conventional microencapsulation techniques 
by producing microcapsules via a relatively simple, continuous 
process. The spray-drying equipment used is the same as is used 
for the production of dry milk. During drying, the flavoring par-
ticle never exceeds the exit air temperature. Vitamins, minerals, 
colorants, fat and oil flavor, aroma compounds, oleoresins, and 
enzymes have been encapsulated using this technique. It is an 
economical, as well as an effective method for protecting materi-
als and is most widely employed, particularly for flavors for which 
specialized equipment is not required. For a good quality spray-
dried encapsulation, the encapsulating matrix should possess the 
following qualities:
•	 The	matrix	must	be	water	soluble.
•	 The	infeed	emulsion	must	be	of	low	viscosity	and	high	solids	

concentrations (50–70%). This is required for proper pumping 
and controlled atomization.

•	 Encapsulation	 matrix	 must	 yield	 temporary	 emulsion	 (if	 not	
stable emulsion), which should at least stay from the time of 
homogenization until it is atomized in the spray dryer.

•	 The	encapsulation	matrix	must	have	good	drying	capacity	in	a	
normal spray dryer even at high temperatures.

•	 It	should	not	be	hygroscopic	after	drying.
The crux of the matter is that the matrix must ultimately pro-

duce a good-quality flavoring, protect it from degradation or 
evaporation during storage, and finally provide release in the fin-
ished product in the desired amount and at the required time. 
The requirements discussed earlier limit matrix materials to very 
few matrices, like maltodextrins, corn syrup solids, modified 
starches, and gum acacia, the traditional encapsulation matrix 
(Porzio, 2007; Re, 1998; Reineccius et al., 2003a).

Encapsulation of food or flavor ingredients within a solid matrix 
of materials such as food-approved starches or derivatives, gums, 
proteins, lipids, and so forth has the following advantages (Sha-
hidi and Han, 1993; Risch and Reineccius, 1995; Gibbs et al., 1999):
•	 Conversion	of	liquid	product	into	a	more	conveniently	handled	

solid form.
•	 Encapsulated	material	has	higher	shelf	life.
•	 Protection	against	loss	by	evaporation,	aerial	oxidation,	expo-

sure to light, moisture, or pH, other component reactivity.

5.2 spray chilling
Modification in spray-drying process in atomization of air, 

employing chilled air instead of hot air, resulted in spray-chilling 
process. Normally, materials used in this process are vegetable oils 
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or hydrogenated oils. Frozen liquids, heat-sensitive materials, and 
those which are not soluble in the usual solvents can be encap-
sulated by spray chilling/spray cooling. It is the least expensive 
encapsulation technology and is routinely used for the encapsula-
tion of a number of organic and inorganic salts like ferrous sulfate, 
vitamin, minerals, or acidulants as well as textural ingredients, en-
zymes, flavors, and other functional ingredients to improve heat 
stability, delay release in wet environments, and/or convert liquid 
hydrophilic ingredient into free flowing powders.

5.3 spray cooling
Spray cooling is encapsulation of the particle in the matrix. In 

this technique the particles are found buried in the fat matrix. This 
process is different from true encapsulation, which involves a core/
shell type of microencapsules. In matrix encapsulation process, a 
considerable fraction of the active ingredient lies on the surface of 
the microcapsules/protruding out of the fat matrix, thus having di-
rect access to the environment. The disadvantage of the process 
seems to be strong binding of the ingredient to the fat matrix, that 
can prevent the release of the ingredient if the fat matrix is melted 
and/or damaged during the processing (Gouin, 2004). Particles 
produced by a matrix encapsulation process usually do not retain 
their flavoring qualities for a longer time and release their entire 
content within a few minutes after being incorporated in the food. 
However, in a core/shell type of microcapsule, the bulk of the ingre-
dient is encapsulated and much slower release kinetics is obtained. 
Even though the spray cooling/chilling process does not escort to a 
perfect encapsulate, but the properties obtained could achieve the 
desired delayed release of the ingredient in the actual application.

5.4 Extrusion process
The traditional extrusion process involves mixing of a low-

moisture carbohydrate melt (c. 15% moisture) and flavor (10–20% 
on a dry weight basis) to form an emulsion, and then extruding 
the melt through a dye (1/64 in. holes) under low pressure. This 
extruded flavoring is dropped into a cold isopropanol bath to form 
an amorphous glass structure. The glass structure is then broken 
into small pieces by a mixer and dried in hot air to yield the fin-
ished encapsulated product. Noteworthy developments have oc-
curred in this process, like use of scraped surface heat exchangers 
in combination (or a twin screw extruder) to permit continuous 
processing, use of low moisture contents, and alternatives to cool-
ing in isopropanol solutions. While there have been numerous 



 Chapter 6 Encapsulation: Entrapping EssEntial oil/flavors/aromas in food  245

patents outlining the progress, the following provide the key 
references in this technology (Benczedi and Bouquerand, 2001; 
Clark McIver et al., 2004; Subramaniam et al., 2003). The process 
is utilized for the incorporation of a flavor or fragrance ingredi-
ent or composition into a carbohydrate matrix (Popplewell and 
Porzio, 1998; Porzio and Popplewell, 1994; Porzio and Zasyp-
kin, 2002). The advancement in this process has made it very com-
petitive (cost-wise) with spray drying. Considering these changes, 
scraped surface heat exchanger (twin screw extruder) was a ma-
jor innovation. This permitted use of a continuous process that 
offered inherent advantages in cost, process control, and quality. 
Quality improvements came partly in being able to add flavoring 
late in the process, thereby exposing it to less heat. Quality im-
provements also came in being able to use much lower amounts 
of water in the system; also, the scraped surface heat exchangers 
could work at higher viscosities, as could the extrusion process. 
The continuous improvement in the process has yielded, in more 
recent forms, no water to be removed from the system, elimi-
nating a processing step (drying) and improving flavor quality 
through better retention of flavorings (improved retention from 
75–85% to >90%) (Subramaniam et al., 2003). The latest innova-
tion in the process was eliminating the washing of the formed par-
ticles in cold isopropanol. This step traditionally involved washing 
the surface to remove any surface flavoring, which rapidly solidi-
fied the molten extrudate (rapidly moving it in the glassy state), 
and reduced the moisture content (to some extent). The step was 
problematic as it was slow and costly, and involved working with 
an organic solvent, thereby raising a possibility of legal issues from 
residue and hazards in handling. Solidifying extrudate in liquid ni-
trogen or a nitrogen-cooled environment offered significant im-
provement. The encapsulating material used in this process has 
similar requirements to those used in spray drying. The encapsu-
lating matrix need not be atomized but it must be soluble at 85% 
or higher solids at 110°C or higher temperatures. Emulsification 
is also less of an issue since synthetic emulsifiers are added to the 
matrix (c. 2% on a total weight basis), and there is little opportu-
nity for phase separation during manufacturing. This is due to the 
short time between emulsion formation and solidification, and 
the extremely high viscosity of the carbohydrate melt. The critical 
criteria for the success of the process were however, that matrix 
must form a good amorphous structure and be nonhygroscopic. 
It must also result in good retention of flavor compounds during 
manufacturing, offer protection during storage, and release flavor 
when placed in water. The extrusion microencapsulation tech-
nology has been used almost exclusively for the encapsulation of 
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volatile and unstable flavors in glassy carbohydrate matrices. The 
main advantage of this process is impermeability of oxygen due to 
hydrophilic glassy matrix and very long shelf life (up to 5 years). 
Carbohydrate matrices in the glassy states have very good barrier 
properties and the process of extrusion enables the encapsulation 
of flavors in such matrices (Zasypkin and Porzio, 2004).

Centrifugal extrusion encapsulation technique also used for a 
number of food-approved coating for example, seasonings, vita-
mins, and flavorings. This is a liquid coextrusion process having 
rotating encapsulating cylinder with nozzles on the outer circum-
ference of the head of the cylinder. The head consists of a concentric 
feed tube through which coating and core materials are pumped 
separately to the many nozzles mounted on the outer surface of 
the device. While the core material passes through the center tube, 
coating material flows through the outer tube. The entire device  
is attached to a rotating shaft such that the head rotates around 
its vertical axis. As the head rotates, the core and coating materials 
are coextruded through the concentric orifices of the nozzles as a 
fluid rod of the core sheathed in coating material. The centrifugal 
force impels the rod outward, causing it to break into tiny particles. 
By the action of surface tension, the coating material envelops the 
core material, thus accomplishing encapsulation. The microcap-
sules are collected on a moving bed of fine-grained starch, which 
cushions their impact and absorbs unwanted coating moisture. 
Particles produced by this method have a diameter ranging from 
150 to 2000 mm (Risch and Reineccius, 1995; Desai and Park, 2005). 
The wall materials used in this technique include gelatin, sodium 
alginate, carrageenan, starches, cellulose derivatives, gum acacia, 
fats, fatty acids, waxes, and polyethylene glycol.

5.5 fluidized Bed coating
In fluidized bed technology, uniform layer of shell material 

coated onto solid particles. This technology is capable of coating 
particles with all kind of shell material like polysaccharides, pro-
teins, powder coatings, enteric coating, yeast cell extract, emul-
sifiers, complex formulations, fats, and so forth which help in 
dispelling the aroma in a controlled release pattern. A variety of 
substances like gums and proteins, aqueous solutions of hydro-
colloids and melted fats/waxes and so forth. Modifications in the 
technique for better understanding and interesting concepts hav-
ing potential applicability are being continuously investigated.

In fluidized bed coating technique solid particles and coating 
material are suspended in humidity and temperature controlled 
chamber with high velocity air and atomized (Kim and Morr, 1995; 
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Risch, 1995; Risch and Reineccius, 1995). Optimal coating and size 
depends upon particle size distribution and the duration of time 
the particles are in the chamber. This technique is applicable for 
hot-melt coatings such as emulsifiers, fatty acids, hydrogenat-
ed vegetable oil, stearines and waxes or solvent-based coatings 
such as gums, maltodextrin, and starches (Tsutsumi et al., 1998; 
 Matsuda et al., 2001; Gouin, 2004).

5.6 liposomal Entrapment
A liposome (lipid vesicle) is composed of lipid bilayers, enclos-

ing an aqueous or liquid compartment. The lipid bilayer is ar-
ranged in such a way that the hydrophilic portion of the lipids is 
oriented towards the aqueous phase and the hydrophobic groups 
associate with the hydrophobic ones of other lipid molecules. 
Folding of the lipid sheet into a spherical shape forms a very stable 
capsule due to absence of any interaction of the lipids with water. 
Aqueous or lipid-soluble materials, but not both, are entrapped in 
these membranes. While applying this technique, the first consid-
eration is that the layers of lipids should be nontoxic and accept-
able food-grade quality. The physical properties of the liposomes 
like, permeability, stability, surface activity, and affinity can be 
varied through size and lipid composition variations depending 
on the requirements. The liposome bilayer does not allow sugars 
and large polar molecules to permeate through but small lipophil-
ic molecules can do so (Kim and Baianu, 1991). Usually, phospho-
lipids forms the outer layer, and size of the particle can vary from 
25 nm to several micrometers in diameter. Liposomes are used for 
delivery of vaccines, hormones, enzymes, and vitamins into the 
body. Food applications of liposomes in cheese-making is a well-
known process in the food industry (Kirby and Needs, 1996).

5.7 lyophilization
Another simple technique particularly suitable for the encapsu-

lation of aromatic materials is lyophilization or freeze-drying. In this 
process dehydration of material is done under cold conditions (be-
tween −40 and 80°C). The retention of volatile compounds during the 
lyophilization is dependent upon the chemical nature of the system 
(Kopelman et al., 1977). This method is suitable for the dehydration 
of almost all heat sensitive materials and aromas. It has been used 
to encapsulate water-soluble essences and natural aromas as well as 
drugs. The advantage of the method include convenient transport 
and preservation however, long dehydration period required (com-
monly 20 h) for freeze-drying is a little detrimental for the technique. 
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With the advancement in the technology in the food engineering and 
processing sector, newer tools are being investigated, improvized, 
and automated for faster and better encapsulation.

5.8 centrifugal suspension separation
Centrifugal suspension is a more recent microencapsulation 

process. The process involves premixing the core and wall materi-
als and adding them to a rotating disk. The time required, mix-
ing speed and content of the coating material needs optimization 
for optimal production of the final particle. The coated materials 
along with residual liquid leave the disk. The microcapsules, so 
formed, are then dried or chilled after removal from the disk. The 
whole process can be completed between a few seconds to min-
utes. Encapsulation of solids, liquids, or suspensions of the size, 
30–2 mm can be performed in this manner using this technique. 
The thickness of coatings can vary between 1 and 200 mm and 
include fats, polyethylene glycol (PEG), diglycerides, and other 
meltable substances. Since this is a continuous, high-speed meth-
od that can coat particles, it is highly suitable for foods. One appli-
cation of the technique is to protect foods that are sensitive to or 
readily absorb moisture, such as aspartame, vitamins, or methio-
nine (Soper and Thomas, 1998).

5.9 cocrystallization
Cocrystallization is an encapsulation process utilizing sucrose 

for entrapping the core materials. In this method, supersaturated 
sucrose syrup, maintained at a temperature high enough to pre-
vent crystallization, is added to predetermine the amount of core 
material with vigorous mechanical agitation, thus providing nu-
cleation for the sucrose/ingredient mixture to crystallize. As the 
syrup reaches the temperature at which transformation and crys-
tallization begin, a substantial amount of heat is emitted. Agitation 
is critical and is required continuously during the process to facili-
tate and extend transformation/crystallization until the agglom-
erates are discharged from the vessel. The encapsulated products 
are then dried to the desired moisture, if necessary, and screened 
to a uniform size. Studies have highlighted the importance of con-
trolling the rates of nucleation and crystallization as well as the 
thermal balance during various phases (Rizzuto et al., 1984).

5.10 inclusion complexation
Molecular inclusion is another technique that operates at a mo-

lecular level generally utilizing α-cyclodextrin as the encapsulating 
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medium. Inclusion complexes can be formed between flavor 
compounds and some food components like the interactions with 
starch and CyDs. α-Cyclodextrin is a cyclic derivative of starch 
made up of seven glucopyranose units. It is prepared from par-
tially hydrolyzed starch (maltodextrin) by an enzymatic process. 
Studies have demonstrated that amylose rich starch forms heli-
cal structures that can complex small molecules. Some early work 
by Wyler and Solms (1981) demonstrated complexation model 
of volatiles (limonene, menthone, and decanal) with gelatinized 
potato starch (Reineccius, 2009). The process of complexation is 
time dependent ranging from 1 min (decanal) to several days (lim-
onene), depending upon the compound. The amount complexed 
also depends upon temperature; less gets complexed at higher 
temperatures. A subsequent study by Wyler and Solms (1982) 
demonstrated that the same volatiles on encapsulation gets stable 
to evaporative losses and oxidation when included in the starch 
complex. Saldarini and Doerig (1981) were awarded a patent on 
flavor encapsulation in starch hydrolysates (10–13 DE). They 
found that they could produce a powder containing 4.6% acetal-
dehyde in this manner which retained 4.1% after 1 week storage 
at 40°C. There has been continued interest in starch–flavor com-
plexation and several reports on interactions of starch between 
several classes of compounds, effect of temperatures, starch treat-
ment, starch source, and so forth (Delarue and Giampaoli, 2000; 
Rutschmann and Solms, 1990; Arvisenet et al., 2002; Conde-Petit 
et al., 2006; Tapanapunnitikul et al., 2008). Wulff et al. (2005) opti-
mized these interactions and proposed that segments of 8–16 an-
hydroglucose units were involved in binding. Also, the association 
constant of a given volatile compound was found to be strongly 
dependent on origin and chain length of amylose.

CyDs are well known for their ability to form inclusion complex-
es. The cyclodextrins are a series of cyclic oligosaccharides that are 
produced by enzymatic reaction of starch employing cyclodextrin 
transglycosylase. The advantages of the molecules are that they 
are nontoxic ingredients and are not absorbed in the upper gas-
trointestinal tract. They are safe and are completely metabolized 
by the colon microflora. In aqueous solution, each CyD forms a 
thick-walled bucket with a hydrophobic cavity and the hydrophil-
ic exterior forming an inclusion complex, entrapping the whole, 
or part, of a guest molecule inside its cavity. The guest molecules, 
which are apolar, can be entrapped into the apolar internal cav-
ity through a hydrophobic interaction (Pagington, 1986a,b; Desai 
and Park, 2005) generally on an equimolar molar basis having one 
mole of CyD (host) will include 1 mol of a guest molecule. Entrap-
ment of the molecule inside the cavity is through weak chemical 
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forces, like van der Waals forces, dipole-dipole interactions, and 
hydrogen bonding. The cavity size varies accommodating a range 
of sizes of guest molecule (Hedges and McBride, 1999) that form 
an equilibrium between free and complexed guest molecules. The 
equilibrium constant is crucial factor and it depends on the nature 
of the CyD, guest molecule, food composition, as well as on physi-
cal factors like temperature and moisture level. Reports citing dry 
CyD inclusion complexes being stable for periods of up to 10 years 
at room temperature (Szente et al., 1988; Qi and Hedges, 1995) are 
present. The presence of water or high temperature is required 
to liberate guest molecules once the complex has been formed. 
Generally the dry microcrystalline cyclodextrin complexes appear 
wettable, nearly odorless, not hygroscopic powders. The crystal-
line nature, flowing properties and other mechanical properties of 
flavor inclusion complexes depend on the condition of the com-
plexation procedure (in particular on the drying processes of the 
wet complexes).

The flavor/β-cyclodextrin complexes, prepared by cocrystal-
lization, kneading, and by suspension technology show remark-
able resistance toward moisture sorption and clumping upon high 
humidity storage. The aroma and flavor load of these complexes 
varies in most cases between 6 and 15% w/w, more often is in the 
range of 8–10% (Szejtli, 1982; Szejtli et al., 1979; Szente et al., 1988; 
Szente and Szejtli, 1988, 2004). Encapsulation of flavor molecule 
in the CyDs could result in flavor modification (such as by mask-
ing off-notes), flavor stabilization and solubilization. Goubet et al. 
(2001) addressed a very interesting topic of competitive binding 
by CyDs. CyDs and some of their derivatives have also been em-
ployed as processing aids, for example, for removal of cholesterol 
from eggs or excess bitterness (naringenin, limonene) from citrus 
juices (Hedges and McBride, 1999; Qi and Hedges, 1995). The ap-
plication of CD-assisted molecular encapsulation in foods offers 
numerous advantages (Szente et al., 1988). A few of them are listed 
in Table 6.4. It ensures protection of active ingredients against oxi-
dation, light-induced reactions, heat-promoted decomposition, 
and supports the elimination (or reduction) of undesired tastes/
odors. It prevents loss by volatility, sublimation microbiological 
contaminations, fibers/other undesired components, hygroscop-
icity, and so forth. They became accepted during the 1980s as a 
common ingredient for food manufacturers; their production and 
consumption have been steady over the past decade.

According to Mintel’s Global New Products Database (GNPD), 
since 2001 more than 265 food products having CyDs have 
been listed, with a more than 30% share of beverages (Cabral 
Marques, 2010). Molecular encapsulation on CyDs derivatives 
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(alkylated and CyD polymers) are preferable to design better car-
riers. To further improve the desirable qualities of CyD in food 
encapsulation, it has been variously chemically modified. Meth-
ylated, ethylated, acetylated, and their respective hydroxyl and 
sulfo forms are being investigated. Polymeric β-CyDs have been 
employed in the rational design of water-soluble or insoluble car-
rier systems.

Pagington (1986a,b) listed several methods of preparing flavor/
CyD inclusion complexes, including stirring or shaking a solution 
of CyD with the guest and filtering off the precipitated complex, 

Table 6.4 CD-Assisted Molecular Encapsulation in 
Foods and Approved in Various Countries

Country or 
Organization α-CyD β-CyD γ-CyD
Canada Filed for novel food status, 

Jul. 2006

EU Novel food, approved 2008 Carrier for food additives 
(<1 g/kg)

Novel food, filed Jan. 2010

FSANZ Novel food, Jan. 2004 Novel food, 2003

Japan Natural product Natural product Natural product

Korea Approved for dietary 
supplement

Approved for dietary 
supplement

Approved for dietary 
supplement

Mercosur states Food approved

Mexico Follow FDA approvals with an 
import license

Follow FDA approvals with an 
import license

Follow FDA approvals with an 
import license

Philippines Food approved — Food approved

Taiwan Approved for dietary 
supplement

— —

Thailand — Approved for dietary 
supplement

USA GRASa, Jan. 2004 GRASb, Oct. 2001 GRASa, Sep. 2000

WHO/FAO ADI = not specified Jun. 2001 
and Jun. 2004

ADI = 5 mg/kg per day,  
Jan. 1995

ADI = not specified 1999  
and 2000

adi, acceptable daily intake; Eu, European union; fda, us food and drug administration; fsanZ, food standards australia new Zealand; 
gras, generally regarded as safe; WHo/fao, World Health organization/food and agriculture organization of the united nations; the 
mercosur states are argentina, Brazil, paraguay, uruguay, and venezuela.
a gras in a wide range of intended use in food.
b gras as a flavor protectant.
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blending solid CyD with the guest in a mixer and drying, and pass-
ing the vapor of a guest flavor through a CyD solution. Qi and 
Hedges (1995) provided experimental details of a coprecipitation 
method deemed most suitable for laboratory evaluation. Howev-
er, large-scale production is generally accomplished by the paste 
method (which may be called a slurry method) since less water 
must subsequently be removed during drying.

5.11 coacervation
Coacervation is commonly called phase separation. In this 

technique the core material is completely entrapped by the matrix. 
This technique involves the precipitation or separation of a colloi-
dal phase from an aqueous phase (Dziezak, 1988). Coacervation 
technique involves the separation of a liquid phase of coating ma-
terial from a polymeric solution, coating of that phase as a uniform 
layer around suspended core particles, followed by coating solidifi-
cation. Commonly, the batch-type coacervation processes consist 
of three steps with continuous agitation. ( Pagington, 1986b; Kirby 
and Needs, 1996; Kirby et al., 1991). First step includes  formation of 
a three-immiscible chemical phase, followed by deposition of the 
coating on the particle and finally the solidification of the coating 
material to form the final product. Since the coacervation microen-
capsulation methodology involves chemical interactions between 
different molecules, a lot of research has been done to evaluate 
various coating materials suitable for various purposes. Coating 
systems—such as gliadin, heparin/gelatin, carrageenan, chitosan, 
soy protein, polyvinyl alcohol, gelatin/carboxymethylcellulose, 
β-lactoglobulin/gum acacia, and guar gum/dextran—have been 
widely studied for this purpose (Gouin, 2004). The most studied 
and well-understood coating system among them is the gelatin/
gum acacia system. However, in recent years, modified coacerva-
tion processes have also been developed that can overcome some 
of the problems encountered during a typical gelatin/gum aca-
cia complex coacervation process, especially when dealing with 
encapsulation of heat-sensitive food ingredients such as volatile 
flavor oils (Shahidi and Han, 1993; Ijichi et al., 1997; Soper and 
Thomas, 1998). Another type of method in coacervation encap-
sulation, the complex coacervation, is used in the food industry. 
Here, two hydrocolloids (one polycationic and the other polyan-
ionic) interact through ionic bonding, to form a complex on the 
surface of hydrophobic droplets (flavoring), thereby serving as 
the capsule wall. This process has changed very little from the 
time it was patented by Green and Schleicher (Reineccius, 2009). 
The process starts by dissolving one of the hydrocolloids in water 
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and adding flavoring (hydrophobic liquid) onto it with continu-
ous mixing, to form an emulsion. The second hydrocolloid is then 
added as a solution, and pH is adjusted to a point where the two 
hydrocolloids bear a net opposite charge for interaction. The sys-
tem is diluted with water so that when it is cooled to gel, the entire 
mass does not form a gel. At this time, the two hydrocolloids inter-
act through ionic bonding to form the final wall. Finally, the cap-
sules are harvested by filtering and freeze-dried or mixed with a 
drying agent such as silicates (Reineccius, 2009). Since, in the ear-
lier stages, the particle is the template for formation of the capsule 
wall, its size is the primary determinant of the final capsule size. 
Literature cites their size to be extremely small (in the nanometer 
range); theoretically, it is difficult to make food-grade coacervates 
of less than 100 µm without rigorous agglomeration. Further, to 
make the capsule more durable in handling and insoluble in 
application, it can be chemically cross-linked to harden the wall 
structure. Cross-linking may be done with glutaraldehyde, trans-
glutaminase (enzyme), or other cross-linking chemicals. All other 
major encapsulation systems are soluble (or slowly soluble) in wa-
ter and, therefore their flavoring is released quickly on hydration. 
The slow-release property of coacervates by diffusion through the 
insoluble capsule wall on hydration, makes it an attractive process 
where slow release is required, for example, in thermally processed 
foods ( Reineccius, 2009). Due to these qualities coacervation has 
found application in food industry.

6 Edible Films Formed in Encapsulation
6.1 materials

Just as the encapsulation process is chosen on the basis of sev-
eral factors, so are the materials used in this process. Materials are 
chosen on the basis of compatibility with a process, cost, flavor type, 
stability during storage, legal and religious constraints, and func-
tionality in the final application. Depending on the market demand, 
the flavoring used in an all-natural food should be of a natural wall 
material such as gum acacia or pectin or a nonemulsifying wall ma-
terial such as maltodextrin for water soluble flavoring. However, if 
the flavoring is insoluble, emulsifying food polymer such as modi-
fied starch, gum acacia, or protein is employed. Generally, various 
considerations are to be taken into account in selecting the raw 
material for encapsulation. The most common raw material used 
in flavor encapsulation is water-soluble carbohydrates that provide 
different functions in different encapsulation processes. The most 
commonly used carbohydrates are listed in Table 6.5.
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6.1.1 Gum Acacia
Gum acacia is the material traditionally used for the encapsu-

lation of food flavors. It is derived from the gum of the acacia tree, 
which is grown in the semidesert region of North Central Africa. 
While there are over 1350 species of the acacia tree, only a few 
species are used for gum manufacture (primarily Acacia senegal 
and Acacia seyal). Gum acacia is a polymer made up primarily of 
d-glucuronic acid, l-rhamnose, d-galactose, and l-arabinose hav-
ing a small amount of protein (from traces to >2%, depending on 
species). The protein is believed to be primarily responsible for 
its emulsification properties. The tree is unique among the plant 
gums since it exhibits low viscosity at relatively high solids (c. 300 
cps at 30–35% solids), and is a very good emulsifier (Reineccius 
et al., 2003a). A. senegal is produced by the tree in response to ar-
tificial injury which are gathered from under the trees, dried on 

Table 6.5 Food Polymers Used for Encapsulation

S. No.
Encapsulation 
Material Compound Class Primary Function

Encapsulation 
Process

1. Chemically modified 
starch

Polysaccharide Emulsification (film former) Spray drying

2. Corn syrup solids Starch hydrolysate Bulking agent (oxygen 
barrier)

Spray drying

3. Carrageenan, alginates, 
pectins, and so forth

Polysaccharide Polycation polymer Coacervation

4. Chitosan Polysaccharide Polyanionic polymer Coacervation and 
spray drying

5. Cyclodextrins Oligosaccharide Host molecule Inclusion complex 
formation

6. Gelatin Hydrolyzed protein Polycation polymer Coacervation

7. Glucose, sucrose, sugar 
alcohols

Mono- and disaccharides 
and alcohols

Filler (oxygen barrier) Spray drying and 
extrusion

8. Gum acacia Polysaccharide Emulsification (film former) 
polyanion polymer

Spray drying and 
coacervation

9. Maltodextrin Starch hydrolysate Bulking agent Spray drying and 
extrusion

10. Whey proteins, 
caseinates

Protein Polycation polymer and 
emulsification

Coacervation and 
spray drying
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the tree before harvesting by hand, sorting, grading, and distribut-
ing to processors. Processors remove foreign materials by grind-
ing the gum, solubilizing it in water, filtering, or centrifugation, 
pasteurization followed by spray drying. While gum may be sold 
in the crude form, conditions of harvesting and storage result in 
contamination by microbes and foreign materials, so it must be 
cleaned prior to use as a food ingredient. Production of gum from 
the tree is a costly process due to the amount of work put in to 
making the gum more functional. Researchers have searched for 
the alternatives by looking into of this raw material or improv-
ing the performance of lesser quality gums so they may be used 
in place of the expensive A. senegal. A series of articles from the 
Phillips Hydrocolloids Research Centre (United Kingdom) has 
described a method to age gums to increase their emulsification 
performance (Reineccius et al., 2003a). According to them aged 
gums or gums from older tress offer better performance, and they 
propose in these articles and related patent that this can be done 
artificially to all gums. However, they did not evaluate their prod-
ucts for an encapsulation application (Reineccius et al., 2003a). 
Further, chemical modifications/additions like addition of an oc-
tenylsuccinate anhydride to the gum have been proposed to offer 
better emulsification and good encapsulation performance com-
pared to the original gum (Reineccius et al., 2003a).

6.1.2 Modified Food Starch
Starches are not natural emulsifier however, it make a contri-

bution to emulsion stability, by affecting its viscosity. The emulsi-
fication properties in encapsulation matrices are required for food 
application, as in beverage flavor emulsions or cloud emulsions. 
This encouraged chemical modifications in the starch as in chem-
ical addition of octenylsuccinate to partially hydrolyzed starch. 
Octenyl succinate-derivatized starches are excellent emulsifiers, 
and display low viscosity at high solids (40–50% solids) and spray 
dry exceptionally well. Octenyl succinate at a 0.02 degree of sub-
stitution on the starch polymer may be used to attain the desirable 
properties in starch and still be approved for food use. The area of 
concern however, is that the octenyl succinate is not considered 
to be a natural product, and this may affect claims for food labels 
(eg, one cannot put a “100% natural” label on the product). The 
maltodextrins and corn syrup solids, produced by the treatment 
of starch using acid, enzyme or acid/enzyme, do not have emul-
sification properties. If product has a dextrose equivalent (DE) of 
less than 20, it is labeled as maltodextrin otherwise it is corn syrup 
solids. Emulsions are essential during encapsulation of lipophilic 
flavorings via spray drying, but are not an issue in encapsulation 
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of hydrophilic flavorings. In fact, they are often the wall material 
of choice when spray drying water soluble flavorings. However, for 
water insoluble flavorings, they may be used at sufficiently high 
solids levels to generate high viscosities for preparing temporary 
emulsions for spray drying, resulting instability to the finished 
product. Also, their use in encapsulation of water insoluble flavor-
ings can be dangerous as it might end up feeding pure flavoring 
into a spray dryer, an explosion may occur in the dryer. For reduc-
ing the final cost of the product, generally, a secondary emulsifier 
is added for the sole purpose of emulsification, while nonemulsi-
fying cheap sources like maltodextrins, corn syrup can make up a 
substantial proportion of wall material and perform the needed 
function as in encapsulation via extrusion, emulsification, basi-
cally. Literature has many references to cite blends of either gum 
acacia or modified starch with maltodextrins or corn syrup solids 
to take advantage of emulsification properties of gum acacia or 
modified starch, and then accomplishing a cost reduction through 
use of the maltodextrins/corn syrup solids. Also, a point to be tak-
en into consideration is that higher DE products do not dry well 
(spray drying) and are prone to caking on storage. Thus, the selec-
tion of DE product, as well as substitution level, must be chosen 
carefully (Reineccius et al., 2003a) while selecting the matrix.

6.1.3 Mono- and Disaccharides
Simple sugars (glucose, sucrose, lactose and maltose, and their 

hydrogenated products) also find use in encapsulation of flavor-
ings (extrusion and spray-drying processes). They are used to 
some extent as fillers (starch hydrolysates) and, more important, 
are used to confer increased oxidative stability to encapsulated 
flavorings. They might be used as 10–40% of wall solids; higher 
levels result in poor drying properties and caking during storage. 
Other polysaccharides like simple sugars, pectin, carrageenan, 
alginate, and chitosan are used in flavor encapsulation via coac-
ervation. Pectin, carrageenan, and alginate find uses as anionic 
hydrocolloids (in place of gum acacia), while chitosan serves as 
the cationic hydrocolloid (in place of protein), however, their use 
is limited due to their high viscosity which make them difficult to 
atomize in a spray-drying operation at solids level required for 
economics in operation.

The flavor/aromatizing substances generally are rich in several 
components. Therefore, it is imperative that all the components 
must be integrated into the complex without shifting its composi-
tion. For example, the most hydrophobic guest molecule will be 
complexed first when several potential guest molecules are pres-
ent in solution. Many essential oils, natural and synthetic coffee 
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flavors are stabilized with CyDs to avoid its loss during storage or 
exposure to light or oxygen. These encapsules, in proximity with 
water, immediately released the complex-bound flavor substanc-
es (Szente and Szejtli, 1988, 2004; Jackson and Lee, 1991a; Szente 
et al., 1988; Mourtzinos et al., 2008; Pothakamury and Barbosa-
Canovas, 1995). These inclusion complexes last for a longer period 
and are highly stable at the high temperatures encountered dur-
ing industrial food processing. Encapsulation can also overcome 
sensitivity due to radiation, as seen in citral that cyclizes under 
UV irradiation, like other cyclic mono-terpenes, resulting in major 
taste modifications. This can be prevented by complexation with 
β-CyD. Astray et al. (2009) have shown that encapsulation protec-
tive effect is more marked on solid-state materials than in aque-
ous solutions, where a portion of the guest species could leak from 
the complex. The suitability of starches for retaining volatile meat 
flavor encapsulation was proved effectively by Jeon et al. (2003). 
β-Farnesene, the most volatile component of chamomile flow-
ers, could be partially protected from volatilization during freeze-
drying (Fig. 6.4). It has been experienced that during storage, the 
β-CyD inclusion complex shields volatile substances from evapo-
ration more efficiently, whereas microcapsules made up of modi-
fied starches, as wall material, were more heat tolerant (Tsotsas 
and Mujumdar, 2011). Inclusion of carvone, a highly volatile com-
pound used as sprouting inhibitor, into β-CyD was found to reduce 
volatility and improves stability. This was applied for its enhanced 
and efficient use during potato storage (Cabral Marques, 2010). 
The vegetable-based essential oils are highly sensitive to oxida-
tion, decomposition, and evaporation, when exposed to the air, 
light, or heat. The necessary functions of aroma materials are to 
provide a pleasing odor, to camouflage the original unpleasant 
smell of the product, and to give the product an identity. Howev-
er, since fragrance materials are hydrophobic or insoluble com-
pounds and usually exist in a liquid state, the perfuming process 
is not straightforward (Cabral Marques, 2010). However, they can 
be stabilized by β-CyD inclusion complexes that significantly re-
duce the volatility, oxidation, and heat-decomposition (Locci 

Figure 6.4. Structures of some components of essential oils of vegetable origin.
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et al., 2004) Due to reduced oxidation property, CyDs have been 
effectively used as antibrowning agents in different fruit juices as 
browning inhibitors. The color preservation of fruit juice during 
processing and storage was proved by Lopez-Nicolas et al. (2007). 
CyD complexation has been widely used in the food industry for 
components stability, preservation of certain flavors, colors, or 
vitamins associated with certain ingredients during processing 
or on storage. The controlled release of 1-methylcyclopropene 
(1-MCP), gaseous inhibitor of ethylene perception, is being used 
widely for apples and ornamental products, and can further be 
extended to postharvest packaging and storage of perishable hor-
ticultural products.

CyD-encapsulated fragrance materials have higher solubil-
ity and reduced evaporation. The interaction of the guest mol-
ecule with CyDs creates a higher energy barrier to overcome 
volatilization, thus producing long-lasting fragrances (Cabral 
Marques, 2010). Numanoğlu et al. experimented extensively to 
demonstrate possibility of increased stability, water solubility, 
and decreased volatility, and of fragrance materials in linalool and 
benzyl acetate. He was able to convert these substances from liq-
uid to powder form by preparing their inclusion complexes with 
β-CyDs and 2-HPβCyD and showed their controlled release. Also, 
the stability of these compounds in gel formulations can be in-
creased by complex formation.

6.2 film performance
As stated earlier, the wall matrix (film) used for flavor encap-

sulation must meet several criteria, some of which are: it must 
form and stabilize an emulsion, retain flavors during encapsula-
tion, protect flavor during storage from evaporation and reaction, 
and then release flavor to the final food product on consumption. 
Based on these criteria, various edible films used in the encapsu-
lation of flavorings are outlined later.

6.3 Emulsification properties
The importance of imparting emulsifying properties depends 

upon the type of flavoring encapsulated, the encapsulation pro-
cess, and the final application of the encapsulated flavor. As noted 
earlier, hydrophilic flavoring do not require emulsions. Though a 
flavoring labeled as water soluble is generally a mix of alcohol or 
propylene glycol at 0.1% or slightly higher usage levels. If flavors, 
or any part thereof, are insoluble in the system being used for en-
capsulation, then an emulsifying matrix is required. Emulsifica-
tion is required to minimize flavor losses during the encapsulation 
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process (spray drying and extrusion processes). There is ample 
data in the literature showing that retention of water insoluble 
flavorings are substantially improved if a good-quality emulsion 
is prepared and used during the encapsulation process (Trubiano 
and Lacourse, 1988; Reineccius, 1998). The work of Soottitantawat 
et al. (2004) illustrated the benefit of a good-quality emulsion for 
the retention of water insoluble volatiles (limonene) during spray 
drying. One should bear this in mind that small mean particle siz-
es for more water-soluble volatiles does not necessarily improves 
the retention. Products such as dry savory mixes, baked goods, or 
confectionery products do not require the edible film to provide 
significant emulsification properties. However, a substantial por-
tion of dry flavorings is used in dry beverage mixes. Since, malto-
dextrins and corn syrup solids impart no emulsion stability, other 
than that due to their high viscosity, so an encapsulated flavor is 
based on maltodextrin or corn syrup solids cannot be used for 
a dry beverage flavor application, unless a secondary emulsifier 
is incorporated. Although an emulsifying agent such as a modi-
fied starch or gum acacia may be used in combination with the 
maltodextrin or corn syrup solid flavor carrier, secondary emulsi-
fiers are otherwise, not commonly used with spray-dried flavors. 
They are however, essential for manufacture and stability of ex-
truded flavorings. Both gum acacia and the modified food starch-
es are excellent emulsifiers. An advantage of using modified food 
starches for flavor encapsulation is their ability to form a stable 
flavor emulsion.

6.4 flavor retention
For the retention of the flavor, ability of an edible film to trap 

or hold onto flavor compounds, during the drying process is criti-
cal as loss of flavor, strength, and potentially will lead to imbal-
anced in character. During the encapsulation process, lighter and 
more volatile constituents gets preferentially lost resulting in dry 
flavor, lacking in the very volatile light fresh notes. Another area 
of concern during encapsulation is lost volatiles upon exit, either 
in spray-drying process through drier, or into the environment, 
which must be removed by a costly scrubbing process to protect 
the environment. Therefore, encapsulation materials that offer 
poor retention result in increased processing costs and decreased 
product quality. As mentioned earlier, modified food starches  
are excellent emulsifiers, and emulsion quality has a strong 
influence on flavor retention during spray drying (Risch, 1995; 
Baranauskiene et al., 2007). Thus, although both gum acacia 
and modified food starches yield good emulsions, their best 
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flavor retention property is partially attributed to higher infeed 
solids levels, which also improves flavor retention (Reineccius 
et al., 2003a). Maltodextrins, corn syrup solids, or simple sugars 
(and their alcohols) typically can be used at high infeed solids lev-
els, but their poor emulsification properties result in poor flavor 
retention during drying. Since solids content of the infeed slurry 
is the major determinant of flavor retention during drying, one 
would get a totally different ranking of carriers and retention if the 
experimental design involved use of carriers at constant viscosity. 
Dronen (2004) evaluated the retention of a volatile model flavor 
system (water soluble components) during spray drying prepared 
on a constant viscosity basis.

6.5 flavor release
Not only is flavor retention important, but flavor release from 

the encapsulated material is also essential. Preferably, all en-
capsulated flavorings should offer controlled release; however, 
sometimes a slow or delayed release is desirable. For example, re-
quirement could be no release of an encapsulated flavoring dur-
ing early stages of thermal processing, so a delayed release may 
result in less flavor loss, since flavor would be protected from heat 
until late in processing. In the case of an encapsulated flavoring 
for a dry beverage mix, one desires a rapid release on reconstitu-
tion. Thus, the desired flavor release will be dependent upon the 
application. Currently, these controlled release properties can be 
attained directly through the use of coacervation, extrusion, and 
inclusion complex formation. Since spray-dried particles are wa-
ter soluble, controlled release properties may be imparted to them 
through application of secondary coatings, for example, coating 
with a fat or shellac. Secondary coatings (eg, fats, oils, and shel-
lacs) are costly and problematic to apply, and therefore it is desir-
able to accomplish controlled release by choosing the appropriate 
encapsulation technique.

As mentioned earlier, coacervation, extrusion, and CyDs all 
may be used to impart controlled release properties to a flavoring. 
Coacervation does this through use of capsule materials that may 
be insoluble in the final application. Further, solubility and in-
solubility is also governed by cross linking. Cross-linked capsules 
will be insoluble irrespective of the food system, and noncross-
linked capsules may be “soluble” or insoluble depending upon the 
sample environment. It was observed that glutaraldehyde cross-
linked batches (small and large capsules) gave the lowest release 
intensity. If capsules are insoluble and retain their integrity in a 
food application, release is governed by diffusion through the cap-
sule wall. Yeo et al. (2005) had detailed on the controlled release 
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of flavor oil prepared by complex coacervation. They reported on 
how formulation, freeze–thaw cycles, and ionic strength can af-
fect release of encapsulated oil. Generally, in essence, dissolution 
of the capsule results in rapid release, while systems in which the 
wall matrix remained intact gave slower, diffusion-controlled re-
lease. Weinbreck et al. (2004) on their work on the encapsulation 
of sunflower oil, lemon oil, and orange oil in a gum acacia–whey 
protein coacervate, observed that larger capsules gave strongest 
flavor release (while eating).

Mourtzinos et al. (2008) demonstrated a similar disparity in 
release of geraniol and thymol from β-CyD: geraniol was rapidly 
released (nearly 100%), while thymol was only slowly and incom-
pletely released (30% into aqueous solution).

7 Retention of Volatiles
It has been found that during spray-drying encapsulation, 

loss of some volatiles including flavors is unavoidable. During 
the processing, many physical parameters including molecular 
weight, size of the core material and the vapor pressure of fla-
vor compounds may also affect the retention process (Reinec-
cius, 1996, 1998, 1999; Re, 1998; Goubet et al., 1998). Molecular 
weight can be correlated to molecular size, which influences the 
process of diffusion (Goubet et al., 1998; Leahy et al., 1983). Large 
molecular size generally results in slower diffusion rate, thereby 
molecules take longer time to reach the atomized droplet surface 
during drying, resulting in increased retention. Secondly, entrap-
ping of large molecule inside makes it impervious, promoting the 
retention. The same trend was noticed by Voilley (1995) in a mixture 
of 16 aroma compounds encapsulated in glucose, maltose, or corn 
syrup solids. He found that the retention rate of isoamyl butyrate 
(MW = 158) was higher than that of ethyl butyrate (MW = 116) or 
ethyl propionate (MW = 102) in all tested wall materials, except in 
maltose and corn syrup solid with dextrose equivalent 28.5.

7.1 relative volatility
The ability of a pure compound to reach the gaseous phase is 

defined as volatility which can be measured by the vapor pressure 
(Goubet et al., 1998; Reineccius and Mei, 2004). Relative volatility of 
a compound is calculated with respect to water (Bhandari, 2005). 
Higher the relative volatility, the lower the retention. The flavor 
retention of an encapsulated compound will be highly influenced 
by its polarity and permeability rate from the core matrix. Bangs 
and Reineccius (1988) have shown that retention of octenol, oc-
tanon, and octanal were related to their relative volatility when 
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they were encapsulated with maltodextrin and spray dried. Also, 
more polar compounds show less retention due to greater solubil-
ity of polar compounds in water (Re, 1998; Rosenberg et al., 1990; 
Voilley, 1995). As the water solubility of the volatile increases, the 
volatile losses increase, due to the permeability of water from the 
selective membrane, even at late stages of the drying process. Gou-
bet et al. (1998) revealed that the retention of aroma compounds 
with various functional groups is in the order of acids < alde-
hydes < esters ≤ ketones ≤ alcohols with acids having the mini-
mum retention. Therefore, it can be concluded that retention of 
volatiles depends on their molecular weight, relative volatility, 
polarity, and type of compound. These different parameters act 
on the capacity of the volatile to diffuse through the droplet sur-
face, and on its ability to form small pools. The final result is that 
small, very volatile, and water-soluble flavors are lost to a greater 
extent than the larger, less volatile, and water-insoluble flavorings 
(Reineccius, 1998, 1999, 2000, 2007, 2009). Besides the aforesaid 
factors in spray-drying microencapsulation, interactions between 
the volatiles and the wall material could be a possibility (Re, 1998). 
This interaction could be physical or physicochemical, resulting in 
the formation of insoluble complexes and molecular complexation 
of the wall material with the volatile through hydrogen bonds. 
These interactions may affect the retention indirectly by stabilizes 
the emulsion through the formation of the interfacial film.

8 Storage Stability
The most common problem encountered during storage of 

flavors is worsening due to oxidation. Flavor encapsulation films 
diverge greatly in their capacity to protect a flavoring from oxy-
gen. For example, dextrose equivalent in maltodextrins coating 
provides varying protection. The higher the dextrose equivalent, 
the better the protection against oxidation (Arvisenet et al., 2002). 
However, higher dextrose equivalent materials are poor in dry-
ing, yield poor flavor retention, and are very hygroscopic. These 
observations led to blending of emulsifying wall materials with 
higher dextrose equivalent maltodextrins, corn syrup solids, or 
simple sugars. Thus, sufficient emulsifying wall materials can be 
added to impart necessary emulsifying capacity, and corn syrup 
solids or simple sugars may be mixed to impart oxidative stabil-
ity; fortunately, this also lowers product costs. While modified 
food starches produce an encapsulated flavoring that has excel-
lent flavor retention and emulsion stability, they have tradition-
ally provided very poor protection against oxidation, the starch 
hydrolysates being inexpensive may be added for desired quality 
(Reineccius, 2000, 2009; Reineccius et al., 2003a).
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9 Conclusions
Currently, there is a growing awareness by consumers regard-

ing what they eat and what benefits certain ingredients have in 
maintaining good health (Poshadri and Kuna, 2010). With time, 
ingredients in food systems start oxidizing and degrading slow-
ly, losing their activity and becoming unsafe. Long-time storage 
also results in interingredients reactions, which may limit their 
bioavailability, or may change the physical properties (color and 
taste) of the food item. Most of these limitations can be overcome 
by microencapsulation. Encapsulation offers the possibility of 
using volatiles without encountering the aforesaid problems. An 
easy route to developing microencapsulated material is to modify 
existing methods developed for pharmacy, foods, agriculture, or 
cosmetics, keeping cost-competitiveness and the market in mind. 
Currently, the focus on the microencapsulation of food, oils, and 
flavors is on improving encapsulation efficiency and extending 
the shelf life of the products with an aim to produce high-quality 
encapsulated powders. For this, the factors affecting the efficiency 
of encapsulation, like the properties of the wall and core materials, 
the emulsion characteristics and drying parameters are being op-
timized for better results. The key advantage of smaller emulsion 
sizes is a better retention of volatiles in the spray-dried powder. 
As less flavor is lost during drying, therefore less raw material is 
required for the finished product to achieve the same flavor level. 
A second advantage is that smaller emulsion sizes also yield dried 
powders which have less extractable surface oil. Finer emulsions 
have the advantage of being more stable.
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7
ANTIMICROBIALS FROM HERBS, 
SPICES, AND PLANTS
Tarik Bor*, Sulaiman O. Aljaloud*,**, Rabin Gyawali*,  
Salam A. Ibrahim*
*North Carolina Agricultural and Technical State University, Food Microbiology 
and Biotechnology Laboratory, Greensboro, NC, United States; **King Saud 
University, Department of Exercise Physiology, College of Sport Sciences and 
Physical Activity, Riyadh, Saudi Arabia

1 Nanoencapsulation of Natural 
Antimicrobial Products
1.1 Challenges in Applying Lipophilic 
Antimicrobials in Foods

Natural antimicrobial compounds including plant-derived 
EOs are generally recognized as safe (GRAS), which allows their 
use in food preservation (Gyawali et al., 2011, 2014a,b; Gyawali 
and Ibrahim, 2012). Nevertheless, EOs are soluble in ethanol but 
only partially soluble in water up to 0.01% or 1.0 g/L (Burt, 2004). 
This raises an issue when these compounds are used in complex 
food models as natural antimicrobials. Fat and protein content of 
the foods may possibly bind with EOs such as thymol and eugenol 
and antimicrobial efficiency will be lost or reduced (Gyawali and 
Ibrahim, 2014).

Although EOs perform well in antibacterial assays in vitro, 
more EO is needed to see the same antibacterial effect in food 
samples. The fat, protein, water, antioxidant, preservative, salt 
content, and pH of the food can influence bacterial sensitivity 
of EOs with extrinsic factors such as temperature, packaging in 
vacuum/gas/air, and characteristics of microorganisms. The an-
timicrobial effect of EOs seems to be increased with a decrease in 
pH and storage temperature of the food and the amount of oxygen 
used for packaging. High levels of fat and/or protein content of 
foodstuffs protect the bacteria from the action of EOs (Burt, 2004). 
When the EO concentrations are increased up to the higher levels 
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required to inhibit or inactivate microorganisms, they may exceed 
regulatory levels and change the sensory threshold levels with 
intense  color, flavor, and appearance impacts on foods. EO com-
pounds are highly volatile and aromatic. This could have negative 
impact on the sensory properties when added into food products. 
For  example, lettuce samples treated with 1.0 g/L thymol and lem-
on balm were not acceptable by panelist in sensory evaluation. 
Eugenol may be required to add >1% in cheese and meat sys-
tems (Tassou et al., 1995). Therefore, if these EO compounds are 
encapsulated that could help solve these issues associated with 
the direct addition of the free compounds (Gutierrez et al., 2008; 
Shah, 2011).

2 Encapsulation Process
Encapsulation is used for delivery of food ingredients within 

capsules when the direct addition of food ingredient causes the 
risk for the quality of food product. These capsules are classified 
as nanocapsules if the sizes of these capsules are less than 100 nm 
while sizes of microcapsules are measured in micrometers. Nano- 
and microstructured clusters comprising emulsion systems pro-
duced with food-grade ingredients including food biopolymers 
(proteins, carbohydrates), fats, low molecular weight surfac-
tants, and copolymers (protein–carbohydrate conjugates) have 
been used to deliver functional ingredients into food products 
(Augustin and Hemar, 2009).

2.1 design of encapsulated Food ingredients
Encapsulated functional ingredients have to be designed by 

thinking its end application because functionality is dependent to 
its end application. Encapsulation is specifically used to protect 
and maintain quality and stability of functional food ingredients 
in a food product and it is required to overcome physical or chem-
ical instability of the functional ingredients, undesired interac-
tions of the ingredient with other components of the food matrix, 
or early release of flavor or bioactive ingredients. It is important to 
know the purpose of encapsulation and the mechanism for releas-
ing ingredients. Because this information helps to design encap-
sulated ingredients from the appropriate encapsulant matrix and 
formulation to choose the appropriate encapsulation process to 
produce a structure that protects the core and respond to exter-
nal stimulus for release of the functional or bioactive ingredient 
(Augustin and Hemar, 2009)
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2.2 Active Core
The flavoring agents, food acids and bases, lipids, food addi-

tives, minerals, colors, and vitamins are among the traditional 
encapsulated food ingredients. Recently, the encapsulation of bio-
active ingredients, specifically omega-3 oils, phytonutrients, and 
probiotics gained attention due to their health benefits. The sta-
bility of food ingredient core in microcapsule is dependent upon 
the chemical structure, molecular weight, polarity, and volatility 
of food ingredient (Augustin and Hemar, 2009).

2.3 matrix materials for encapsulation
The materials used as encapsulant can be selected from natural 

biomaterials or allowed food additives with generally recognized 
as safe (GRAS) status. Commonly used ingredients in encapsu-
lation are food biopolymers (proteins, carbohydrates), fats, low 
molecular weight surfactants, and copolymers. Their emulsifying 
properties and capacity to form gel networks and viscosity make 
them useful matrix materials (Augustin and Hemar, 2009).

2.3.1 Food Proteins
Soy proteins, milk proteins-caseins, and whey proteins, egg 

proteins, zein or hydrolysates of these proteins are used as encap-
sulant matrices. Due to their amphiphilic nature, proteins tend to 
self-assemble. Their assembly into gelled structures can be trig-
gered by acidification which neutralizes the charge of the protein 
as the pH reaches the isoelectric point (pI) of the protein, or by 
heating which causes unfolding and exposure of hydrophobic 
groups. Proteins can assemble at interfaces and they may serve as 
an effective transporter of bioactive molecules because of their li-
gand binding features. Another milk protein, β-lactoglobulin, has 
high affinity for hydrophobic molecules such as fatty acids and 
retinol. Heating stimulates the production of protein–carbohy-
drate conjugates by the Maillard reaction. The Maillard reaction 
affects the solubility, gelling, and emulsifying properties of pro-
teins. The protein in emulsions is anchored at the interface and 
the carbohydrate protrudes into solution and this enhances the 
colloidal stability of the protein-based emulsion (Augustin and 
Hemar, 2009).

2.3.2 Food Carbohydrates
Sugars (eg, glucose, sucrose, oligosaccharide, glucose syrup) and 

polysaccharides (eg, starch and starch products—low and high-
amylose starch, dextrins; nonstarch polysaccharides—alginate, 
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pectin, carrageenan, gum arabic, chitosan, cellulose derivatives, 
cyclodextrin) are generally used as components of encapsulant ma-
trix. Food carbohydrates can produce glassy solids where they can 
give structural support to delivery system. Based on their structures, 
they are able to bind specific molecules (Augustin and Hemar, 2009).

Starch and maltodextrins have applications as encapsulant 
matrices. Maltodextrins are useful to produce dehydrated encap-
sulated systems. Maltodextrins provide structural integrity to the 
final product and their incorporation in place of simple sugars 
in formulations reduces stickiness during drying. There are two 
main polysaccharides in starch: amylose and amylopectin. The 
majority of food carbohydrates are not surface active except for 
gum arabic and they have to be used by combining with other in-
gredients with high emulsifying capacity. Gum arabic is surface 
active in addition to providing structural stability to both and wet 
dry encapsulation systems (Augustin and Hemar, 2009).

2.3.3 Lipids
Lipids (eg, natural fats and oils, monoglycerides, diglycerides, 

phospholipids, glycolipids, waxes—beeswax, and carnauba wax) 
may be used for encapsulation. The majority of food fats (eg, milk 
fat, soybean oil, cocoa butter) have triglycerides as a major com-
ponent (∼98%). These nonpolar lipids carry lipophilic bioactive 
molecules in emulsion systems. Active cores can be embedded in 
solid fat matrix and released with increasing temperature. Fats are 
protective moisture barriers as encapsulant matrices in systems. 
Polar lipids (eg, monoglycerides, phospholipids, glycolipids) are 
surface active due to their amphiphilic character and they can be 
used for stabilizing emulsions including active food ingredients 
(Augustin and Hemar, 2009).

3 Encapsulation Techniques
Several different processes can be used for encapsulation of 

functional ingredients. Physical and chemical characteristics of 
the core and the elements that control the interfacial and assem-
bling properties of the matrix materials is required to decide on 
suitable encapsulation process for designing encapsulated ingre-
dients (Augustin and Hemar, 2009).

3.1 spray drying
Spray drying is a well-established and commonly used encap-

sulation process in food industry since it is more cost-effective 
than others. It is 30–50 times cheaper than freeze drying. Dried 
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ingredients are valuable because of their availability and shelf 
life stability. To produce a spray dried encapsulated ingredient, 
the basic process includes dissolving the core in a dispersion of 
the encapsulant matrix. The dispersion is atomized and exposed 
heated air for rapid drying of droplets. The powder particles are 
then separated from the drying air (Augustin and Hemar, 2009; 
Gharsallaoui et al., 2007).

Encapsulant matrix needs high solubility in water. Desirable 
features are forming high solids at low viscosity, and good film and 
emulsifying capacity. Hydrophobic core materials are usually dis-
solved in oil phase and oil-in-water emulsions while hydrophilic 
cores are dispersed in aqueous phase comprising water-soluble 
encapsulant wall material (Table 7.1). Hydrophobic core mate-
rial is coated by interfacial membrane after drying and it can be 
released by disruption the integrity of this membrane. Spray dry-
ing is used for generation of many encapsulated ingredients such 
as vitamins, minerals, flavors, enzymes, polyunsaturated oils, 
and probiotic microorganisms. It may be used for heat sensitive 
and volatile ingredients (Gharsallaoui et al., 2007; Augustin and 
Hemar, 2009).

3.2 spray Cooling
Active core dispersed in liquefied matrix is atomized into a 

cool environment such as cool air. Generally high melting fats are 
used as the matrix material. Fat solidifies during cooling and the 
core is immobilized. Water-soluble functional ingredients such 
as enzymes, flavors, and food acids are incorporated into solid 
fat particles (lipospheres) for delaying the release of core mate-
rial. These ingredients are applied in dry products (Augustin and 
Hemar, 2009).

3.3 Freeze drying
Freeze drying can be used for ingredients which are very 

sensitive to heating processes. Commercial application of freeze 
drying is limited for high-value ingredients such as probiotics. 
Spray-drying process is cheaper and faster than freeze drying 
(Augustin and Hemar, 2009). Recently used wall materials for 
encapsulation by freeze drying were listed in Table 7.2.

3.4 Fluidized bed Coating
This technique was originally developed as a pharmaceu-

tical technique and now it is applied in the food industry to in-
crease efficiency of functional ingredients and additives. Food 
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Table 7.1 Recently Used Wall Materials for 
Encapsulation of Different Food Ingredients by Spray 

Drying
Encapsulated Ingredient Wall Materials and Stabilizers References
Oregano, citronella, and marjoram 
flavors

Whey proteins/milk proteins Baranauskiene et al. (2006)

Cardamom oleoresin Gum arabic/modified starch/maltodextrin Krishnan et al. (2005)

Bixin Gum arabic/maltodextrin/sucrose Barbosa et al. (2005)

d-Limonene Gum arabic/maltodextrin/modified starch Soottitantawat et al. (2005)

Cumin oleoresin Gum arabic/maltodextrin/modified starch Kanakdande et al. (2007)

Paprika oleoresin Gum arabic/soy protein isolate Rascon et al. (2011)

Black pepper oleoresin Gum arabic/modified starch Shaikh et al. (2006)

Short chain fatty acid Gum arabic/maltodextrin Teixeira et al. (2004)

Extra virgin olive oils Gum arabic/maltodextrin/sodium caseinate/
starch/lactose/gelatin

Calvo et al. (2010)

Fish oil Maltodextrin combined with whey protein 
concentrate or modified starch

Jafari et al. (2008)

Caseinate glycated with glucose, glucose 
syrup, or dextrans

Drusch et al. (2009)

Barley protein Wang et al. (2011)

Conjugated linoleic acid Whey protein concentrate/whey protein 
isolate/maltodextrin/Maillard reaction products 
of whey protein isolate and maltodextrin

Choi et al. (2010b)

Flaxseed oil Gum arabic Tonon et al. (2011)

Maltodextrin/gum arabic/whey protein 
concentrate/modified starches

Carneiro et al. (2013)

Polyphenols and anthocyanins 
from juice and ethanolic extracts 
of pomegranate

Soybean protein isolates/maltodextrin Robert et al. (2010)

Probiotic (Lactobacillus 
rhamnosus GG) preparations

Whey protein isolate/maltodextrin/glucose/
inulin

Ying et al. (2012)

Probiotic (Lactobacillus plantarum) Regular and denatured whey protein isolates 
with sodium alginate

Rajam et al. (2012)

Probiotic (Bifidobacterium Bb-12) Whey protein De Castro-Cislaghi et al. 
(2012)
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technologists should consider more about the cost of this expen-
sive technology. Top spray film coating of food ingredients seems 
more feasible than other fluidized bed coating methods (Dewet-
tinck and Huyghebaert, 1999). This process contains spraying a 
coating solution into a fluidized bed of solid particles. A continu-
ous coating film formed after a few cycles of wetting–drying pro-
cesses. After several cycles of wetting–drying, a continuous film is 
formed (Guignon et al., 2002). The solid particles are suspended in 
air and matrix material for coating core materials is sprayed onto 
particles. The matrix material can be dispersion or concentrated 
solution, a hot melt or an emulsion. This technique can be used 
to provide extra protection for spray-dried powders (Augustin  
and Hemar, 2009). This technology is one of the few advanced tech-
nologies have the capacity to coat solid particles with any type of 
shell material such as polysaccharides, proteins, emulsifiers, fats, 

Encapsulated Ingredient Wall Materials and Stabilizers References
Chia essential oils Whey protein concentrate/mesquite gum/gum 

arabic
Rodea-Gonzalez et al. (2012)

Cinnamon oleoresin Gum arabic/Maltodextrin/Modified starch Vaidya et al. (2006)

Phospholipid Maltodextrin blended with sodium caseinate, 
gelatin, and soy protein

Yu et al. (2007)

Lycopene β-Cyclodextrin Nunes and Mercadante 
(2007)

Thymol Whey protein Isolate/maltodextrin conjugate Shah et al. (2012b)

Eugenol Whey protein isolate/maltodextrin conjugate Shah et al. (2012c)

Lipase enzyme isolated from 
endophytic fungus Cercospora 
kikuchii

Maltodextrin/β-cyclodextrin Costa-Silva et al. (2010)

Elderberry (Sambucus nigra L.) 
juice

Maltodextrin/gum acacia/soya milk powder/
soya protein powder/isolated soya protein

Murugesan and Orsat (2011)

Fresh ginger oil Maltodextrin/whey protein Toure et al. (2011)

Thymol, geraniol β-Cyclodextrin/modified starch Mourtzinos et al. (2008)

Source: Adapted from Gharsallaoui et al. (2007) and updated with recently made researches.

Table 7.1 Recently Used Wall Materials for 
Encapsulation of Different Food Ingredients by Spray 

Drying (cont.)
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Table 7.2 Recently Used Wall Materials for 
Encapsulation of Different Food Ingredients by Freeze 

Drying
Encapsulated Ingredient Wall Materials and Stabilizers References
Turmeric oleoresin Maltodextrin/gelatin Malacrida et al. (2013)

Fennel oleoresin Gum arabic mixtures Chranioti and Tzia (2013)

Biofilm-like Lactobacillus rhamnosus 
probiotics

Chitosan/alginate/carrageenan Cheow and Hadinoto (2013)

Garcinia fruit extract Whey protein isolate/maltodextrin Ezhilarasi et al. (2013)

Potassium norbixinate and curcumin Maltodextrin Sousdaleff et al. (2012)

Limonene Gum arabic/sucrose/gelatin Kaushik and Roos (2007)

Argentine red wine (Cabernet 
Sauvignon) polyphenols

Maltodextrin Sanchez et al. (2011)

Lycopene extract from tomato pulp Gelatin/poly (γ-glutamic acid) Chiu et al. (2007)

Flavourzyme enzyme Chitosan/alginate/poly l-lysine Anjani et al. (2007)

Fish oil β-Cyclodextrin/polycaprolactone Choi et al. (2010a)

Curcumin Hydrophobically modified starch (HMS) Yu and Huang (2010)

Thymol, geraniol β-Cyclodextrin/modified starch Mourtzinos et al. (2008)

Vacuum-dried pineapple pulp powder Maltodextrin/gum arabic Gabas et al. (2007)

Curcumin Pluronic triblock copolymer micelles Sahu et al. (2011)

Baker’s yeast (Saccharomyces cerevisiae) 
cells/β-cyclodextrin/modified starch

Paramera et al. (2011)

Probiotic lactic acid bacteria 
(Lactobacillus spp.)

Bacterial cellulose (nata)/skim milk/calcium 
alginate

Jagannath et al. (2010)

Probiotics (Lactobacillus, 
Bifidobacterium, and Lactococcus 
species

Alginate/lecithin/starch Donthidi et al. (2010)

Prebiotic and probiotics 
(Lactobacillus gasseri and 
Bifidobacterium bifidum)

Chitosan/calcium alginate beads Chavarri et al. (2010)

Cinnamaldehyde, thymol β-Cyclodextrin Cevallos et al. (2010)

Methanolic extract of Hypericum 
perforatum (St. John’s wort)

β-Cyclodextrin Kalogeropoulos et al. (2010)

Eugenol β-Cyclodextrin Seo et al. (2010)
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complex formulations, enteric coating, powder coatings, yeast 
cell extract, and so forth. Thus, the controlled release possibili-
ties are remarkably more variable than any other encapsulation 
methods (Poshadri and Kuna, 2010). Fluidized bed coating is used 
to supply encapsulated versions of vitamin C, B vitamins, ferrous 
sulfate, ferrous fumarate, sodium ascorbate, potassium chloride, 
and variety of vitamin/mineral premixes. For bakery applications, 
products such as vitamin C, acetic acid, lactic acid, potassium sor-
bate, sorbic acid, calcium propionate, and salt are encapsulated 
by using fluidized bed coating method. Encapsulated vitamin C is 
used as effective potassium bromated replacer. Several food acids 
have been fluid-bed encapsulated to develop color and flavor sys-
tems in meat industry. These acids are used to obtain a reproduc-
ible pH in cured meat products and decrease the processing time. 
To prevent rancidity, fluid-bed encapsulated salt is used in meats 
(Dewettinck and Huyghebaert, 1999).

3.5 extrusion
Extrusion microencapsulation has been used especially for 

the encapsulation of volatile and unstable flavors in glassy car-
bohydrate matrices. This process provides a very long shelf life to 
oxidation-prone flavor compounds like citrus oils. Shelf life can 
be up to 5 years for extruded flavor oils while it is 1 year for spray-
dried flavors and a few months for unencapsulated citrus oils. 
Carbohydrate matrices in glassy states form a very good barrier 
and the extrusion method is very convenient for encapsulation of 
such flavors in carbohydrate matrices. Extrusion can be used for 

Encapsulated Ingredient Wall Materials and Stabilizers References
Olive leaf extract β-Cyclodextrin Mourtzinos et al. (2007)

β-Carotene Mannitol matrix Sutter et al. (2007)

Regular and modified pinhão starch/gelatin Spada et al. (2012)

Trehalose Thermally responsive pluronic nanocapsules Zhang et al. (2009)

Egg yolk immunoglobulin (IgY) Chitosan/alginate Li et al. (2007)

Table 7.2 Recently Used Wall Materials for 
Encapsulation of Different Food Ingredients by Freeze 

Drying (cont.)
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encapsulating nutraceuticals as well. Extrusion is the most suit-
able process for glassy carbohydrates as shell materials (Poshadri 
and Kuna, 2010). Syringe extrusion is used for production of al-
ginate beads and for the formation of alginate beads an alginate 
solution is extruded as droplets into a calcium chloride solution 
at lower temperatures. In another extrusion method called spin-
ning disk, core materials suspended in a matrix material solution 
are passed over a rotating cylinder to form microparticles. Double 
capillary is used in centrifugal extrusion method. Core material is 
in the inner capillary and matrix material is on the outer capillary 
(Augustin and Hemar, 2009).

3.6 microencapsulation based 
on supercritical Fluids

In microencapsulation processes, the core material is dissolved 
in matrix material solubilized in a supercritical fluid such as 
carbon dioxide. The core material is encapsulated in matrix ma-
terial by removing the carbon dioxide. The dispersion is sprayed 
through nozzle and a particulate material containing the core ma-
terial is produced in a process called rapid expansion of supercrit-
ical solutions (RESS) (Augustin and Hemar, 2009). Romo-Hualde 
et al. (2012) obtained bioactive natural vitamins from red pepper 
(Capsicum annuum L.) by-products using supercritical fluid ex-
traction and stabilized them with microencapsulation method.

3.7 Coacervation
Often called phase separation, coacervation is accepted as a 

real microencapsulation method and involves the precipitation 
or separation of colloidal phase from an aqueous phase. Water 
soluble or a nonsolvent polymer is used in simple coacervation 
and this polymer competes for solubilization of gelatin solution 
with hydrophobic interactions. The capsule is produced by ionic 
interactions between oppositely charged polymers in the complex 
coacervation method. In complex coacervation usually protein 
molecules and anionic macromolecules such as gelatin and gum 
arabic carry positive charges. Coacervation comprises the separa-
tion of liquid phase of coating material from a polymeric solution 
right after coating of this phase as a uniform layer around sus-
pended core material particles (Poshadri and Kuna, 2010).

A complex is formed when the opposite charge of biopolymer 
solutions is mixed. Biopolymer type, pH, ionic strength, concen-
tration, and the ratio of biopolymers have impacts on the affinity 
of biopolymers and the structure of the complex formed. One 
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phase or two phases can occur depending on biopolymers in-
volved and different conditions. In the two-phase system, one of 
the phases has reduced both of the biopolymers whereas the other 
phase is enriched in both biopolymers in a precipitated form or 
complex coacervate. One of the restrictions in using coacervates 
is their sensitivity against pH and ionic strength. To allow the per-
manence of coacervates, they may be cross-linked. Enzymatic 
cross-linkers such as transglutaminase are more acceptable than 
glutaraldehyde in the food industry. Plant polyphenols have been 
recently used to cross-link gelatin-based coacervates (Augustin 
and Hemar, 2009).

Heat-resistant nanocapsules of jasmine essential oil were ob-
tained via a gelatin and gum arabic mixture using complex coacer-
vation encapsulation method (Lv et al., 2014). Jun-Xia et al. (2011) 
microencapsulated sweet orange oil by complex coacervation 
with soybean protein isolate and gum arabic. Leimann et al. (2009) 
use simple coacervation for microencapsulation of lemongrass 
(Cymbopogom citrates) EO, known because of its broad-spectrum 
antimicrobial activity. The size of microcapsules was in the range 
of 10–250 µm. No agglomeration was observed in microcapsules 
when SDS (sodium dodecyl sulfate) at 0.03 wt% was used. Com-
plex coacervation with transglutaminase as a hardening agent was 
used to prepare the gelatin/gum arabic microcapsules encapsu-
lating peppermint oil. During the 40 days of storage of microcap-
sules in cold water only about 7% of peppermint oil was released, 
showing excellent storage stability (Dong et al., 2011).

Nori et al. (2011) encapsulated propolis extract by complex co-
acervation using isolated soy protein and pectin as encapsulant 
agents. They were successful to obtain the encapsulated propo-
lis extract in a powdered form, alcohol free, stable protecting its 
antioxidant and antimicrobial activities and with the possibility 
of controlled release in foods. Eugenol was microencapsulated 
using gelatin/sodium alginate complex coacervation. Eugenol 
microcapsules had good flow properties and therefore improved 
handling. Treatment with dehydrating agent caused reduction in 
loading and percent encapsulation efficiency of eugenol micro-
capsules (Shinde and Nagarsenker, 2011). Martins et al. (2009) de-
veloped a novel coacervation method to produce microcapsules 
of polyactide (PLA) to encapsulate thyme oil. The new approach 
in their method was dissolving PLA in dimethylformamide (DMF), 
which is good solvent for PLA and highly soluble in water. The ho-
mogenous solution of PLA in DMF stimulates the precipitation 
of PLA around the thyme oil core. They achieved to form micro-
capsules with a mean particle size of 40 µm, 5 µm wall thickness, 
spherical shape, and rough surface. To optimize and control the 
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kinetics of gelatin–acacia complex, coacervation method is used 
for encapsulation of emulsified oil droplets. This study showed the 
formation of nanomicroparticles could be highly related to kinet-
ics of freezing process and particle properties can be adjusted by 
playing with the freezing operation (Nakagawa and Nagao, 2012).

Silva et al. (2012) encapsulated oily dispersion of lycopene by 
complex coacervation using gelatin and pectin and characterized 
the properties of microcapsules. Although they formed micro-
capsules with high values of encapsulation efficiency, they could 
not stop the degradation of the lycopene during storage period. 
Gum arabic–chitosan microcapsules containing commercially 
product Miglyol 812N (blend of triglycerides) as core phase were 
synthesized by complex coacervation. For the emulsion step, the 
optimum phase volume ratio chosen was 0.10 and an emulsion 
time of 15 min was selected. The results showed that the optimum 
formation of these complexes appears at pH 3.6 and a weight 
ratio of chitosan to gum arabic mixtures of 0.25 (Butstraen and 
Salaun, 2014).

Ozyildiz et al. (2013) showed antimicrobial action of red pep-
per seed oil (RPSO) after ozonation and they microencapsulated it 
for the preparation of functional textile material as a first report-
ed material in this field. They ozonated and microencapsulated 
RPSO by the complex coacervation method using gelatin and gum 
arabic as wall materials.

3.8 Liposomes
Liposomes are spherical bilayer vesicles, which are formed as 

polar lipid dispersions in aqueous media. They have been widely 
used in the pharmaceutical industry in the delivery of drugs, vac-
cines, hormones, enzymes, and vitamins to their targets in the 
body but they have limited applications in the food industry. 
Phospholipids have commonly been used to prepare unilamellar 
or multilamellar liposomes. Liposomes can range from 25 nm to 
several micrometers in diameter, are easy to make, and can be 
stored by freeze-drying. They are carriers for both lipophilic and 
hydrophilic molecules. The entrapped active materials are sta-
bilized against environmental factors such as pH, temperature, 
and ionic strength. The core material can be released when the 
gel to liquid transition temperature of phospholipids is reached. 
Cholesterol can be added to improve the resistance of liposomal 
system to degradation when it is exposed to in vitro and in vivo 
conditions. The composition of phospholipids determines the 
number of layers in liposomal systems. Fatty acids can also be 
used to form liposomes. Small lipophilic molecules can permeate 
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through liposomal bilayer although sugars and large polar mole-
cules cannot permeate (Augustin and Hemar, 2009; Poshadri and 
Kuna, 2010).

Liolios et al. (2009) incorporated carvacrol and thymol isolated 
from EO of Origanum dictamnus L. in phosphatidyl choline-based 
liposomes and were able to increase antimicrobial activity of 
these compounds after encapsulation against four Gram-positive 
bacteria: Staphylococcus aureus (ATCC 25923), Staphylococcus 
epidermidis (ATCC 12228), Staphylococcus mutans (ATCC 31989), 
and Staphylococcus viridans (ATCC 19952); four Gram-negative 
bacteria: Pseudomonas aeruginosa (ATCC 27853), Escherichia coli 
(ATCC 25922), Enterobacter cloacae (ATCC 13047), and Klebsiella 
pneumoniae (ATCC 13883); three human pathogenic fungi: Can-
dida albicans (ATCC 10231), Candida tropicalis (ATCC 13801), 
and Candida glabrata (ATCC 28838); as well as against the food-
pathogen, Listeria monocytogenes (11994). The antioxidant and 
antimicrobial activity of O. dictamnus methanol or dichloro-
methane extracts was increased after encapsulation in liposomes 
(Gortzi et al., 2007). Varona et al. (2011) studied the corporation of 
lavandin (Lavandula hybrida) EO in liposomes formed with leci-
thins and cholesterol. They used thin-film method and particles 
from gas-saturated solutions (PGSS) drying process to produce 
liposomes. Liposomes produced by a thin-film method were mul-
tivesicular or unilamellar/multilamellar with a mean diameter of 
0.4–1.3 µm and encapsulation of EO was carried out at 66% effi-
ciency. The EO of Brazilian cherry (Eugenia uniflora L.) leaves was 
incorporated into multilamellar liposomes by dry film hydration 
without causing phase separation in the membrane structure 
(Yoshida et al., 2010).

3.9 molecular inclusion Complexes 
with Cyclodextrins

This technique is performed at a molecular level. Cyclic oligo-
saccharides of α-(1, 4) linked glucopyranose units, cyclodextrins, 
are used as a microencapsulation method due to their capacity to 
form molecular inclusion complexes. The interior part of cyclo-
dextrins is hydrophobic whereas their exterior side is hydrophilic. 
The size of hydrophobic internal cavity that carries hydrophobic 
molecules is determined based on the number of glucose units. 
The α-cyclodextrin is a cyclic derivative of starch made up of sev-
en glucopyranose units. They are prepared from partially hydro-
lyzed starch by an enzymatic process. The internal cavity of about 
0.65 nm diameter allows the inclusion of EO compounds and can 
take up one or more flavor volatile molecules. In this encapsulation 
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method, the flavor compounds are entrapped inside the center of 
cyclodextrin molecule. Complex formation with a hydrophobic 
molecule is driven due to displacement of water from the interior 
of cyclodextrin is energetically favorable. The formation of inclu-
sion complexes increases the solubility of hydrophobic molecules 
in water and core ingredient is protected against degradation. Un-
expected odors and flavors can be masked. The hydrophobic mol-
ecule is usually displaced by heating (Augustin and Hemar, 2009; 
Poshadri and Kuna, 2010).

4 Encapsulation of Lipophilic 
Antimicrobials

Functional ingredients (such as drugs, antimicrobials, vita-
mins) are rarely used in their pure form—they are usually incor-
porated into delivery systems. The roles of delivery systems are 
(1) they serve as a vehicle for carrying the functional ingredient to 
the desired site of action; (2) they protect it from chemical or bio-
logical degradation during processing, storage, and utilization—
this helps to keep it in active phase; (3) they control the release of 
functional ingredient; and (4) they have to be compatible with the 
other components in the system, as well as being compatible with 
qualitative and physicochemical attributes (Weiss et al., 2006). 
Finally the delivery system should be prepared with food-grade 
ingredients using simple, cost-effective processing operations if it 
will be used in the food industry (McClements et al., 2007).

The delivery system characteristics influence the efficiency of 
functional ingredients in industrial products. Different types of 
delivery systems has been developed for encapsulating functional 
ingredients including simple solutions, association colloids, emul-
sions, biopolymer matrices and so on (Weiss et al., 2006). Delivery 
systems have advantages and disadvantages for encapsulation, 
protection, and delivery of functional agents in terms of their cost, 
regulatory status, ease of use, biodegradability, biocompatibility, 
and so on (McClements et al., 2007).

5 Nano- Versus Microencapsulation
The majority of research has been conducted on the use of 

emulsion-based delivery systems for encapsulation of lipophilic 
compounds such as flavors, fat-soluble nutrients, and antimicro-
bial EOs (McClements et al., 2007; Shah, 2011). Glenn et al. (2010) 
encapsulated thymol, clove, origanum, and camphor white EOs 
in high-amylose starch-based porous microspheres. They used 
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spray-drying method oil-in-water emulsions to produce capsules 
of the size of 5 µm. The encapsulation properties of skimmed milk 
powder (SMP) and whey protein concentrate (WPC) for the coat-
ing of EO of oregano and aroma extracts of citronella and sweet 
marjoram by spray-drying method were evaluated. SMP-coated 
products had a smoother surface while WPC contains more dents 
and wrinkles on the surface of capsules. Particle sizes ranged from 
6 µm to 280 µm and 2 µm to 556 µm for SMP and WPC, respective-
ly, for microencapsulated products (Baranauskiene et al., 2006). 
Farhang (2009) used maltodextrin at different ratios for micro-
encapsulation of elemi and peppermint oils by spray drying of 
emulsion in a laboratory dryer. Donsì et al. (2012) used algae oil in 
oil-in-water emulsions and stabilized with whey protein isolate. 
The oxidative stability of emulsion was increased by using EDTA at 
concentrations ≥1 µM at both pH 3.0 and 7.0. Biopolymer materi-
als such as chitosan, sodium alginate, and carrageenan have been 
used to produce stabilized and multilayered emulsions for addi-
tional protection of EOs (Perez et al., 2009; Shah, 2011; Wang and 
Lucey, 2003). Elshafei et al. (2010) made environmentally friendly 
pesticides using water-in-oil-in-water (W/O/W)–type emulsions 
of EOs from eucalyptus, linalool, and marjoram stabilized with 
xanthan gum. Solid lipid microparticles were designed to reduce 
volatility of the antimicrobial compound extracted from juniper 
berries (Gavini et al., 2005).

5.1 milk proteins and Carbohydrates 
as emulsifying Agents

Different carbohydrate-based matrices such as starch, malto-
dextrin, gum arabic, and milk protein-based matrices were used 
to encapsulate several lipophilic ingredients like EOs and flavor 
volatiles. Whey protein–maltodextrin conjugates are recently used 
as emulsifying agents. Because of their tendency to be adsorbed at 
fluid interfaces, these amphiphilic whey proteins can be used as 
perfect emulsifiers during encapsulation of lipophilic compounds. 
Bovine serum albumin, α-lactalbumin, and β-lactoglobulin form 
about 60% of total whey proteins, whereas lactoferrine and immu-
noglobulins are some of the minor ingredients. Because of their 
low cost and nutritional value, whey protein isolate and whey 
protein concentrate gained more interest for encapsulation. Their 
applications in the food industry are limited by environmental 
conditions such as thermal processing, ionic strength, and pH. 
These proteins are denatured, unfolded, and aggregated during 
heating above 60°C. Negatively charged carboxyl and positively 
charged amine groups are present in proteins and these charged 



284  Chapter 7 AntimiCrobiALs From herbs, spiCes, And pLAnts

groups are important during interparticle repulsion. It is more ef-
fective around pH 5.0, which is close to their isoelectric point (pI) 
and the presence of high ionic concentrations. Interparticle affin-
ity is increased at the isoelectric point of proteins and this causes 
protein precipitation resulting in increased turbidity and solid gel 
formation in the system. These effects are usually seen during stor-
age and can negatively impact acceptability by consumer. Whey 
proteins have some unique benefits useful for their functional 
properties in food such as heat resistance and increased emulsify-
ing capacity when they are processed together with food additives 
such as polysaccharides. However polysaccharides do not exhibit 
surface activities but they are extremely hydrophilic. Thus, they 
contribute to stabilizing and jellifying properties and rheology 
of the aqueous phase. For dispersion and foam stabilizing meth-
ods, heat-induced protein-polysaccharide conjugates have been 
suggested. Proteins are conjugated with carbohydrates by dry 
heating mixtures to stimulate covalent coupling of proteins and 
carbohydrates also known as Maillard reaction (Akhtar and Dick-
inson, 2003, 2007; Dickinson, 2003; Kato, 2002; Shah, 2011).

Condensation occurs between unprotonated amine group 
from lysine residues of proteins and carbonyl group of carbohy-
drates without chemical catalysis at the early stage of Maillard 
reaction (Wannes et al., 2010). The functional properties of whey 
proteins such as solubility, formation of soluble aggregates, and 
interfacial properties can be improved by conjugating them with 
alginates, carrageenans, xanthan, and pectins. Functional prop-
erties of conjugates are dependent upon hydrophilic property, 
viscosity, and binding number of polysaccharides. The suitable 
properties of conjugates can be adjusted by protein: polysaccha-
ride ratio, size and conformation of polysaccharides and proteins 
based on their applications in food industry (Shah, 2011). Whey 
protein isolate has been conjugated with hydrolyzed polysaccha-
rides such as maltodextrin and used for encapsulating lipophilic 
ingredients comprising orange oil, ginger oil, avocado oil, and 
conjugated linoleic acid to make them resistant to oxidative stress, 
volatilization, and improve their bioactivity (Akhtar and Dickin-
son, 2003; Bae and Lee, 2008; Choi et al., 2010b).

5.2 nanoencapsulation of eos for enhanced 
Antimicrobial effectiveness

The antimicrobial activity of EO is remarkably lowered in foods 
because of the poor solubility in water that causes nonhomog-
enous dispersion in food matrices (Gutierrez et al., 2008). They 
have high affinity to lipids, proteins, and other food compounds 
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because of their hydrophobicity and chemical structure. This ten-
dency reduces their antimicrobial activity (Burt, 2004).

To assure targeted antimicrobial efficacy is the same as in 
growth media, EOs need to be used at higher concentrations 
in foods and this causes changes in sensory properties of foods 
and decreases acceptance by consumers (Weiss et al., 2009). 
For this reason, EOs are encapsulated with stabilizing materials 
such as gum arabic and starches (Kanakdande et al., 2007), and 
proteins (Gbassi et al., 2009). As one of the emulsion-based sys-
tems, nanoemulsions are dispersions of nanoscale droplets less 
than 100 nm formed with high shear application. The separation 
of these droplets may be carried out by microfluidization or ul-
trasonication. Nanoemulsion systems require greater amount of 
surfactant when compared with microemulsions. Nanoemulsion 
of triglyceride oils can be achieved by using microfluidizers, low 
molecular weight surfactants and cosolvent for stability of the oil 
phase. Nanoemulsions are transparent systems whereas micro-
emulsions scatter light. This property is important in food appli-
cations because lipophilic antimicrobials can be delivered in clear 
emulsions. Droplets have a smaller size and potential to increase 
the bioavailability of core material due to increased surface area 
when compared with conventional emulsion systems (Augustin 
and Hemar, 2009). Nanoencapsulation of thymol and carvacrol in 
liposomes (Liolios et al., 2009), eugenol (Shah et al., 2012b), thy-
mol (Shah et al., 2012c), terpenes mixture, and d-limonene (Donsi 
et al., 2011) in nanocapsules was performed to enhance their anti-
microbial activities. These processes need high energy use, expen-
sive materials, or involve a lot of steps. Microemulsions nanoscale 
systems require more surfactants and cosurfactants, which are 
very expensive and under regulation; therefore their applications 
in food industry are limited (Shah, 2011).

The principals behind using emulsion-evaporation system to 
obtain food grade nanocapsules with encapsulated antimicrobi-
als involve dissolving natural lipophilic antimicrobial in a volatile 
organic solvent to form an oil phase with its emulsification into 
aqueous phase containing dissolved whey protein isolate (WPI)–
maltodextrin (MD) conjugates, followed by spray drying to remove 
hexane. Spray drying is widely used in food industry to stabilize 
volatile ingredients such as EOs during processing and storage pe-
riods and to increase bioactivity of encapsulated lipophilic com-
pounds in food matrices because it is a simple, fast, and low-cost 
method. Additionally, products in a powdered form are compat-
ible for long-term storage, handling, and transportation. WPI–MD 
conjugates are selected as emulsifiers. Amphiphilic whey proteins 
adsorb onto the lipophilic EO phase and hydrophilic maltodextrin 
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moiety can be solved in aqueous phase and this will improve dis-
persion capacity and reduce aggregation of particles because of 
steric hindrance (Shah, 2011).

5.3 physicochemical properties
Shah et al. (2012c) chose the thymol as a model lipophilic an-

timicrobial due to its strong antibacterial and antifungal activity. 
They used the conjugate preparation method of Akhtar and Dick-
inson (2007) but modified heating temperature, drying method, 
MD chain lengths, and WPI:MD ratios. Emulsions created with 
different WPI:MD ratios were spray dried. Spray-dried powders 
were loaded with thymol. Nanocapsules were hydrated at 5% w/v 
powder concentration in deionized water at room temperature 
(20°C) for 14 h and adjusted to pH 3.0, 5.0, and 7.0 for character-
ization. They showed that optimization of emulsion preparation 
conditions and conjugation of WPI and MD can help minimize 
losses and improve the encapsulation efficiency after spray dry-
ing. When spray-dried capsules were hydrated, an overall 0.525% 
w/v overall thymol concentration was obtained for some nanodis-
persions, which is much higher than the solubility limit of thymol.

They could obtain some clear dispersion with an increase in vi-
sual clarity after heating at both salt concentrations. Samples made 
with a WPI:MD mass ratio of 1:2 produced dispersions with higher 
clarity after heating. They showed that formulations need to be 
optimized to achieve visual clarity, improved dispersion proper-
ties, and heat resistance in dispersions. Most of the formulations 
used to prepare nanodispersions gave less than 100 nm capsules 
after heating at pH 3.0 and 7.0, at both salt concentrations. The 
improved dispersibility and thermal stability of these disper-
sions are highly relevant to conjugates to possibly form core-shell 
structures where the MD shell allows for steric hindrance stabiliz-
ing particles. The presented scalable technology in their research 
may be used to disperse different types of lipophilic antimicrobial 
compounds in clear liquid forms, making an important contribu-
tion to functional beverage industry (Shah et al., 2012a).

Shah et al. (2012b) used eugenol as a model compound for 
encapsulation in WPI:MD40 with 1:2 ratios. Emulsifying the oil 
phase of eugenol in hexane into an aqueous phase with dissolved 
conjugates and spray drying are the two main steps of encapsula-
tion process. Following the hydration of spray-dried powders, sev-
eral samples containing eugenol above its solubility limit formed 
transparent dispersions at ph 3.0 and 7.0 after heating at 80°C for 
15 min that corresponds to smaller than c. 100 nm mean diam-
eters of particles.
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5.4 Antimicrobial Activity in Growth media
Shah (2011) dispersed thymol in nanocapsules obtained with 

WPI: MD180 conjugates at 1:2 ratios. The antimicrobial effects 
of nanodispersed (ND) and free thymol were tested against E. 
coli O157:H7, Salmonella typhimurium, L. monocytogenes, and 
S. aureus in TSB adjusted to pH at 35°C for E. coli and 32°C for L. 
monocytogenes. They showed that the MIC for ND and free thymol 
against all tested strains at pH 6.8 was 0.5 g/L, except for E. coli 
ATCC 43889 and Lm strains Scott A, which were inhibited by 0.3 g/L 
free oil. Lm was completely inhibited at this concentration at pH 
5.5 after 3 h, whereas E. coli showed 1–3 log CFU/mL reduction af-
ter 48 h. The effect of temperature was not statistically significant. 
They were able to produce clear nanodispersions of thymol with 
promising antimicrobial activity against foodborne pathogens.

Shah et al. (2013) investigated the antimicrobial activities of 
ND eugenol (NE) and free eugenol (FE) against E. coli O157:H7 
and Lm strains in TSB at 35 or 32°C. The antimicrobial efficacy of 
NE against all tested strains was not improved with MIC and MBC 
values being 0.25 g/L higher than those of FE. FE performed better 
in TSB because there was no interfering compound and the MIC 
and MBC were below solubility of eugenol.

5.5 Antimicrobial Activity in Food systems
Shah et al. (2012b) compared the antimicrobial activities of free 

and ND thymol (NT) against E. coli O157:H7 and L. monocytogenes 
strains in apple cider and 2% reduced fat milk. Overall, 0.5 and 
1.0 g/L thymol in nanodispersions and free thymol were inhibi-
tory and bactericidal respectively, against all tested strains at all 
different pH and thymol concentrations. NT at 0.5 g/L concentra-
tion has bacteriostatic activity against Lm and E. coli for up to 48 
h at pH 5.5. At pH 3.5, Lm controls could not survive after 12 h but 
E. coli survived and was inhibited by 0.5 g/L NT after 12 h and 48 h 
in apple cider. E. coli strains were sensitive to 4°C and pH 3.5. In 
2% reduced milk at 35 or 32°C NT and free thymol inhibited tested 
bacterial strains at 4.5 g/L concentration.

Shah et al. (2013) investigated the antimicrobial activities of ND 
eugenol (NE) and free eugenol (FE) against E. coli O157:H7 and 
Lm strains in milk with different fat levels (whole, 2% reduced fat, 
and skim milk) at 35 or 32°C. NE was more effective than FE, with 
MIC and MBC values above the solubility of eugenol. The NE was 
thought to be equally dispersed in food matrices at concentrations 
above the solubility limit of eugenol and supplied the eugenol at 
specific locations when the binding to food compounds caused 
eugenol level decrease less than required amount for inhibition.
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6 Conclusions
Plant-derived natural products contain active compounds that 

have antimicrobial properties. However, natural compounds are 
very sensitive to light and heat and many food processing condi-
tions. As a result, these the compounds have poor stability in food 
systems. To overcome these challanges, different types of encap-
sualtion methods as described in this chapter have been proven 
to be effective when applied in food systems for the control and 
prevention of foodborne pathogens. By using nanoencapsulation 
technology, active ingredeints can be easily incorporate that can 
be delivered effectvely. In addition, nanocapsulation methods 
also shown to mask unwanted flavor as well as to improve the bio-
availability of the active ingredeints present in the food systems. 
Therefore, use of enacapsulation techniques offer potential ad-
vantages over traditional food preservation methods.
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1 Introduction
Due to increasing concern about human health, modern food 

technologies usually involve complicated formulations, with 
various bioactive ingredients used (Sagalowicz and Leser, 2010; 
Gutierrez et al., 2013; Maswal and Dar, 2014; McClements, 2013; 
Davidov-Pardo and McClements, 2014; Fathi et al., 2014). This 
is needed for stabilizing food products and improving their 
organoleptic characteristics. However, a large number of addi-
tives (stabilizers, preservatives, vitamins, and nutraceuticals) are 
hydrophobic substances poorly mixing with aqueous food disper-
sion and unstable against light, temperature, pH changing, and 
oxygen. Therefore, one of the key challenges of the food industry 
is to design effective delivery systems with controlled binding/
release functions toward active components. While many stable 
biocompatible delivery systems with low toxicity, high loading 
capacity, and controlled release behavior have been designed, 
the majority of them are oriented toward pharma practice. To 
meet the criteria of the food industry, additional factors should 
be taken into account. In particular, (1) food products have to 
be prepared for daily consumption, and therefore all ingredients 
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must be Generally Recognized as Safe (GRAS); (2) all the carrier 
components should be inert with regard to their influence on the 
transparency, color, flavor, and food value of products; (3) deliv-
ery systems need to show long-term stability including periods of 
food processing, transport and storage, thereby preserving their 
protective function toward food product. For example, these for-
mulations should enhance the stability of sensitive compounds, 
for example, vitamins (Ziani et al., 2012; de Britto et al., 2012), 
decrease evaporation and degradation of volatile bioactives, for 
example, aromas (Maswal and Dar, 2014; Fadida et al., 2015), mask 
unpleasant tastes (Gharsallaoui et al., 2012), or limit exposure to 
oxygen, water, or light (Nedovic et al., 2011).

This chapter focuses on three lines of investigations, that is, (1) 
amphiphile-based formulations (micelles, micro- and nanoemul-
sions, liposomes, solid lipid nanoparticles); (2) polymer-based strat-
egies for the encapsulation of food ingredients including  aromas 
and flavors; and (3) molecular complexes based on the guest–host 
interactions. The survey of recent literature demonstrates that the 
first direction has received much attention, since the use of amphi-
philes makes it possible to fabricate soft formulations through non-
covalent methods with controlled size, morphology, and binding 
capacity. Therefore, this theme is addressed in a separate section, in 
which the application of lipid formulations in food industry is the 
main subject. Besides, the design of novel amphiphilic molecules, 
the elucidation of their self-assembly, and the structure-activity 
relations are discussed as well. The next section is devoted to the 
polymer-based strategies, with natural polymers emphasized. 
Milk proteins (casein), polysaccharides (chitosan), and others are 
discussed, including coating techniques through layer-by-layer 
deposition with the use of synthetic and particularly edible poly-
electrolytes. The final part of the chapter concentrates on the 
involvement of macrocyclic compounds (calixarenes, cyclodex-
trines) for binding of small guest molecules via selective guest–host 
interactions; as well as on the binding/release behavior of loads, in-
cluding both trigger-like mechanisms and sustained release.

2 Self-Assembled Delivery Systems Based 
on Amphiphilic Compounds
2.1 Structure-Activity Correlation as a Basis for the 
Design of Nanocontainers

The surfactant-based formulations are widely used in food in-
dustry, which is mainly due to their ability of self-assembling in 
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solutions. Surfactant aggregates formed in aqueous media, the 
so-called direct micelles, have nonpolar interior responsible for 
their solubilization ability toward hydrophobic guests. Our sci-
entific activity focuses on the design of amphiphilic compounds 
and elucidation of the structure-activity correlation (Zakharova 
et al., 2004, 2010b, 2012c; Zakharova and Konovalov, 2012). In par-
ticular, the correlation between chemical structure, morphology 
of aggregates and their functional activity (solubilization power, 
catalytic and antimicrobial activities, and drug delivery efficacy) 
has been confirmed. Despite the fact that cationic surfactants 
show higher toxicity compared to nonionic counterparts, they 
possess marked advantages due to their high affinity toward dif-
ferent biospecies, for example, DNA, cell surfaces, negatively 
charged proteins, and so forth. Besides, their head group is eas-
ily functionalized, which provides the possibility for the control 
of their morphological behavior. Therefore, systematic investiga-
tions involving homological series of cationic surfactants make it 
possible to elucidate the role of hydrophobicity, the structure of 
head group, and the spacer length in the case of dimeric (gemini) 
surfactants.

The series of cationic surfactants with alkyltrimethylam-
monium (TMA), triphenylphosphonium (TPP) (Gainanova 
et al., 2012; Vagapova et al., 2013a,b), morpholinium (Mirgoro-
dskaya et al., 2014b; Yackevich et al., 2014), and 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) (Zhiltsova et al., 2012; Zakharova 
et al., 2012a; Karpichev et al., 2014; Pashirova et al., 2015) head 
groups were studied including mono- and dicationic analogs 
(Mirgorodskaya et al., 2012a,b, 2014c) (Fig. 8.1). Apart from single 
surfactant solutions, mixed systems with cosurfactants (Mirgoro-
dskaya et al., 2014a) and polymers (Vasilieva et al., 2014a; Zakha-
rova et al., 2010a; Mirgorodskaya et al., 2012c) were investigated 
as well. While the key role of hydrophobicity in surfactant aggre-
gation is reliably documented, effect of the modification of head 
group structure is not predictable. Therefore, the structure-activ-
ity relations may provide an effective tool for the control of the 
aggregation behavior and functional activity of supramolecular 
assemblies, including their use as delivery systems. This may be 
exemplified by the replacement of methyl by hydroxyethyl frag-
ment in the head group of TMA surfactants, which resulted in 
enhancement of solubilization capacity and catalytic effect of the 
systems (Mirgorodskaya et al., 2012a,b). This effect increases upon 
transition from mono- to dicationic analogs and is probably due 
to the additional involvement of specific interactions in the case 
of hydroxyethylated surfactants. Interestingly, catalytic (or inhibi-
tion) activity of amphiphiles in combination with their influence 
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on the acid-based equilibria may be of particular interest from the 
viewpoint of modifying the stability of active components or deg-
radation of pollutants in medicine, food, and analytical and eco-
logical applications.

An even stronger effect is observed upon the variation of the 
scaffold of polar fragment or the nature of the charged atom, 
as it occurs in the series TMA–morpholinium–DABCO–TPP 
surfactants. While critical micelle concentration (cmc) shows 
little changes with the transition from TMA to morpholinium 
and DABCO head group, their aggregation behavior markedly 
differs. In particular, sharp growth of micelles occurs in aque-
ous solution of DABCO-16 micelles around the cmc (Zhiltsova 
et al., 2012; Pashirova et al., 2010), with aggregate size exceeding 
100 nm. Mono- and diquaternized DABCO derivatives show su-
perior solubilization, catalytic, and antimicrobial activities over 
those of TMA surfactants. Increase in alkyl chain length typically 
enhances aggregation and catalytic properties, while a maximal 
antimicrobial effect corresponds to DABCO-14 or DABCO-16 
derivatives (Fig. 8.2).

Figure 8.1. Structural formulas of cationic amphiphiles.
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The variation of charged atom in cationic surfactants from ni-
trogen to phosphorus results in a marked change in the interaction 
of charged species in the Stern layer, including their solvation and 
degree of counterion binding. For TPP series, a 10-fold lower cmc 
and markedly lower Krafft temperatures are observed compared 
to TMA surfactants (Gainanova et al., 2012), which is followed by 
increase in solubilization capacity and catalytic effect toward al-
kali degradation of organophosphorus ecotoxicants (Fig. 8.3).

Additional tools of the control of structural behavior and func-
tional activity can be provided by the use of binary or polycom-
ponent formulations (Zakharova et al., 2004, 2010a,b; Zakharova 
and Konovalov, 2012; Vagapova et al., 2013a,b;  Mirgorodskaya 
et al., 2012c, 2014a; Vasilieva et al., 2014a). Addition of cosur-
factants (Mirgorodskaya et al., 2014a), uncharged polymers 
(Vagapova et al., 2013a,b; Mirgorodskaya et al., 2012c) or polyelec-
trolytes (Vasilieva et al., 2014a; Zakharova et al., 2010a) results in 
synergetic decrease in cmc, as well as enhancement in solubiliza-
tion capacity and catalytic activity. It is noteworthy that size be-
havior undergoes the most considerable modification upon tran-
sition from single surfactant solution to mixed systems, including 
polymer-colloid complexes, which makes it possible to precisely 
tune the size, morphology, and functional properties of the as-
sembles (Vagapova et al., 2013a,b; Vasilieva et al., 2014a; Zakha-
rova et al., 2010a; Mirgorodskaya et al., 2012c). Marked effect on 
properties of supramolecular systems can be achieved upon their 
structural and phase transitions, for example, reverse (water/oil) 

Figure 8.2. From left to right: cmc; the catalytic effect in reaction of hydrolysis of phosphorus acid esters 
(4-nitrophenyl ethylchloromethylphosphonate, triangles and 4-nitrophenyl butylchloromethylphosphonate, squares); 
the solubilization capacity toward hydrophobic dye Sudan I and the biological activity toward the collection of 
test-strains of microorganisms [Staphylococcus aureus-209 P (St.aur.); Escherichia coli F50 (E. coli); Bacillus cereus 
8035 (B. cer.) and Candida albicans (C. alb.)] as function of number of carbon atoms in mono- (1), di-(2), and tetra- (3) 
quaternized derivatives of 1,4-diazabicyclo[2.2.2]octanes shown in Fig. 8.1.
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to bicontinuous to direct (oil/water) microemulsions (Fig. 8.4) 
(Zuev et al., 2004); sphere-rod micellar transition (Zakharova 
et al., 2004, 2010b), temperature induced percolation in reverse 
micelles (Zakharova et al., 2004, 2010b), micelle-to-vesicle (Vo-
ronin et al., 2013; Gabdrakhmanov et al., 2013), micelle-to-liquid 
crystal (Zakharova et al., 2004), and so forth.

To decrease the toxicity and enhance the biocompatibility of 
the systems, cationic surfactants with natural fragments—uracilic 
(Voronin et al., 2011; Zakharova et al., 2012d, 2014; Kharlamov 
et al., 2013b), diterpenoid (Voronin et al., 2013; Gabdrakhman-
ov et al., 2013; Kataev et al., 2014), glucamine (Gabdrakhmanov 
et al., 2015), and nonionic amphiphiles—were involved as well. 
For the series of dicationic uracilic (both of open-chain and mac-
rocyclic) surfactants aggregation, solubilization and functional 
activities have been examined and compared with those of mono-
cationic analog and TMA series. Their solution behavior was 
shown to depend on hydrophobicity, especially on the presence 
of long chain alkyl group in the uracil fragment (Zakharova and 
Konovalov, 2012). The latter markedly enhances the aggregation 
ability and functional activity. Due to the shielding effect of ura-
cilic moiety localized around head groups, low binding degree of 
counterions and hence a rather high surface charge of aggregates 

Figure 8.3. Schematic representation of solubilization and catalytic effect of TPP 
micelles toward bioactive substrates of lower (on the left) and higher (on the 
right) hydrophobicity; here S denotes substrate and Nu denotes nucleophile.
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occurs. This in turn causes the polarization and even the dissocia-
tion of water in solvate shells, thereby generating the OH /OH3

− +  
pair. While OH− ions bind with nitrogen cations, H+ ions acidify 
the bulk solution. For mixed systems based on uracilic macrocycle 
(Fig. 8.1) and nonionic surfactant, Triton X-100 stimuli-responsive 
behavior was revealed, with transition from cationic mixed mi-
celles to nonionic aggregates occurring at the variation of pH 
(Kharlamov et al., 2013b). This can be used for the control of bind-
ing capacity of the system toward charged solutes.

2.2 Application of Micelles and Microemulsions in 
the Food Industry

The classification of food additives based on their technologi-
cal function divides them on five categories, that is, agents (1) im-
proving the color, flavor, and taste of products; (2) modifying the 
texture and appearance; (3) enhancing stability and shelf life of 
products; (4) facilitating the technological processes; (5) auxiliary 
substances. As supplements, natural compounds and synthetic 
counterparts with similar structures and properties are typically 
used, as well as novel nontoxic synthetic materials (Fig. 8.5). The 
use of these additives is often limited by their poor mixing with 
food, which can be overcome by introducing the dispersing ad-
ditives. Micellizable surfactants favoring the formation of stable 
polycomponent colloid systems (microdispersions) are widely 

Figure 8.4. Dependences of observed rate constant of basic hydrolysis of 
4-nitrophenyl acetate (a) and 4-nitrophenyl caprylate (b) on volume fraction of 
water in quaternary microemulsions (NaOH concentration in aqueous phase is 
0.01 mol/L).
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used as dispersing agents. Among them, solubilizers promoting 
the formation of transparent thermodynamically stable colloid 
systems, that is, micellar solutions and microemulsions, are of 
particular interest. The use of solubilizers makes it possible to in-
troduce hydrophilic solutes into oil media, and vice versa to mix 
hydrophobic compounds with aqueous solution, thereby increas-
ing their biocompatibility and environmental protection (Garti 
and Aserin, 2012; Flanagan and Singh, 2006). As mentioned pre-
viously, solubilization ability of surfactant solution is caused by 
their self-assembly. Beyond cmc, direct micelles with nonpolar 
interior are formed in aqueous solution, while reverse micelles 
with polar head groups inside occur in oil media (Mittal, 1977). 
Solubilization capacity of surfactants strongly depends on their 
structure and increases with alkyl chain length (Zakharova 

Figure 8.5. Structural formulas of selected active ingredients used for the modification and stabilization of food 
products.
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et al., 2004, 2010b, 2012c; Zakharova and Konovalov, 2012; Gain-
anova et al., 2012; Zhiltsova et al., 2015). For cationic surfactants, 
the essential role of head group structure was revealed (Zakharova 
and Konovalov, 2012; Gainanova et al., 2012); in particular, solubi-
lization capacity toward hydrophobic dye increases in the series 
TMA < TPP < DABCO head group.

A variety of publications are devoted to the application of sur-
factants in analytical assays for the quality control of food prod-
ucts, with micellar liquid chromatography (MLC) attracting the 
growing interest (El-Shaheny et al., 2015). In MLC technique, sur-
factant micellar solution is used as a micellar mobile phase, with 
following surfactant properties involved: (1) ability of solubilizing 
and concentrating of substances that are insoluble in dispersion 
media; (2) selective solubilization effect contributed by hydropho-
bic, electrostatic, donor–acceptor, and stacking interactions allow-
ing to differentiate and separate components of dispersions; (3) 
ability of surfactant monomer adsorbing on the sorbent surface, 
thereby dynamically modifying the stationary phase. Substantial 
advantages are offered by MLC over other analytical techniques 
in terms of retention and selectivity, time saving, direct injection 
of the sample, high reproducibility, simultaneous separation of 
ionic and nonionic species, rapid gradient capability, and so forth. 
MLC technique is widely used for the control of harmful impuri-
ties in food products, for example, drugs (Nasr et al., 2014), toxic  
biogenic amines (cadaverine, 2-phenylethylamine, histamine, 
and spermidine) in fish sauce, antioxidants in meat products 
(Chin-Chen et al., 2013), and so forth.

In the food industry, micellar extraction is also widely ap-
plied for the recovery of single components or purification of ed-
ible raw materials, for example, purification of pectinase enzyme 
from psidium guajava (Amid et al., 2015b), lipase from pumpkin 
(Amid et al., 2015a), with the valuable enzyme recovered. Reverse 
micelles of anionic surfactants sodium dodecyl sulfate (SDS) and 
aerosol OT (AOT) were shown to be effective for the extraction 
of peanut protein from full-fat peanut powder (Guo et al., 2015). 
Extraction rate of around 80% was achieved by the optimization 
of conditions, such as pH, ionic force, and temperature. Reverse 
micelle extraction makes it possible to determine antibiotics in 
edible products (Chuo et al., 2014), to separate phenolic contami-
nants from olive mill wastewater (El-Abbassi et al., 2014), and so 
forth. Surfactant micellar solutions are of practical importance in 
analytical techniques of qualitative and quantitative analyses of 
food colorants (Sha et al., 2015) and their precursors, for example, 
for the detection of melamine (Nascimento et al., 2015) added to 
animal feed to overmark protein content.
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Investigation of micellar systems is of interest from the view-
point of modeling the processes occurring at the biointerface, 
which may provide information on their potential application 
in food processing and predict the possible results of interaction 
between food ingredients and solubilizers. In particular, a paper 
from Bhardwaj et al. (2014) discusses the interaction of cationic 
surfactant cetyltrimethylammonium bromide (CTAB) with oxi-
dation inhibitors that can influence the antioxidant protection 
efficacy.

For chemically unstable additives, for example, flavoring agent 
citral, which is poorly soluble in water, the influence of surfac-
tant on their decomposition should be taken into account (Park 
et al., 2015), especially in acidic conditions. This is exemplified by 
the kinetic study of the degradation of citral in nonionic micelles 
of Brij surfactants with different hydrophilic/lipophilic length 
ratio. The surfactant with a large polar fragment is shown to be 
more effective in the stabilization of the flavor, while the alkyl 
chain length slightly affects the destruction rate (Park et al., 2015). 
When surfactants are used as solubilizers of colorants, the surfac-
tant influence on spectral characteristics, that is, color of solution 
should be controlled. In (Piyarat et al., 2014) the effect of surfac-
tants of different types on the spectral behavior of red dyes from 
natural sources, roselle and lac, was studied. The former appeared 
to discolor in the presence of the surfactants, especially Tween-80, 
while the latter was rather stable.

Gemini surfactants with two bridged head groups bearing al-
kyl chains are of particular interest from the viewpoint of green 
chemistry criteria. Extremely low cmc values (within  micromolar 
range) make it possible to decrease markedly their concentrations. 
Besides, these surfactants are characterized by high solubilization 
capacity, selectivity, and diverse morphological behavior, which 
give them advantages over single-chain analogs (Menger and 
Keiper, 2000). Interaction of dicationic surfactants of m-s-m type  
(here m and s are the number of carbon atoms in alkyl chains and 
polymethylene spacer, respectively) (Fig. 8.1) with food dye tartra-
zine measured by tensiometry, dynamic light scattering, transmis-
sion electron microscopy, and UV-Vis techniques was reported 
by Shahir et al. (2011), which can be used for analytical control 
of the colorant. Biodegradable gemini surfactants/xanthine oxi-
dase complexation were testified by tensiometric, spectroscopic, 
microscopic, and molecular modeling techniques that may be of 
particular interest for the understanding of protein/amphiphile 
interactions involved in food processing (Akram et al., 2015). 
Upon the application of gemini surfactants with biologically ac-
tive compounds, special attention should be paid to their marked 
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influence on such properties of solutes as pK
a
, oxidation, and 

hydrolytic stability, since micelles show ability to shift acid–base 
equilibria and accelerate (or retard) chemical processes. It is no-
table that geminis exert higher effect at lower concentrations 
compared to single-chain analogs, with even slight variation in 
surfactant structure inducing marked impact on the solubiliza-
tion behavior. Such fine effects of geminis can be exemplified by 
the control of hydrolytic stability of fat acid esters (Mirgorodskaya 
et al., 2012a) and acid–base behavior of curcumin (Ke et al., 2014).

One of the most practically important carrier families based 
on surfactants includes microemulsions (ME). They are widely 
used in nano- and biotechnology including food industry (Dje-
kic et al., 2013). MEs are self-assembling, thermodynamically 
stable, and macroscopically homogeneous disperse systems 
composed of water and oil phases, separated/stabilized by the 
surfactant layer (ternary ME), generally including cosurfactants, 
that is, C4─C6 alcohols and amines (quaternary ME) (Friberg and 
Bothorel, 1987). While the boundary between micelle (swollen 
micelle) and ME is quite relative, MEs are characterized by larger 
droplet size (up to 100 nm), higher surfactant concentration, larg-
er fraction of disperse phase, and markedly higher solubilization 
power. The use of ME makes it possible to overcome the problem 
of solubility and compatibility of components, to control the re-
activity and stability of systems, and to solve the tasks connected 
with preparing the ultradisperse materials required in nanotech-
nologies. MEs were reported to be used as nanoreactors for dif-
ferent processes (Tiwary, 2013; Holmberg, 2007; Zuev et al., 2004; 
Mirgorodskaya et al., 2013), including polymerization, oxidation, 
condensation, hydrolysis, esterification, and so forth. In biotech-
nologies ME-based techniques are widely involved for the enzy-
matic (lipase) hydrolysis of ester bonds and protein bioseparation 
processes (Das et al., 2014; Sintra et al., 2014). Application of MEs 
in food industry is based on their high ability of solubilizing dyes, 
flavors, taste substances, and vitamins. Tween-80 based bicontin-
uous ME was reported to increase markedly the solubility of carot-
enoids in aqueous media, thereby improving their bioavailability 
upon passing through gastrointestinal tract (Chow et al., 2015). 
This formulation provides a 17% enhancement of the carotenoids 
level in the serum and up to 30% color intensification compared 
to control protocol. Roohinejad et al. (2014, 2015); Chen and 
Zhong (2015) report on the optimization of the ME-based for-
mulations for the encapsulation of β-carotene with the purpose 
of fabrication of particles of desirable sizes, with high loading 
capacity toward β-carotene and low cytotoxicity. A lot of publica-
tions are devoted to the solubilization of the natural polyphenolic 
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dye curcumin, which is used for yellow coloring of food product 
and shows a marked antioxidant effect, antimicrobial, antiphlo-
gistic, hepatoprotective, and other kinds of biological activities 
(Naksuriya et al., 2014). Many ME formulations based on synthetic 
surfactants and lipids were tested to increase the solubility and 
hence bioavailability of curcumin, with the oil/surfactant nature 
and ratio varied (eg, soybean oil, olive oil, wheat germ oil, vitamin 
E as a bulk phase, and Cremophor EL, Tween 20, Tween 80, or leci-
thin as an amphiphile) (Lin et al., 2014; Bergonzi et al., 2014).

Water-based MEs are successfully used for the solubility en-
hancement of food-grade flavor ingredient carvacrol showing 
antioxidant and antimicrobial activity (Shaaban and Edris, 2015). 
Factor affecting the efficacy of formulations based on nonionic 
and cationic surfactants including cosurfactants were tested to 
fabricate carvacrol microemulsion system. Rather high surfac-
tant/carvacrol ratio of 9:1 was found to be required to solubilize 
1.0 wt% carvacrol.

Oil/water MEs based on nonionic surfactants Tween-80 and 
Span-20 were formulated to increase the bioavailability of bio-
flavonoids exemplified by sour cherry kernel extract (Salimi 
et al., 2014). These MEs are nontoxic and show therapeutic effects 
(improving the cardiac function recovery) within the food formu-
lation doze. Tween-80 MEs are shown to be nontoxic and make it 
possible to reach a 1000-fold enhancement of the solubility of the 
flavonoid norartocarpetin exhibiting high tyrosinase inhibitory 
activity (Zheng et al., 2015). These formulations are stable within 
8 weeks under wide surfactant/oil/water ratio and may be of prac-
tical interest for preventing the browning effect in fresh-cut fruits.

Stable dilutable ME formulations based on Tween-20/lecithin 
mixture with droplet size of ≤12 nm were fabricated by Chen et al. 
(2015a) for the dissolution of peppermint oil (food, medicine, and 
cosmetic component). The lipid additives were shown to improve 
the stability of formulation (MEs underwent up to 500-fold water 
dilution and were stable over 70 days) and its loading capacity to-
ward coenzyme Q10, as well as prevent its light degradation. In (Tu 
et al., 2013) octacosanol-loaded soybean oil/water microemulsion 
was prepared, with lecithin and ethanol used as a cosurfactant/
stabilizer. The active component, fat alcohol octacosanol, shows 
antioxidant activity and increases human endurance; therefore 
overcoming the problem of low water solubility may give rise to its 
application in sports beverage. The extension of stable ME region 
was reported to depend on lipid/alcohol ratio, with 1:6 (w/w) ratio 
being optimal.

MEs show high technological potentiality toward differ-
ent antioxidants from both natural and synthetic sources, for 
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example, polyphenols, gallic acid, p-hydroxybenzoic acid, proto-
catechuic acid, and tyrosol (Ohara and Ohyama, 2014; Chatzidaki 
et al., 2015). The encapsulation in reverse ME is documented to 
prevent their degradation in the digestive tract, thereby maintain-
ing high radical scavenging activity.

Separate research direction is the application of ME in techno-
logical processes connected with synthesis of food components. 
This can be exemplified by work (Sutili et al., 2015), in which 
continuous-flow esterification of protected fructose is reported, 
with the lipase immobilized in microemulsion used as a catalyst. 
Ultralow surface tension and superior solubilization capacity of 
ME make it possible to develop the technological protocols for 
extraction of vegetable oil from oil plants (Gadhave and Wagh-
mare, 2014), which is a beneficial alternative compared to routine 
techniques based on organic solutions.

It is significant that wide application of the surfactant-based 
formulations, for example, ME in food technologies, poses 
 problems of such criteria as low toxicity, microbial resistance, 
odor-free, colorless, high solubilizing efficacy, long-term stabil-
ity, wetting and washing effect, and so forth. This strongly limits 
the range of surfactants that are certified for food production. 
 Nonionic surfactants (Tween, Span, mono- and diglicerides of fat 
acids, phospholipids) have many advantages from this viewpoint 
due to their low toxicity in combination with high effectivity. Fab-
rication of MEs based on these surfactants usually assumes pre-
liminary fundamental studies on the optimization of the compo-
sition, size, and morphology of droplets (Zheng et al., 2015).

2.3 Nanoemulsion Formulations
It would be improper to disregard a specific type of nanoplat-

form that has recently received increasing application, that is, na-
noemulsion (NE) (McClements, 2013; Adjonu et al., 2014;  Guttoff 
et al., 2015). NEs have obvious benefits over other emulsions due 
to the lower size of droplets, ranging from 20 to 200 nm. This 
modifies many bulk properties, such as viscosity, optical trans-
parency, stability toward aggregation, and gravitational phase 
separation, and improved bioavailability. While MEs are ther-
modynamically stable, NEs are nonequilibrium systems. Due to 
their metastability NEs can undergo dilution with water without 
changing their droplet size. Unlike spontaneously formed MEs, 
NEs need to use the energy-consuming methods for their prepara-
tion (Fathi et al., 2012), which is usually classified into mechanical 
and nonmechanical techniques. The former assumes the use of 
high-energy treatment (homogenization, microfluidization, and 
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sonication) of dispersions. Low-energy (nonmechanical) tech-
niques can be roughly divided between isothermal and thermal 
methods (Komaiko and McClements, 2015b). The isothermal 
strategies involve spontaneous emulsification and emulsion 
phase inversion methods, which are of special interest due to their 
simplicity and low cost. Guttoff et al. (2015) report on a simple low-
energy method for encapsulation of low polar vitamins E and D 
by spontaneous emulsification of oil phase containing surfactant 
and active component with water. Similarly, spontaneous titration 
method was developed for the preparation of carvacrol nanoemul-
sion showing antimicrobial activity (Landry et al., 2014). Currently, 
oil-in-water NEs are very attractive carriers for food and beverage 
supplements, and therefore a large number of publications are 
devoted to different aspects covering their fabrication (Komaiko 
and McClements, 2015a; Rebolleda et al., 2015), size and rheo-
logical behavior (Komaiko and McClements, 2015a,b), biological 
fate (McClements, 2013) and practical applications for encap-
sulation of antioxidants, for example, tocopherol (Plaza-Oliver 
et al., 2015; Rebolleda et al., 2015), vitamins (Guttoff et al., 2015; 
Mehmood, 2015), flavors (Zahi et al., 2015), carvacrol (Landry 
et al., 2014), and so forth.

2.4 Liposomes as Delivery Systems for Bioactive 
Supplements

Liposomes are the most widely used delivery systems in 
pharma, cosmetics, and food industry (McClements, 2015; Borel 
and Sabliov, 2014). They are especially attractive as edible carri-
ers, since they may encapsulate substances of different polarity 
(hydrophilic, hydrophobic, amphiphilic) due to their structure 
composed of water pool surrounded by phospholipid bilayer. 
Importantly, liposomes can be obtained from natural building 
blocks; therefore they answer the criteria of biocompatibility, low 
toxicity, and can be easily certified for use in the food technol-
ogy. Lecithin is known to be used for a long time as emulsifier and 
textural modifier and regarded as safe. Phospholipid components 
of liposomes show a number of benefits for human health; for ex-
ample, soybean-derived phosphatidylserine is found to be safe, 
to improve brain functions and prevent memory loss due to aging 
(Richter et al., 2013; Moré et al., 2014). Sphingolipids are not only 
constituents of biomembranes, but also control key metabolic 
processes (Romero-Guevara et al., 2015; Kawabori et al., 2013). 
Noteworthy, liposomes not merely protect active ingredients but 
also enhance their efficacy. At first, liposome formulations were 
solely based on natural lipids, while both natural and synthetic 
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amphiphiles, lipids, and surfactants, are used at present. Lipo-
somes may be classified by (1) method of preparation; (2) size 
(small, medium, and large); and (3) lamellarity (mono, oligo- and 
multilamellar vesicles). There are various techniques for prepar-
ing the liposomes (Dua et al., 2012), with the choice between 
them determined by several factors, that is, physico-chemical 
properties of both liposome constituents and loads; toxicity and 
concentration of the cargo; nature of disperse media; way of ad-
ministration; biological half-life; cost and opportunity of scaling 
(Wagner and Vorauer-Uhl, 2011; Bozzuto and Molinari, 2015). 
One of the most popular methods of liposome manufacturing is 
the thin lipid film hydration proposed by Bangham. It consists 
of the homogenization of lipids or surfactants in organic media, 
evaporation of the solvent, and dispergation of the film obtained 
in aqueous medium. However this technique is characterized by 
low loading efficacy of around 5–15%. Besides, liposomes man-
ufactured through this method are large and multilamellar, and 
therefore sonication procedure or extrusion are needed to obtain 
small homogeneous liposomes.

Reverse phase evaporation method and solvent injection 
method are used to obtain water suspension of mono- and lamel-
lar vesicles, respectively. The procedures involve the solubilization 
of lipids in organic solvent with its following removal from the 
system. The latter technique provides more effective encapsula-
tion efficacy compared to the former. Detergent removal method 
makes it possible to fabricate large unilamellar vesicle through the 
fusion of the surfactant micelles enriched by lipids. This method 
is highly effective and characterized by narrow size distribution 
of fabricated particles. The limitation of the technique connected 
with the admixture of detergent in liposomes can be overcome by 
the use of dialysis and gel chromatography or other procedures 
for detergent removing. To obtain liposomes of desirable size by 
the aforementioned methods, further modifying is required, such 
as ultrasonication, extrusion, and high-pressure homogenization. 
Sonication is used to decrease liposomes in size; small unilamellar 
vesicles obtained are further cleaned by ultracentrifugation. Ex-
trusion through membrane filters of a definite pore size results in a 
decrease in liposome dimension. High-pressure homogenization 
assumes a mechanical process breaking the vesicles into smaller 
particles in a homogenizing valve. Since the liposomes came into 
common use, many modified techniques of their manufacture 
were developed including spray drying, freeze drying, super criti-
cal reverse phase evaporation, and so forth (Laouini et al., 2012). 
Supercritical fluids are known to be an excellent organic solvent 
alternative, with such beneficial characteristics as nonflammable, 
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low toxicity, and economy priced. In ref. Lesoin et al. (2011) dif-
ferent mechanisms of liposome formation are discussed involving 
the supercritical carbon dioxide, with the model considerations 
developed. According to one of protocols reported in Huang et al. 
(2014) lipids are extracted in supercritical phase of carbon diox-
ide and then precipitate in form of fine particles, from which lipo-
somes are formed upon the water addition. Liposomes obtained 
by this way are identical to the so-called Bangham liposomes in 
their size, stability, and loading capacity. Dual asymmetric cen-
trifugation method is suitable for viscose solutions. It assumes 
the rotation of vials around of both main rotation axis and own 
sample axis (Huang et al., 2014). Membrane contactors technique 
is widely used for effective mixing of two phases upon the fabrica-
tion of disperse systems, precipitates, polymeric or lipid particles, 
and liposomes. This method makes it possible to obtain ca.100 
nm liposomes with 98% loading coefficient (Huang et al., 2014; 
Laouini et al., 2011).

2.4.1 Types and Characteristics of Vesicular Systems
Morphology, size, surface characteristics, and lamellarity 

strongly affect the biological behavior of liposomes. Multilamellar 
liposomes composed of two or more layers of 1 to 5 nm preferably 
incorporate lipophilic substances, while unilamellar vesicles pos-
sessing large water core are excellent carriers for hydrophilic sub-
strates. Release of loads is directly connected with the lamellarity 
of liposomes, for example, substrate release from unilamellar 
vesicle with diameter of 130 nm occurs much faster compared to 
that from 250 nm multilamellar vesicle (Akbarzadeh et al., 2013). 
At present, one of main challenges in the field of practical applica-
tion of liposomes in food and beverage production is low physical 
and chemical stability. The liposome formulations can be im-
proved by decorating with biopolymers or surfactants. Besides, 
synthetic liposomes are manufactured based on ionic or nonionic 
surfactants. Among beneficial alternatives to natural vesicles, nio-
somes should be mentioned (Abdelkader et al., 2014; Marianecci 
et al., 2014), which are based on nonionic surfactants in combina-
tion with various excipients, for example, cholesterol. Unlike lipo-
somes, niosomes are more stable and not subjected to hydrolysis 
and oxidation. As a helper lipid ionic amphiphile can be used that 
may markedly modify the properties of carriers. Charged lipo-
somes are more effective and selective. Anionic liposomes have 
negatively charged surface formed by lipids dimyristoylphos-
phatidylglycerol or dipalmitoylphosphatidylglycerol and anion-
ic surfactant, for example, sodium desoxycholate. For the first 
time, cationic liposomes were described in 1987. Usually, mixed 



 Chapter 8 SUPRAMOLECULAR STRATEGY OF THE ENCAPSULATION  311

cationic vesicles are used with addition of uncharged phospho-
lipids, such as dioleylphosphatidylcholin or dioleylphosphatidyl-
ethanolamine. Liposomes admixed with cationic surfactants are 
known to exhibit improved transdermal delivery of some biologi-
cally active agents including drugs. Negatively charged cutane-
ous surface favors the penetration of positively charged carriers, 
which enhance transdermal delivery of loads. Cationic liposomes 
effectively vectorize different drugs including gene material 
( Ojeda et al., 2015). It was found that positively charged liposomes 
are selectively cumulated in tumor endothelial cells. Cationic li-
posomes provide advantages from the viewpoint of penetration 
through brain blood barrier as well (Schnyder and Huwyler, 2005), 
which makes it possible to reach therapeutic effect in the case of 
central nervous system afflictions. Another kind of carriers is pro-
niosome, that is, liquid crystalline hybrid of noisome possessing 
higher stability and resistance to fusion and aggregation (Yasam 
et al., 2014). Liposomes decorated with chitosan often referred 
as chitosome show enhanced stability to pH/temperature/ionic 
force stresses and mucoadhesiveness compared to conventional 
liposome. Chitosan coated liposomes find applications as delivery 
systems in nanomedicine (Gonçalves et al., 2012) and food (Wang 
et al., 2015) industry. Structural aspects of chitosomes and chito-
san/lipid binding affinity are detailed in Chiappisi and Gradzielski 
(2015). To modify stability of liposomes, layer-by-layer technique 
can be applied, which makes it possible to protect liposome sur-
face with polyelectrolyte shell. This can be exemplified by Karadag 
et al. (2013) and Gibis et al. (2012), in which chitosan, maltodex-
trins (Karadag et al., 2013), and citrus pectin (Gibis et al., 2012) 
were used as coating materials, while polyphenolic grape seed 
extract was used as a load (Gibis et al., 2012). Four-layered lipo-
somes with extract loaded were of ca.100 nm in diameter and 
show long-term storage stability at the variation of solution pH. 
Liposomes fabricated from unsaturated fatty acid, the so-called 
ufasomes, are promising delivery systems for drug and food in-
dustry. Work (Fan et al., 2014) exemplifies the formation of stable 
20–50 nm ufasomes by intravesicle crosslinking of self-assembling 
conjugated linoleic acid. Sustainable release of the model guest of 
5-fluorouracil from fabricated ufasomes was reported.

2.4.2 Application of Liposomes in Food Industry
Until recently, the application of liposomes in food formulations 

was limited in spite of their widespread use as delivery systems in 
cosmetics and pharmaceutics. At the present time liposomes are 
successfully used for the encapsulation of enzymes, proteins, vi-
tamins, aromas, antioxidants, and antimicrobial agents, which 
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is further illustrated by recent studies. Liposomes based on soy 
phosphatidylcholine with food ingredients (omega-3, omega-6, 
vitamin E) were fabricated in Marsanasco et al. (2015) for poten-
tial use in chocolate milk production. Micrometer-size liposomes 
stabilized with stearic acid and calcium stearate were loaded with 
folic acid; their size and rheological behaviors were tested for dif-
ferent formulations before and after the pasteurization. Use of 
liposomes for the enhancement of bioavailability of carotenoids is 
reported in Tan et al. (2014). It was shown that size distribution, 
morphology, and release of loads in a model gastrointestinal tract 
strongly affect by the structure of carotenoids, with a lutein > caro-
tene > lycopene > canthaxanthin order observed in changing of 
their bioavailability. The thin-film hydration method followed by 
sonication and homogenization was applied in Machado et al. 
(2014) to fabricate soybean phosphatidylcholine-based liposomes 
loaded with a cyanobacterium Spirulina platensis. Encapsulation 
of spirulina considered as GRAS microorganism makes it pos-
sible to mask its odor, prevent the loss in food value, and favor the 
release directly in the digestive tract. Solvent- and surfactant-free 
heating method was developed in (Jahadi et al., 2015) for encap-
sulation of Flavourzyme used for cheese production. Different 
factors influencing the stability, loading capacity, and functional-
ity of core material were evaluated, such as lipid/helper lipid and 
lipid/core material ratio, pH, temperature, stirring characteristics, 
with the formulation and protocol optimized. The liposomal de-
livery of antimicrobial peptides, bacteriocines, were reported in 
Arthur et al. (2014), including two peptides, nisin, and pediocin 
PA-1, classified as GRAS components for food industry. The pos-
sibility of encapsulation of tea polyphenol extract into liposomes 
based on milk phospholipids (as an alternative to soy phospholip-
ids) was studied by Gülseren et al. (2012), with structural charac-
teristics and bioefficacy evaluated. Separated direction involving 
the liposome based protocols is connected with analytical appli-
cations, including monitoring of safety of food products and eco-
logical situation (Edwards et al., 2012). Apart from other carriers 
liposomes can be easily marked with different signal molecules 
that enable their detection through the biorecognition princi-
ples. The study by Chu and Wen (2013) focuses on the design of 
the antibody-tagged liposomal formulation for the detection of 
a common food allergen gliadin. Commercial personal glucose 
meters of high sensitivity can be constructed by the glucose en-
capsulation in the antibody-labeled liposomes (Zhao et al., 2015). 
Colorimetric detection of pathogenic bacteria was proposed for 
their routine analysis in food industry (Oliveira et al., 2013), in 
particular the chicken meat industry (Oliveira et al., 2015), which 
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was mediated by the use of polydiacetylene(PDA)/lipid/lysine 
vesicles undergoing blue–red shift due to PDA associations with 
lysine. Beloglazova et al. (2013) reports on liposomes loaded with 
quantum dots, which is one of the first examples of the use of  
such kind of formulations as labels for the determination of food 
contaminants. Use of liposomes loaded with quantum dots in-
stead of conventional fluorescence labeled immunosorbent assay 
makes it possible to amplify analytical signal, thereby enhancing 
the sensitivity of analyses.

2.5 Solid Lipid Nanoparticles and Nanostructured 
Lipid Carriers

Solid lipid nanoparticles (SLN) were designed in order to com-
bine benefits of polymeric carriers, liposomes, and emulsions 
(Tamjidi et al., 2013; Müller et al., 1995; Shegokar et al., 2011). 
They are prepared from single solid lipid or lipid mixture (Müller 
et al., 1995). Due to low diffusion of bioactive substrate, its pro-
longed release from SLN can be achieved. SLN demonstrate a num-
ber of advanced features compared to other carriers (Shegokar 
et al., 2011; Martins et al., 2007; Müller et al., 2011; Kunzmann 
et al., 2011), namely (1) probability of controlled release and tar-
geted delivery of substrates; (2) high encapsulation efficacy, (3) 
solvent free protocols, (4) possibility of encapsulating of both lipo-
philic and hydrophilic substances, (5) low toxicity, (6) high physi-
cal stability, (7) possibility of large-scale production. On the other 
hand, such shortcoming as poor loading capacity should be noted. 
Ratcharin et al. (2012) describes SLN loaded with ginger extract 
that were prepared through microemulsion technique with stearic 
acid used as solid lipids and Cremophor RH 40 as stabilizing sur-
factant. Ergocalciferol (vitamin D

2
) was successfully encapsulated 

in tripalmitin SLN with Tween 20 used as surfactants (Patel and 
Martin-Gonzalez, 2012). Vitamin-loaded SLN were both spherical 
and rod shape and show increased transparence with an increase 
in ergocalciferol amount.

Nanostructured lipid carriers (NLC) are modified SLN in 
which both liquid and solid lipids occur in liquid phase (Tamjidi 
et al., 2013). It is assumed that the presence of oil domains in the 
NLS core enhances their loading capacity compared to SLN. The 
use of NLS based on hempseed oil or a blend of amaranth and 
hempseed oils is exemplified in Lacatusu et al. (2014). Nanopar-
ticles loaded with the natural antioxidant, carotenoid enriched 
plant extract, have size of ca.100 nm and bear negative surface po-
tential. SLN and NLC carriers for the encapsulation of hydrophilic 
active components such as didanosine (Kasongo et al., 2011) or 
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epigallocatechin gallate (Fangueiro et al., 2014) were fabricated to 
prevent their oxidative destruction. Novel type of carriers, multiple 
lipid particles, for the encapsulation of water soluble ingredient is 
described in Zha et al. (2015), which combines advantages of SLN 
and multiple emulsions. Long-term stability and high-loading ca-
pacity of formulations toward both active component, coenzyme 
Q10 and tea polyphenols, was demonstrated.

3 Polymer-Based Formulations as Delivery 
Systems

Polymeric soft materials attract much interest of nanotech-
nologists in different spheres including food production (Joye 
and McClements, 2014; Sağlam et al., 2014; Maswal and Dar, 2014; 
Delavari et al., 2015; Hu and McClements, 2015; Arroyo-Maya and 
McClements, 2015; Kutyreva et al., 2015; Sultanova et al., 2015). 
Due to hard safety standards, special attention in food industry 
is paid to biopolymers, such as polysaccharides and proteins 
that can be used in both their natural and modified forms. Pro-
tein polymers are divided into two main groups, that is, animal-
derived and plant-derived proteins (Joye and McClements, 2014). 
First group involves water-soluble globular protein albumin, milk 
protein casein, gelatin, fibroin, and whey protein. Plant-derived 
proteins have advantages over the former due to the lower risk of 
infection. Gliadin and zein are two typical plant-derived proteins 
with poor solubility in water. Another class of biopolymers in-
cludes saccharides, namely agar, alginate, carrageenan, cellulose, 
inulin, chitosan, pectin, and others. All the biopolymers listed 
find increasing technological applications in pharma and food 
industry. A variety of nanoparticulate formulations, morphology 
forms and protocols for their fabrication are designed. Large fam-
ily of colloid systems based on hydrophilic biopolymers, the so-
called hydrocolloids has received increased interest (Maswal and 
Dar, 2014; Delavari et al., 2015; Hu and McClements, 2015). Here-
in, we focus on two biopolymers presenting each of the classes, 
casein and chitosan.

3.1 β-Casein in Encapsulation of Low-Molecular-
Weight Ingredients

Proteins are significant ingredients of food because they pro-
vide essential amino acids for human health. Besides, they are 
widely used in food industry and pharmacology to form differ-
ent functional network structures and to stabilize emulsions or 
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foams. Milk proteins have special physiological and functional 
properties, which for a long time are widely exploited in the food 
industry. Milk contains 30–35 g of protein per liter. Milk from the 
commercially important species, namely cow, goat, sheep, buffa-
lo, camel, yak, horse, pig, and so forth. are quite well characterized 
(Evans, 1959; Jenness and Sloan, 1970; Park and Haenlein, 2006; 
Thompson et al., 2009).

Casein, accounting for about 80% of milk protein, is organized 
in micelles. In nature, casein micelles concentrate, stabilize, and 
transport essential nutrients, mainly calcium and protein, for 
the neonate, kids, and adults (DeKruif and Holt, 2003). Practi-
cally, casein micelles are natural nano-delivery systems, which 
are used in encapsulation of different ingredients in nanotech-
nological applications. The micelles are spherical colloids about 
50–500 nm in diameter (Fox, 2003), composed of four caseins: two 
alpha (α

s1
 and α

s2
), beta (β), and kappa (k) in molar ratio 4:1:4:1, 

respectively (Wong et al., 1996). The caseins are held together in 
the micelles by hydrophobic interactions, electrostatic repulsions, 
and by bridging of calcium–phosphate nanoclusters bound to 
serine–phosphate residues of the caseins. The structure of casein 
micelles is important for their biological functions in living organ-
isms, for their stability in milk and during processing of milk into 
various products, as well as for assimilation of the nutrients com-
prising the micelles. The micelles are very stable during process-
ing and retain their basic structural identity through most of these 
processes.

β-Casein (β-CN) is one of the members of the casein family 
and is the most abundant milk protein (80%). Amphiphilic char-
acter and high surface activity of β-casein molecule convey good 
foaming and emulsifying properties (Dalgleish, 1997). The β-CN 
molecules have a strong tendency to self-associate in the aque-
ous environment, forming globe-shaped, surfactant-like micelles 
(Swaisgood, 1992; Gangnard et al., 2007). β-CN is the representa-
tive of intrinsically unstructured proteins (Van der Lee et al., 2014), 
and therefore its secondary (probably, also tertiary) structure and 
specific properties of its colloidal micelles are strongly dependent 
on the properties of its environment, such as the solvent structure 
and interactions with low- and high-molecular ligands including 
different proteins. It is the most abundant for engineering of mi-
cellar nanocontainers and encapsulation of different functional 
ingredients.

The balance between two main driving forces, the attraction 
of hydrophobic regions, and the electrostatic repulsion of 
hydrophilic charged regions is at the origin of the micellization 
of β-CN and other caseins. The association of β-CN is reversible, 
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dependent on temperature, pH, ionic strength, and protein con-
centration. There are two alternative models of β-CN micelliza-
tion. In the first one the micellization process follows the “all or 
nothing” law (Evans et al., 1979), in the second “the shell model” 
represents the consecutive micellization (Kegeles, 1979). The mol-
ecules of β-CN form micelles with the size 25–30 nm under the 
increase of temperature up to 25–30°C (Fig. 8.6). The β-CN mol-
ecule is very convenient for artificial engineering of its primary 
structure thus changing its hydrophilic–hydrophobic balance, to 
induce new aggregation and solubilizing properties of micelles 
(Gaudin et al., 2009). This results from the lack of cysteine resi-
dues, intra- and intermolecular disulfide bonds in the native form 
of β-CN. The insertion of one or two cysteines in the peptide chain 
of protein, obtained by heterologous expression in the prokaryotic 
host Escherichia coli, results in the recombinant forms of β-CN. 
These molecules can be dimerized yielding oriented biamphiphi-
lic opposite and somehow palindromic structures.

Mutant forms of β-CN retain their micellization properties but 
with some new characteristics. Dimeric β-CN displays significant 
changes in the temperature of monomer–micelle transition or its 
absence in comparison with native protein (Fig. 8.7a). The ad-
ditional instrument to modify β-CN micellization process is the 
presence of reducer. For example, its presence can reduce the sta-
bility of micelles at high temperatures for mutant forms of β-CN 
with cysteine in the N-terminal part (Fig. 8.7b).

Modified forms of β-CN change their abilities to interact with 
other protein species and solubilize low molecular weight ingredi-
ents, what can be used in different applications. For example, they 

Figure 8.6. β-CN monomer-micelle transition at different pH, detected as the 
changes in hydrodynamic diameter of particles by dynamic light scattering.
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can be used to create special sorbents for the study of protein–
protein interactions (Stroylova et al., 2013), based on the fixation 
of cysteine-inserted β-CN mutants with thiol-Sepharose resin. 
An amphiphilic β-CN molecule enables one to exploit its capac-
ity to engage in different types of intermolecular interactions. Two 
different casein-Sepharose sorbents incorporating either C-4 or 
C-208 protein mutants bound to thiol-Sepharose were produced, 
exposing the hydrophobic domain in the case of the C-4 and the 
hydrophilic domain in the case of the C-208 mutant, respective-
ly. The results obtained using the proposed sorbents with native 
β-CN, another partially unfolded protein prion, and an oligomeric 
globular glyceraldehyde-3-phosphate dehydrogenase showed 

Figure 8.7. Hydrodynamic diameter of β-CN particles in water solution; oligomeric 
(a) and monomeric (b) forms. Legend depicts the location of cysteine in the 
protein polypeptide chain.
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that Sepharose modified with various proteins is suitable for iso-
lation of proteins interacting with the chromatographic phase 
bound partners from multicomponent systems such as milk.

The occurrence of self-assembling molecular nanostructures 
is the important feature in nanotechnology. Foods naturally con-
tain the composition of such systems, examples being the casein 
micelle in milk. The potential application of nanotechnology to 
encapsulation properties of casein micelles is likely to become an 
important area. Nano self-assemble properties of β-CN is having a 
considerable impact in different applications, in part through the 
use of new improved protein engineering becoming available to 
support nanotechnology research.

Numerous applications of casein-based formulations may be 
exemplified by high efficacy of casein-based carriers demonstrat-
ed with vitamin A, carotinoids, resveratrol, curcumin, and other 
active food ingredients. In a recent study, Bourassa et al. (2013) 
characterized the binding sites of retinol and retinoic acid with α- 
and β-caseins, with higher binding constant of retinol observed 
compared to retinoic acid. Immobilization of curcumin by hydro-
phobic domain of casein, as well as sodium caseinate/resveratrol 
complexation were testified in (Yazdi and Corredig, 2012; Acharya 
et al., 2013) by fluorescence spectroscopy.

Another application of β-CN micelles is discovered in the 
nanomedicine being convenient for drug delivery due to their 
biodegradability, biocompatibility, low toxicity, easy metabolism, 
abundant and unlimited sources, ease of manufacturing (Husseini 
and Pitt, 2008; MaHam et al., 2009; Elzoghby et al., 2013). There 
are modern examples of drug-loaded micelle design, both in the 
bulk solution and in dry form and even freeze-dried without any 
cryo-protectants, kept as a powder for at least 6 months (Turovsky 
et al., 2015; Bachar et al., 2012).

3.2 Natural Polymer Chitosan, a Representative of 
Polysaccharide Family

Chitosan is a partially deacetylated derivative of chitin. 
Chitosan possesses a number of unique physical and chemi-
cal properties, that is, biocompatibility, biodegradability, anti-
microbial activity, and the ability of chemical modification for 
yielding various derivatives. The mucoadhesive nature of chito-
san makes it a good candidate for prolonging the residence time 
and increasing cargo release time in the gastrointestinal tract 
(Fathi et al., 2014; Joye and McClements, 2014). Importantly, chi-
tin and chitosan might be useful as a therapy for food allergies 
(Bae et al., 2013).
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Chitosan particles are especially useful for encapsulation of 
hydrophilic macromolecules. These molecules associate with chi-
tosan through electrostatic interaction or hydrogen bonding. Fur-
thermore, chitosan is available in different molecular weights and 
acetylation degrees, which enables fine tuning of particle charac-
teristics (Joye and McClements, 2014). The application of chitosan 
as a food preservative and for other uses has been limited by its 
insolubility at neutral and higher pH. Improvement of its solubil-
ity could favor its application as a food preservative (Gyawali and 
Ibrahim, 2014). The antibacterial activity of chitosan was exam-
ined against several gram-negative and gram-positive bacteria 
and reviewed in (Gyawali and Ibrahim, 2014). Chitosan has been 
applied mainly as an antimicrobial packaging films and coat-
ings (Dasgupta et al., 2015; Gyawali and Ibrahim, 2014), thereby 
increasing the shelf life of foods and beverages. Chitosan based 
formulation shows antioxidant effect, which makes it possible to 
avoid a use of synthetic antioxidants. This is exemplified by the 
encapsulation and release of yerba mate extracts in alginate and 
in alginate–chitosan beads (Deladino et al., 2008).

Controlled release and stabilization of resveratrol (natural phy-
toalexin exhibiting antitumor and antiinflammatory activities) 
were achieved through incorporation into crosslinked chitosan 
microspheres by vanillin (Peng et al., 2010). The encapsulation ef-
ficiency of resveratrol within microspheres was up to 93.68%. Res-
veratrol contained within microspheres was stronger protected 
from light and heat compared with the free resveratrol.

Chitosan-based formulations are effective for the prolongation 
of shelf life of the cut fruits, for example, chitosan coating alone 
and in combination with citric acid pretreatment were found to 
be beneficial in reducing weight loss and resulted in minimal 
changes in pH, titrable acidity, and total soluble solid content and 
exhibited lower respiration rate on storage of shredded carrots 
(Pushkala et al., 2012). Chitosan-coating treatments effectively 
retarded enzymatic browning on minimally processed apples 
during storage (Qi et al., 2011).

There are publications on the use of chitosan as carriers of 
essential oil and aroma compounds. Essential oils encapsulation 
led to numerous new formulations with new applications. This 
ensures the protection of the fragile oil and controlled release 
(Asbahani et al., 2015).

The encapsulation and delivery techniques of citral mostly 
based on colloidal systems have been reviewed in detail (Maswal 
and Dar, 2014). McClements and coworkers showed (Djordjevic 
et al., 2007) that when oil droplets are first stabilized with an an-
ionic surfactant, such as a phospholipid, with further addition 
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of positively charged polymer, such as chitosan, the droplets get 
coated with a surfactant-polymer membrane, making globules 
positively charged. Such an emulsion protects essential oils (citral 
and limonene) from oxidation more efficiently than the ordinary 
emulsions stabilized by a single surfactant or amphiphilic layer 
(Djordjevic et al., 2007).

The effect of pomegranate juice (PJ) and chitosan (CH) coating 
enriched with Zataria multiflora essential oil (Z) on the shelf-life 
of chicken breast meat during refrigerated storage was investigated 
(Bazargani-Gilani et al., 2015). Treatments examined were the fol-
lowing: Control, PJ, PJ–CH, PJ–CH–Z 1%, and PJ–CH–Z 2%. The sam-
ples were stored at 4°C for 20 days and analyzed at 5-day intervals. 
All of treatments significantly decreased total viable counts, Pseu-
domonas spp., lactic acid bacteria, Enterobacteriaceae, Psychrotro-
phic bacteria as compared to control during the storage period.

The results obtained by Dima et al. (2014) prove the possibility 
of using the Pimenta dioica essential oil encapsulated in chitosan 
and chitosan/k-carrageenan microspheres for the preparation of 
some food products, mainly for meat products. Microencapsulat-
ed essential oil exhibited antimicrobial activity against Candida 
utilis, Bacillus cereus, and Bacillus subtilis.

The evaluation of the antibacterial effects of modified chitosan-
based coating incorporating mandarin essential oil nanoemulsion 
in combination with three nonthermal treatments against Listeria 
innocua inoculated in green beans during storage at 4°C was car-
ried out in Severino et al. (2014).

Chitosan microcapsules containing limonene essential oil as 
active ingredient were prepared by coacervation using three dif-
ferent concentrations of NaOH and fixed concentrations of chito-
san and surfactant of 0.50 wt%. This technique shows that tuning 
NaOH concentration makes it possible to efficiently control the 
release rate of encapsulated active agents demonstrating great po-
tential as insect repellent for textiles (Souza et al., 2014).

Currently, increased attention is paid to the design of chitosan-
based formulations for the encapsulation of volatile aromas, with 
their release controlled. A new type of controlled-release system was 
prepared by the covalent attachment of a volatile antifungal agent, 
hexanal, to the biodegradable polymer chitosan. The antifungal 
activity of N-hexylimine-chitosan film was demonstrated on har-
vested wheat. Acidic stimulation resulted in release of hexanal in the 
grain storage container and a significant (up to 10-fold) decrease in 
the mold occurrence on the grain. The presented controlled-release 
system is based on dynamic covalent bonding. The formation of a 
stable covalent bond completely prevents the escape of active com-
pound and can, however, be easily hydrolyzed (Fadida et al., 2015).
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Chitosan incorporating hydroxypropyl-β-cyclodextrins and 
glycerol films capable of modulating loading capacity and release 
of active aroma compound carvacrol have been developed. Re-
lease of carvacrol from the films was greatly affected by relative 
humidity. The films showed antimicrobial activity against Staphy-
lococcus aureus and E. coli after 20 days of storage at 25°C and 43% 
environmental relative humidity (Higueras et al., 2015).

B. pseudocatenulatum G4 was effectively encapsulated by alginate 
and coated by chitosan to obtain encapsulated Bifidobacterium 
with a high viability through the human GIT (Abdollahi et al., 2012). 
Furthermore, alginate–chitosan capsule was more resistant than 
noncoated alginate capsules to simulated intestinal fluid. More de-
tails of microorganisms protection and delivery of them into the gut 
were discussed in the review by Martín et al. (2015).

The thymol-loaded zein nanoparticles were successfully pre-
pared with sodium caseinate and chitosan hydrochloride as elec-
trosteric stabilizers using a simple and low-energy liquid–liquid 
dispersion method. Thymol encapsulated in nanoparticles had 
much stronger antimicrobial activity against S. aureus under the 
experimental conditions (Zhang et al., 2014).

The modified starch–chitosan and modified starch–
maltodextrin–chitosan systems were used as agents for beetroot 
and saffron coloring-extracts microencapsulation by freeze drying 
(Chranioti et al., 2015).

A novel flavor microcapsule containing vanilla oil (VO) was de-
veloped using complex coacervation approach, aimed at control 
release of VO and enhancement of its thermostability for spice ap-
plication in food industry. Viscosity of chitosan and VO/chitosan 
ratio were optimized for fabrication of microcapsules. Moreover, 
VO could remain at about 60% in the microcapsules after release 
for 30 days, which demonstrated that flavor microcapsules had 
good potential to serve as a high-quality food spice with long re-
sidual action and high thermostability (Yang et al., 2014).

Traditionally, active compounds are incorporated into initial 
food formulations. A limitation of this traditional method is that 
once the active compounds are consumed in reaction, protection 
ceases and the quality of food degrades at an increased rate. An-
other limitation is its inability to selectively target the food surface 
where most spoilage reactions occur; as a result, an extra amount 
of active compound is also unnecessarily added inside the food 
product. Controlled release packaging can overcome these two 
limitations by continuously replenishing active compounds to the 
food surface, compensating for the consumption or degradation of 
active compounds, so that a predetermined concentration of ac-
tive compound is maintained in the food to achieve a desired shelf 
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life (Hannon et al., 2015; Mastromatteo et al., 2010; Siripatrawan 
and Noipha, 2012; Sung et al., 2013). Montmorillonite nanoclay 
and rosemary essential oil were incorporated into chitosan film 
to improve its physical and mechanical properties as well as an-
timicrobial and antioxidant behavior (Abdollahi et al., 2012). Chi-
tosan nanoparticles loaded with cinnamon essential oil (CE-NPs) 
exhibited the excellent antimicrobial and antioxidant property for 
the pork during refrigerated storage. The fresh pork was wrapped 
with the low density polyethylene films and the active films coated 
with different CE-NPs and displayed at 4°C for 15 days. The active 
films with 527 nm CE-NPs led to a significant decrease of microbi-
al growth, pH, peroxide value, 2-thiobarbituric acid, and sensory 
scores of the pork (P < 0.05) than the other treatments at the end 
of storage (Hu et al., 2015).

In food industry, nanolayered coatings can be used as a strategy 
for the shelf life extension. The layer-by-layer (LbL) deposition of 
k-carrageenan and chitosan is used for encapsulation of the mod-
el substrate Methylene Blue (Pinheiro et al., 2012). The monitoring 
of loading and release of substrate from polyelectrolyte capsules 
were conducted under isothermal conditions via different math-
ematical models. The advantages of the LbL formulations will be 
discussed in the next section in more details.

3.3 Layer-by-Layer Strategy in Food Technologies
The LbL strategy assumes the encapsulation of an active com-

ponent into the cavity formed by alternating deposition of polyca-
tions and polyanions (Chen et al., 1999), with electrostatic forces 
mainly contributed to the coating process. At the same time, van 
der Waals interactions, hydrogen bonding, and guest–host com-
plexation may play important roles as well (Mauser et al., 2006). 
Different protocols were developed involving the use of sacrifi-
cial template with its subsequent removing (Chen et al., 1999). 
As a simple promising alternative, template free technique was 
proposed, with substrate particles used as a matrix (Zakharova 
et al., 2012b, 2015; Vasilieva et al., 2014b) (Fig. 8.8). Importantly, 
polyelectrolyte capsulation provides many advantages over other 
techniques, for example, high loading capacity, wide choice of 
natural polyelectrolytes, the possibility to tailor capsule proper-
ties, that is, wall thickness, permeability, and integrity by simple 
variation of shell material, and so forth. This is of particular im-
portance for pharma and food technologies, where rigid criteria 
occur toward the building blocks. To meet these criteria, flavor-
less edible polymers compatible with food components are usu-
ally used as coating agents in food processing (Davidov-Pardo 
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and McClements, 2014), for example, enzymes, sodium alginate 
and poly-l-lysine, milk protein α-lactalbumin, chitosan, casein, 
carrageenan, pectin, carboxymethylcellulose, and so forth (Lvov 
et al., 1995; Borodina et al., 2008; Davidov-Pardo and McCle-
ments, 2014; Delavari et al., 2015; Chen et al., 2015b; Trabelsi 
et al., 2013; Bernela et al., 2014; Nakagawa et al., 2013).

Mild conditions of capsule fabrication make it possible to in-
corporate the variety of biomolecules preserving their biological 
activity. This can be exemplified by the LbL encapsulation of chy-
motrypsin, with 86% of the activity retained in the immobilized 
form (Borodina et al., 2008). In Karimi et al. (2014) the inulinase 
(the source of fructose syrup) immobilization technique was 
worked out involving the protein bearing negatively charged ami-
no acid moieties with cationic polyelectrolyte poly-d-lysine. Poly-
electrolyte capsulation markedly increases physical and thermal 
stability as well as temperature diapason of functional activity, 
which is of special importance for food processing assuming dif-
ferent kinds of treatment. Modified LbL protocol was developed in 
Sharipova et al. (2015) for the encapsulation of vitamin E. Vitamin 
E (α-tocopherol) is known as an effective antioxidant that plays a 
key role in the treatment of diseases of nervous system. The encap-
sulation makes it possible to prevent it from oxygen, temperature, 
and light degradation. The technique involved the formation of 
sodium polystyrene sulfonate/dodecyl trimethyl ammonium bro-
mide complexes stabilizing the vitamin E loaded emulsion, which 
was further used as a charged template for alternative polystyrene 
sulfonate/chitosan deposition. The release profile obtained testi-
fies the sustained discharge of the vitamin E within around 80 h. 
In ref. Bernela et al.’s (2014) polyelectrolyte-based formulation 

Figure 8.8. Schematic representation of the LbL technique for fabrication of 
core-shell nanoparticles with sustained release of cargo material.
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was optimized for the encapsulation of food preservative nisin, as 
a GRAS ingredient. Roughly spherical capsules of about 200 nm 
were engineered, with biocompatible polymers chitosan, sodium 
alginate, and pluronic F68 used as shell material. A 2-week moni-
toring of release profile reveals the transition from an initial burst 
nisin liberation to the sustained release, with prolonged func-
tional activity observed. A large number of publications are de-
voted to the encapsulation of the water-insoluble food-grade dye 
curcumin, possessing a wide range of biological activities (Ariga 
et al., 2011; Bielska et al., 2013; Manju and Sreenivasan, 2011; Yang 
et al., 2015). Positively charged hyaluronic acid/chitosan nanopar-
ticles of ca. 200 nm were fabricated for the curcuminoid delivery 
(Yang et al., 2015). Formulation was optimized by controlling such 
factors as the order of polyelectrolyte deposition, their ratios and 
initial concentrations, and solution pH, which made it possible to 
achieve the wide range of thermal stability, high encapsulation ef-
ficacy of around 90% and loading capacity of 6.5%. The temper-
ature-responsive nanoparticulate formulations were prepared in 
Bielska et al. (2013) through alternate deposition of the oppositely 
charged derivatives of hydroxypropyl cellulose. The spherical 
nanosized (≤250 nm) capsules loaded with curcumin demonstrat-
ed the temperature-dependent size behavior and release of the 
guest molecule. In Manju and Sreenivasan (2011) hollow micro-
capsules loaded with curcumin were fabricated by poly(sodium 
4-styrene sulfonic acid)/poly(ethylene imine) deposition onto the 
melamine formaldehyde template. An in vitro release study shows 
the fast-to-sustained release transition, with prolonged biological 
activity observed. The 10-layered chitosan/fucoidan nanocap-
sules were formulated as described in Pinheiro et al. (2015) with 
polystyrene nanoparticles used as sacrificial template. The encap-
sulation of bioactive compound poly-l-lysine was studied therein, 
with pH-controlled binding/release behavior observed. Until re-
cently, thermal treatment is widely used for the preservation of 
food products, despite the strong negative effect on organoleptic 
characteristics and the texture of the edible product. This is es-
pecially important for fresh produce and fresh-cut fruits and veg-
etables. Synthetic coating agents based on organic solvents and 
surfactants sometimes used in practice are not suitable based on 
ecological and healthy criteria. The application of edible coatings 
to minimally processed fruits faces some technical problems relat-
ed to the difficult adhesion of materials to the hydrophilic  surface 
of the cut fruit. In response to the challenges, novel nonthermal 
techniques are currently developed as a natural alternative to 
synthetic waxes, which is especially effective in  combination with 
antimicrobial effect (Donsì et al., 2015; Thakhiew et al., 2010). In 
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Poverenov et al. (2014) oppositely charged polysaccharide pair 
alginate/chitosan was used to prepare edible protective shell for 
fresh cut melon. The LbL-fabricated coating demonstrated ad-
vanced stability, adhesion, and antimicrobial characteristics over 
single-layered and uncoated formulation. Polysaccharide coat-
ings based on modified cellulose and chitosan were formulated in 
Arnon et al. (2015) to prevent the deterioration of mandarin. The 
pectin/chitosan multilayered coating through direct polyelec-
trolyte self-assembly onto the fruit skin was used for the control 
of permeability of the film toward water vapor, oxygen, and car-
bon dioxide spoiling the quality of fresh-cut mangoes (Medeiros 
et al., 2010). The coated mangoes are found to perform better than 
uncoated mangoes due to the combination of antimicrobial and 
gas barrier effects. Antimicrobial edible coating loaded with β-
cyclodextrin and trans-cinnamaldehyde complex was formulated 
in Brasil et al. (2012) by LbL technique for the protection of fresh-
cut papaya. The comparison of the protected and uncoated fruits 
reveals improved physical and antimicrobial characteristics of the 
former.

4 Molecular Complexes Based on the 
Guest–Host Interactions

Application of inclusion complexes of host–guest type with 
cyclodextrins and calixarenes aims at improving stability, con-
trolled delivery, and convenient handling of active ingredients. 
The host−guest complexation events based on cyclodextrin and 
calixarene occur commonly in aqueous media, and therefore  
the use of macrocyclic receptors is particularly advantageous in 
constructing water-soluble supramolecular architectures (Guo 
and Liu, 2012; Polyakov and Kispert, 2015). Moreover, such mac-
rocycles have been shown to be very biocompatible (Polyakov 
and Kispert, 2015; Perret and Coleman, 2011). Consequently, con-
struction of supramolecular complexes from these macrocycles 
is of fundamental interest for applications in food industry and 
biotechnology.

Cyclodextrins (CDs) are a family of cyclic oligosaccharides 
typically containing six (α-CD), seven (β-CD), or eight (γ-CD) 
1,4-linked d-glucose units. α-CD and β-CD have found wide-
spread use in food industry; both have obtained GRAS status on 
the Food and Drug Administration’s list for use as food additives 
(Kurkov and Loftsson, 2013). α-CD is a good candidate for use as 
a food additive owing to its superior solubility over the larger β-
CD. γ-CD is also highly soluble; however, it is easily degraded by 
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the human digestive system, contributing as a high calorie addi-
tive when used for food products. α-CD is highly resistant to en-
zymatic degradation and its dietary fiber properties contribute to 
its desirable use as a food additive (Li et al., 2014a). Only β-CD and 
its derivatives have been widely used in food industry due to the 
proper inside cavity and lower production cost (Pinho et al., 2014). 
Unmodified or unsubstituted β-CD has poor water solubility 
and is parenterally unsafe due to its nephrotoxicity. Therefore, 
several synthetically modified and relatively safe β-CDs have been 
made and used in parenteral formulations, such as methyl-β-
cyclodextrin (M-β-CD), hydroxypropyl-β-cyclodextrin (HP-β-CD), 
2,6-di-O-methyl-β-cyclodextrin (DM-β-CD), 2,3,6-tri-O-methyl-
β-cyclodextrin (TM-β-CD) sulfobutyl ether-β-cyclodextrin (SBE-
β-CD), randomly methylated β-CD (RM-β-CD), and the so-called 
branched CDs such as maltosyl-β-CD.

Calixarenes are versatile macrocyclic oligomers made up of 
benzene units as CDs are made up of glucose units. They pres-
ent a hydrophobic core sandwiched between two functionalizable 
rims. Since calixarenes possess a cylindrical architecture similar to 
CDs, they are expected to form inclusion complexes. In contrast to 
the CDs few reports are available on the application of calixarenes 
in food. However, the advantage of the calixarenes consisting of 
the modification at the upper and lower rim of the appropriate 
macrocyclic platform allows varieties of the receptor properties of 
these macrocycles over a wide range (Gutsche, 2008). Therefore, 
calixarene molecules may find application in different fields of 
food industry.

4.1 Effect of the Addition of CDs on Organoleptic 
Properties

Although the CD molecules are composed of glucose units, 
α-CD and β-CD do not taste sweet at all, while γ-CD has only a 
slightly sweet taste. Nevertheless, the bitterness of foods is read-
ily masked by CDs due to the formation of an inclusion complex. 
Ono et al. (2011) measured the effects of α-CD, β-CD, and γ-CD as 
well as a derivatized β-CD on the bitterness of a range of antihis-
taminic drugs. They showed that the level of bitterness suppres-
sion was correlated with the binding coefficient. A higher binding 
coefficient would mean a lower free bitterant concentration and 
hence less bitter taste. However, there have been some exceptions 
reported to the expected relationship between binding and bit-
terness reduction. For example, Gaudette and Pickering did not 
observe any suppression of caffeine bitterness by β-CD (Gaudette 
and Pickering, 2012a).
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In protein and peptide chemistry, the ability of CD to form in-
clusion complexes, altering the physicochemical properties of the 
substrate, has attracted much attention (Serno et al., 2011; Aach-
mann et al., 2012). Formation of peptide inclusion complexes with 
CDs has shown altered aggregation and stabilization properties 
(Wahlstrom et al., 2012). The incredible sweetness of the protein 
such as thaumatin compared to sugars is attributed to allosteric 
agonist activity of the sweet-taste receptor, a C-class G protein-
coupled receptor (GPCR) (Ohta et al., 2011; Masuda et al., 2013). 
α-CD may interact with the active binding site on thaumatin, sug-
gesting that a-cyclodextrin could be used to modify the interac-
tion of thaumatin with GPCRs and affect the taste properties of 
thaumatin in food products (Healey et al., 2015).

CDs were capable of partially suppressing the bitterness of 
whey protein hydrosylates (Yang et al., 2012) and soybean anti-
oxidant hydrosylates (Hou et al., 2013). In other food studies, 
Gaudette and Pickering (2012b) showed β-CD suppressed, but did 
not eliminate the bitter taste of catechin, and only in the presence 
of sucrose or a bitter-blocking compound. CDs were used in tea 
to mask the bitter taste caused by catechins. NMR experiments 
suggested that ß-CD binds theaflavin-3,3′-di-O-gallate, a major 
constituent in black tea, more tightly than α- or γ-CD (Nishizawa 
et al., 2014). β-CD also masks goaty flavor in yogurt, and it could 
be used in commercial goat yogurts and similar products, so the 
real or perceived nutritional advantages of goat milk are not lost to 
goaty flavor (Young et al., 2012).

The effect of the addition of CDs on others organoleptic prop-
erties has been reported in few works. CD addition has both posi-
tive and negative effects on the composition and quality of the 
mandarin juice (Andreu-Sevilla et al., 2011a). The treatment with 
β-CD caused higher intensities of typical aroma (fresh mandarin). 
However, addition of HP-β-CD resulted in the highest color in-
tensity, vitamin C content, retinol equivalents, antioxidant activ-
ity, and overall quality even at the end of the cold storage period. 
Moreover, HP-β-CD improved the quality of mandarin juice more 
efficiently than β-CD (Navarro et al., 2011). Comparing the effects 
of the addition of α-, β-, and γ-CDs on pear juice shows that α-CD 
considerably improves the overall quality of pear juice and reduc-
es its browning without producing significant decreases in aroma 
(Andreu-Sevilla et al., 2011b).

The addition of CDs prior to enzymatic clarification provides 
an alternative solution to the depletion of carotene content in 
clear blended carrot-orange juice. The addition of 3% HP-β-CD 
in homogenized blended carrot-orange juice improves carotene 
content, though reduces slightly its clarity (Karangwa et al., 2012). 



328  Chapter 8 SUPRAMOLECULAR STRATEGY OF THE ENCAPSULATION

The ability of β-CD to stabilize aronia juice anthocyanins was de-
scribed in Howard et al. (2013). The addition of up to 3% β-CD to 
aronia juice prevented anthocyanin loss and resulted in excellent 
protection of anthocyanins after 8 months. Encapsulation of an-
thocyanins may also prove useful in improving their bioavailabili-
ty in the gastrointestinal tract, which may improve health benefits 
(Oidtmann et al., 2012).

4.2 Extraction of Components
One of the main applications of β-CDs in food industry is the 

formation of inclusion complexes for the extraction of an unde-
sired component, practically, cholesterol (Fauziah et al., 2013). 
The potential use of the composites developed in the reduction of 
the cholesterol content of foods was explored, specifically, in milk 
(López-de-Dicastillo et al., 2011). Crosslinked β-CD was found to 
be highly effective in cholesterol removal from cream cheese (Mei 
et al., 2012) and Gouda cheese (Jung et al., 2013) without any sig-
nificant change in the flavor, texture, and sensory attributes of the 
cream cheese. Addition of crosslinked β-CD into food system such 
as milk and dairy products in order to lower cholesterol levels 
could not cause any adverse health effects (Park et al., 2011). The 
highest cholesterol removal rate of nearly 99% was obtained from 
fresh egg yolk in Su et al. (2015).

CDs can solubilize, stabilize, mask unpleasant odors and in-
crease the bioavailability of food components (García-Padial 
et al., 2013). However, the complexes formed by the interaction of 
lipophilic compounds with CDs have limited aqueous solubility, 
which results in precipitation of solid CD complexes from water 
and other aqueous systems. Therefore, there is a need for a delivery  
system that can solubilize CDs and at the same time act as a host 
toward cholesterol. Research by Kaur (2014) demonstrates the use 
of nanoemulsions as a medium in food matrices, instead of water, 
for hosting cholesterol in β-CD. In addition, there is a report by 
Dos Santos et al. (2011) where water is used as a medium in such 
studies.

Magnetic mesoporous silica is functionalized with β-CD for 
selective separation of cholesterol from milk or a cellular environ-
ment (Sinha et al., 2015). The colloidal form of this silica provides 
effective interaction with cholesterol of any form, while magnetic 
property facilitates separation of bound cholesterol.

β-CD can also extract different protein-bound carbonyl 
compounds, free fatty acids, and phospholipids from soy protein 
isolate (Arora and Damodaran, 2011). A further very interesting ap-
plication of β-CD-polyurethane polymer is to remove ochratoxin 
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A from wines (Appell and Jackson, 2012). The chemically modified 
quaternary ammonium CDs results in about 200-fold higher com-
plex stability with ochratoxin A than was observed in the case of 
β-CD (Poór et al., 2015). In addition, further potential application 
of quaternary ammonium CDs was studied (Sebestyén et al., 2012; 
Wang et al., 2012). In another investigation, Ratanasooriya and 
Rupasinghe (2012) showed that the cyclodextrin technology was 
more effective in removal of polyphenols from grape than organic 
solvent-based extractions.

An antioxidant powder from spent eggplant prepickling so-
lution exhibits low water-solubility and strong acetic acid odor. 
Treatment with γ-CD alleviates significantly these undesirable 
characteristics. In addition, the complex exhibited high antioxi-
dant activity, equivalent to 56.2% of the activity of the delphinidin 
standard (Itoh et al., 2015). In another study, β-CD/ATP sorbent 
composite for dispersive solid-phase extraction prepared by 
bonding β-CD to modified attapulgite via silane coupling was 
used to determine the concentrations of four (fluoro)quinolones 
in honey samples (Cui et al., 2015).

In recent years an increasing interest in calixarenes as potential 
complexing agents for metals, which together with food and 
potable water can penetrate into the human body, is observed. It 
is supported by several reviews (Mokhtari et al., 2011a,b; Schühle 
et al., 2011; Kiegiel et al., 2013). For example, the pyridinyl 
hydrazone derivatives of thiacalix[4]arene may be successfully 
applied for separation of certain transition and heavy metals 
(Podyachev et al., 2011). The introduction of electron-donor sub-
stituents in phenyl fragments of hydrazone groups improves the 
affinity of these compounds toward Ag+ and Hg2+ ions (Podyachev 
et al., 2014).

The measurement of naturally occurring radionuclides in 
drinking water is important to assess their health impact (Persson 
and Holm, 2011). For this purpose the use of calixarenes is of great 
interest to extract radioelements. The calix[6]arene-derivatives 
columns were developed to extract and separate selectively the 
actinides from urines samples (Bouvier-Capely et al., 2014). The 
calixarene column was also successfully employed for the analysis 
of the illegal additive of melamine in milk product (Hu et al., 2013).

4.3 Enantioseparation
Enantioseparation is widely used for resolution and prepa-

ration of foods. Mixtures of chiral compounds in natural prod-
ucts can be separated by the use of chiral selectors, and CDs 
have been used for this purpose. The enantiomers of ethyl 
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2-hydroxy-4-methylpentanoate in wines from various vintages and 
origins were separated by chiral gas chromatography analysis on 
a γ-CD phase (Lytra et al., 2012). A wide array of CDs (native α-CD, 
β-CD, γ-CD, hydroxypropylated, methylated, alkyl-carboxylated, 
sulfated, and alkyl-sulfated CDs) has been screened for chiral res-
olution of racemic antimalarial drugs (Németh et al., 2011).

The position of carboxymethyl group on monosubstituted α-
CD plays a very important role in the separation and the chiral 
recognition (Rezanka et al., 2012). α-CD derivative with carboxy-
methyl group attached at position 3 provided significantly better 
resolution than the native α-CD and its other individual mono-
substituted carboxymethyl derivatives including their mixture. 
Different columns coated with modified CDs were tested to re-
solve racemic 4-alkyl-branched fatty acid methyl ester standards 
(Kaffarnik et al., 2015).

Calixarene derivatives were also applied for separation and de-
termination of enantiomers. Study in (Memon and Memon, 2013) 
demonstrates the differential recognition of l-alanine amino 
acid by 5,11,17,26-tetrakis-[(N,N-dimethylamino) methyl]-
25,26,27,28-tetrahydroxy-calix[4]arene. In other work (Mokhtari 
and Pourabdollah, 2012), p-tert-calix[4]-1,2-crown-3, -crown-4, 
-crown-5, and -crown-6 were used to prepare bonded phases for 
detection and quantitation of salbutamol enantiomers in six sam-
ples of livestock meat (pork, pork casing, beef, beef casing, mut-
ton, and mutton casing).

4.4 Complexes with Antioxidants
The formation of cyclodextrin inclusion complexes with highly 

hydrophobic molecules has allowed large improvements not only 
in their aqueous solubility but also their stability and bioavailabil-
ity, thus ensuring the wide application of CDs in food industrial 
areas to encapsulate antioxidants (López-Nicolás et al., 2014).

Coenzyme CoQ10 is an antioxidant whose activity is particu-
larly important in regenerating vitamin E. Uekaji et al. (2011) 
reported the enhancement of the stability and bioavailability of 
coenzyme CoQ10 oxidized form by γ-CD complexation. In a se-
ries of studies, the authors investigated an easy and economical 
conversion of coenzyme CoQ10 oxidized form to its reduced form 
in complex powder, using inexpensive vitamin C as the reductant.

In order to enhance the cost-effectiveness practicability of 
enzymes in food technological processes, there is great need to 
immobilize them onto solid supports. There are a few studies on 
the use of calix[4]arene 1,3-distal glutaraldehyde derivative as a 
cross linker reagent for alpha amylase immobilization (Veesar 
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et al., 2013; Ozyilmaz et al., 2014). The efficient immobilization 
of α-amylase from Saccharomyces cerevisiae was developed by 
using the surface functionalization of calix[4]arene as support 
(Veesar et al., 2015).

The novel reversed phase HPLC method was developed for 
the determination of pterostilbene in food samples (Rodríguez-
Bonilla et al., 2011a). This method is based on the addition of CDs 
to the mobile phase where the 1:1 complexation of pterostilbene 
with CDs is carried out. The inclusion complexes formed by the 
interaction between HP-β-CD and both the pterostilbene trans-
dehydromer pterostilbene and cis-dehydromer products obtained 
by the oxidation of pterostilbene by peroxidase may show higher 
solubility than these molecules in the absence of HP-β-CD and slow 
down the detoxification process (Rodríguez-Bonilla et al., 2011b).

β-CD was added to the formulations, in order to obtain inclusion 
complexes with the essential oils (Răileanu et al., 2013). It was clear-
ly demonstrated that CDs (particularly HP-β-CD) have a significant 
positive impact on the antioxidant activity of essential oils from 
three Lamiaceae species in aqueous systems. The microencapsula-
tion of essential oils with β-CD was applied in gastronomy to im-
prove the sensorial properties of food (García-Segovia et al., 2011).

In food science CDs have been used for the controlled release 
of garlic essential oil (Wang et al., 2011b). The stoichiometry of the 
garlic oil/β-CD inclusion complex was 1:1, and the calculated ap-
parent stability constant of garlic oil/β-CD complex was 1141 M−1. 
The water solubility of garlic oil was significantly improved by the 
phase solubility study. Furthermore, the release of garlic oil from 
the inclusion complex was determined at a temperature range 
from 25 to 50°C and in an acidic dissolution medium (pH 1.5).

The complexation between CDs and trans-anethole (TA), ma-
jor component in essential oil of several plants, was investigated 
(Ciobanu et al., 2013; Kfoury et al., 2014). Results showed that the 
encapsulation of TA inside the CD cavity was an efficient way to 
increase stability and solubility of TA, and β-CD displayed high-
er stability constants than α-CD and γ-CD. The release study in 
Zhang et al. (2015) suggests that β-CD provides the protection for 
AT against evaporation.

The inclusion of essential oils with a very high incorporation 
rate was achieved into β-CD (Hill et al., 2013). A study in Haloci et al. 
(2014) justifies the use of β-CD as complexion agent for essential 
oil of such aromatic plants as S. Montana in the food industry.

The development of antimicrobial materials and their applica-
tion in the design of active packaging is creating considerable ex-
pectation in the food industry, since food safety is an area of great 
concern. Incorporation of low amounts of complex of β-CD and 
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essential oils in the chitosan film significantly improves its anti-
microbial properties (Higueras et al., 2013; Sun et al., 2014). There-
fore, chitosan films containing complex of β-CD and essential oils 
could be used as active food-packaging material.

The catechin and epigallocatechin-gallate are molecules repre-
sentative of the flavon-3-ols subgroup. These compounds present 
antidiabetic and antiobesity properties, besides the antioxidant 
action (Haidong et al., 2011). If catechin isolated from grape seed 
was successfully complexed with β-CD with a 1:1 stoichiometry 
(Krishnaswamy et al., 2012), DM-β-CD was the most suitable CD 
for the complexation of epigallocatechin (Folch-Cano et al., 2013). 
The authors also described that regardless of how all the inclusion 
complexes had similar geometries, the flavonoid antioxidant rings 
position inside the CD cavity was different.

In general, the coordination to the Al(III) ion lowers the oxida-
tion potential of such flavonoids as catechin and quercetin, mak-
ing them more susceptible to suffering oxidation processes. In fact, 
both compounds present the ability to scavenge 1,1-diphenyl-
2-picrylhydrazyl radicals efficiently. However, their potential use 
as antioxidants is severely imparted by their low water solubility. 
With this regard, it was also shown that their inclusion into the 
β-CD cavity increases their solubility in aqueous media, and that 
this chemical modification does not compromise their antioxi-
dant ability. Actually, the ability of the inclusion compounds to 
react with radicals is maintained, with only a slight decrease of the 
EC50 values (Dias et al., 2011).

The inclusion complexes of SBE-β-CD, HP-β-CD, and M-β-CD, 
with insoluble quercetin in tris–HCl buffer solutions at pH 7.40,  
were investigated through phase solubility analysis and spec-
troscopic methods. The results suggested that quercetin formed 
1:1 inclusion complexes with three substituted CDs (Liu et al., 
2013a), and hydrophilic SBE-β-CD is a more effective solubiliz-
ing agent for quercetin due to stronger ion–dipole interactions  
between the anions of the outer surface of SBE-β-CD and the 
hydroxyl groups of quercetin (Dong et al., 2013). The authors of 
another study reported the formation of inclusion complexes 
of 7-diethylaminocoumarin-3-carboxylic acid with β-CD and 
2-HP-β-CD in buffer solution (pH 7.4) and in the solid state 
(Tablet et al., 2012). The solubility and stability of 7-hydroxy-
4-methylcoumarin can be improved through the complexation 
with SBE-β-CD. It is beneficial for 7-hydroxy-4-methylcoumarin 
to release from the cavity of SBE-β-CD with the ascent of pH value 
(Liu et al., 2015a).

There are several investigations on encapsulation of flavonoids 
in various CDs for improving solubility (Lucas-Abellán et al., 2011), 



 Chapter 8 SUPRAMOLECULAR STRATEGY OF THE ENCAPSULATION  333

quality (Karangwa et al., 2012), and physico-chemical stability 
(Chao et al., 2012). The most successful formulations were the 
RM-β-CD complexes of various carotenoids (capsanthin, capso-
rubin, and lutein). The major drawback of these nanocapsulated 
carotenoids is that they contain a relatively high percent (95%) of 
CD, which is required to maintain their complexation ability and 
the water solubility of the complexes. The aqueous solutions of 
these complexes are stable over months, so no aggregation can be 
observed, and the complexation is not pH dependent. The RM-β-
CD–lutein complex has been recently found to facilitate the incor-
poration of lutein in neurons (Horvath et al., 2012).

Complexation with CD protects the carotenoid during storage 
and transportation to the target. In vivo and in vitro experimental 
data demonstrated that CDs stabilize carotenoids and allow effi-
cient cellular uptake (Yuan et al., 2013; Gharibzahedi et al., 2014). 
RM-β-CD has shown higher solubilization behaviors of poorly 
water soluble molecules in comparison with other types of CDs 
(Mazzaferro et al., 2011; Pradines et al., 2014).

β-CD–carvacrol complexes could be useful antimicrobial de-
livery systems, for example, for application in a variety of food 
systems where foodborne pathogens could present a risk (Santos 
et al., 2015). According to Wang et al. (2011c), since the primary 
sites of action of essential oils are at the membrane and inside 
the cytoplasm of bacteria, the improvement for the antimicrobial 
activity of the carvacrol is probably because β-CD may have en-
hanced carvacrol access to these regions by increasing carvacrol 
aqueous solubility. Since it is possible to use less concentration 
of carvacrol, these results shows that encapsulation with β-CD is 
able to improve delivery of these antimicrobials to the site where 
they can be active.

Self-assembly aggregation of CDs has been extensively inves-
tigated from the aggregation of native CDs to high-order complex 
aggregates. The aggregation of β-CD due to its self-assembling 
behavior influenced the release characteristics of eugenol (Chun 
et al., 2012). After 8 h of complexation in solution, β-CD–eugenol 
molecular inclusion complex started to precipitate, leading to 
self-aggregation, which retarded the release of eugenol.

The study in (Paczkowska et al., 2015) confirmed that it is 
possible to form inclusion complexes of rutin, citrus flavonoid 
glycoside, with β-CD, which may qualify as effective delivery 
systems. The CD complex protects rutin from thermal and UV 
degradation and, also, increases this phenolic antioxidant capacity 
(Nguyen et al., 2013).

The naringenin is a flavanone with a similar structure of the 
rutin, with good antioxidant capacity and capable of reduce the 
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cholesterol plasma level. The formation of inclusion complex 
between naringenin and β-CD and its derivatives (HP-β-CD, DM-
β-CD, M-β-CD, and TM-β-CD) was analyzed by several teams 
(Shulman et al., 2011; Yang et al., 2013). For the CDs mentioned 
previously the stoichiometry of the inclusion complex was 1:1, 
and complex with HP-β-CD was with higher stability constant. 
Shulman et al. (2011) proved that the solubility of the flavonoid 
was increased 400 times when complexed with HP-β-CD. Yang 
et al. (2013) demonstrated that water solubility and thermal 
stability of naringenin was improved when encapsulated by β-CD, 
DM-β-CD or TM-β-CD. In fact, the inclusion complexes remained 
stable when exposed to temperatures near 225°C. The solubility of 
the flavonoid was increased 400 times when complexed with the 
HP-β-CD.

The curcumin encapsulation by the native CDs was described 
by Patro et al. (2013). They were able to improve the solubil-
ity and oral availability with all three inclusion complexes; how-
ever the α-CD was the one that showed higher binding constant 
(1124 M−1). López-Tobar et al. (2012) also applied to β-CD and 
γ-CD as curcumin carriers. The large cavity of γ-CD was more ef-
ficient in the complex formation. Moreover, both CDs were able to 
form 2:1 inclusion complexes with this phenolic compound, and 
the molecular interaction proposed was that the aromatic rings 
and the hydrogen bonds were involved and a change occurs from 
the curcumin planar ketoenol form to nonplanar form. The chem-
ical stability and bioavailability may be upgraded by this confor-
mational alteration. The same stoichiometry of the CD–curcumin 
complexes was observed in Rahman et al. (2012). The solubility of 
curcumin was described as well as the same molecular interaction, 
as referred previously. Dandawate et al. (2012) used a synthetic 
form of curcumin but accomplished the same stoichiometry and 
solubility. In this work, the anticarcinogenic, systemic bioavail-
ability, and tissue distribution of the β-CD–synthetic curcumin 
complex were compared with the synthetic curcumin alone and 
concluded that they have been improved by the encapsulation.

CD derivatives were also tested as drug carriers of curcumin, 
in order to overcome the difficulties of its application as anticar-
cinogenic agent. For instance, two molecules of HP-β-CD formed 
stable complex with two molecule of curcumin (Ghanghoria 
et al., 2012; Mohan et al., 2012). The transdermal capacity of cur-
cumin was raised by the complexation with HP-β-CD as well as 
the decrease of skin irritation. Besides, HP-β-CD, HP-α-CD and 
HP-γ-CD were used with the same goal. Mohan et al. compared 
the encapsulation of the three CD derivatives and reported that 
the encapsulation may occur both in 1:1 and 2:1 stoichiometry 
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and the HP-γ-CD has a better complexion capacity. This HP-γ-CD–
curcumin complex was capable of reducing cell proliferation and 
increases the apoptosis of cancer cells by interfering in the protein 
production (Rocks et al., 2012). M-β-CD was used to increase the 
solubility of the major compound of curcumin present in turmeric 
rhizome oleoresin (Hadi et al., 2015).

Complex between resveratrol and HP-γ-CD could be consid-
ered by the food and packaging industries as a new antibiofilm 
agent and/or quorum sensing inhibitor to enhance shelf life and 
increase food safety, meeting consumer expectations to have 
pathogen-free food without the use of chemical additives or pre-
servatives (Duarte et al., 2015). Resveratrol plays a hydrophobic 
behavior, and is also extremely affected by exposure to oxygen, 
light, and oxidative enzymes, reducing its bioactivity. The use of 
CD to protect resveratrol and to increase its solubility, stability, 
and bioactivity was applied in several studies. The native α-CD 
and β-CD and two derivatives (HP-β-CD and DM-β-CD) were 
used to increase the concentration of resveratrol on solution and 
its stability. It was observed that the complex formation with na-
tive CD was only capable of complexing with part of the resvera-
trol molecule and that the HP-β-CD offered a cavity with a better 
fit to the bioactive molecule (Kumpugdee-Vollrath et al., 2012).

The biological properties of resveratrol (antioxidant and anticar-
cinogenic) were also enhanced by its encapsulation. For instance, 
Lu et al. (2011) used β-CD and HP-β-CD as resveratrol carrier agents 
and described the inhibition of the lipid peroxidation activity and 
the cytotoxicity to cancer cells without harming the healthy ones. 
Results have shown that, besides being able to significantly in-
crease resveratrol aqueous solubility, CDs also improved or main-
tained the antioxidant activity of this compound (Davidov-Pardo 
and McClements, 2014), while being capable of protecting resvera-
trol from the external environmental factors, such as temperature, 
light, and pH, by entrapping it inside their cavities.

Hydroxycinnamic acids (such as caffeic, ferulic, p-coumaric, 
and sinapic acids) are a group of compounds highly abundant in 
food that may account for about one-third of the phenolic com-
pounds in our diet (Teixeira et al., 2013). They have been shown 
to exhibit a broad range of biological activities (Lou et al., 2011; 
El-Medany et al., 2011; Shi et al., 2013). Coffee is one of the plants 
that accumulate hydroxycinnamic acids in quantities sufficient 
to have physiological effects. Green coffee beans are rich source 
of these acids. They contain 4–10% of these compounds (Budryn 
et al., 2014). Coffee bean extracts could be added to various 
kinds of food products, including those rich in proteins (Budryn 
et al., 2013). This kind of combination caused partial degradation 
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of essential amino acids and reduced the susceptibility to proteo-
lytic digestion (Bandyopadhyay et al., 2012). Therefore, it could be 
more beneficial to encapsulate hydroxycinnamic acids by form-
ing inclusion complexes with β-CD and to add them in this form 
to foods (Nasirullah Kumar and Shariff, 2011). Inclusion of these 
acids with β-CD presumably does not limit their bioavailability 
and antioxidant activity. Budryn et al. (2015a) demonstrated to a 
lesser extent interactions of food protein with hydroxycinnamic 
acids from coffee encapsulated in β-CD compared with free 
hydroxycinnamic acids that caused higher availability of the 
polyphenols for the digestive tract. Taking into account high 
bioavailability of hydroxycinnamic acids supplied in the form of 
inclusion complexes with β-CD, such encapsulation could be a 
promising solution for reducing unfavorable protein–polyphenol 
interactions during processing of foods enriched with these acids 
(Budryn et al., 2015b).

The encapsulation of ferulic acid with HP-β-CD was also stud-
ied (Wang et al., 2011a). This complex obtained had lower stability. 
Nevertheless, the solubility and protection against decomposition 
caused by irradiation with UV light was enhanced by the complex-
ation of the ferulic acid with this CD. The cutaneous permeation 
and distribution through skin of the complex of ferulic acid with 
α-CD was assessed by Monti et al. (2011). They concluded that this 
complex prevented the formation of the less active cis-isomer of 
ferulic acid and its degradation by UV light. The ferulic acid–α-CD 
complex presented lower penetration on the skin which enlarges 
the skin protection against UV damages, since the ferulic acid re-
mains at the skin surface.

There are other examples of complexes of β-CD derivatives. 
Liu et al. (2012) successfully prepared the inclusion complex of 
glucosyl-β-CD with puerarin and luteolin (Liu et al., 2013b) with 
good yield via the freeze-drying method. An et al. (2013) reported 
the inclusion behavior of HP-β-CD with polydatin by fluorescence 
method. 6-O-α-Maltosyl-β-CD, as one of new β-CD derivatives, 
was used to improve poor aqueous solubility of polydatin by 
forming the inclusion complex, which can be used to develop new 
functional food (Liu et al., 2015b).

Most vitamins are well-known natural antioxidant agents that 
can be usefully employed for the preservation of foods to increase 
their shelf life. Vitamin C– and/or E–based chitosan nanoparticles 
were formulated following the ionic gelation technique and using 
SBE-β-CD as a crosslinking agent (Aresta et al., 2013). In vitro release 
studies showed a slow and continuous vitamin(s) release from these 
nanoparticles during 7 days of monitoring, suggesting the efficacy 
of the investigated nanosystems as preservative agents in foods.
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Fat-soluble vitamin A, also known as retinol, is soluble in wa-
ter due to its inclusion in the cavity of β-CDs (Vilanova and So-
lans, 2015). Importantly, the vitamin A within the cyclodextrin 
complex has higher stability against temperature and oxygen. In 
addition, this inclusion of vitamin A partially hinders its trans–
cis isomerization upon UV light and as a consequence the for-
mation of further toxic photodegradation products. Compared 
to other encapsulating species such as micelles, simple emul-
sions, solid–lipid nanoparticles, or gels, β-CDs provide better 
protection of vitamin A; namely the encapsulated form of vi-
tamin A degrades more slowly. Therefore, β-CDs are promising 
vehicles for increasing water solubility, stability, and thereby 
the bioavailability of vitamin A in food fortification to treat vita-
min A deficiency. Similar to CDs, tetrabutyl ether derivatives of 
p-sulfonatocalix[4]arene and ascorbic acid form a complex, and 
its inclusion complexes show potential for biological and medi-
cal applications (Zhou et al., 2011).

4.5 Sensors
Biosensor detecting techniques have attracted much attention 

in the content determination of food additives. The hydrophobic 
cavities of CDs were used to develop different sensors (Ncube 
et al., 2011). The technology to connect β-CD with invertase that 
can convert sucrose to glucose for quantification to fabricate 
the signal tag is crucial question. To do this, gold nanoparticles  
were used to coimmobilize invertase and mercaptol-β-CD 
composite owing to its excellent biocompatibility and easy immo-
bilization of proteins (Li et al., 2014b). The sandwich-type strategy 
was developed on the basis of magnetic molecularly imprinted 
probenanoparticles and a β-CD/invertase-functionalized signal 
tag that could recognize the nitrobenzene segment of chloram-
phenicol through host–guest interaction (Chen et al., 2015). This 
method overcomes the drawbacks of conventional antibody-
based immunoassays, and was successfully applied in the detec-
tion of chloramphenicol in animal-derived foods.

Detecting volatile amines is a significant topic in quality control 
of food diagnosis. Supramolecular strategy for selectively sensing 
aniline based on the aggregation of perylene–CD conjugate was 
demonstrated in (Jiang et al., 2011). β-CD/carbon nanotubes 
combination was widely applied for fabricating electrochemi-
cal sensors for some electroactive substrates (Yang et al., 2011; 
Rahemi et al., 2012; Gaichore and Srivastava, 2013).

As a result of the known host–guest interaction between β-CD 
and azo-compound (Venkatesh et al., 2013), an electrochemical 
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voltammetric sensor for coloring matter Sudan I was fabricated 
for the first time by modifying glassy carbon electrode with single-
walled carbon nanotubes–CD conjugate (Cao et al., 2015). Self-
assembling nanoparticles formed with viologen–resorcin[4]arene 
cavitands were also applied for detection of this dye, and Sudan 
sensitivity depends on tail lengths on the lower rim of macrocycles 
(Kashapov et al., 2014).

Quantum dots (QDs) could be powerful tools for biosensors, 
bioanalytical methods, and for sensitive detection in relation to 
food. β-CD modified CdTe QDs were used as a nanosensor for 
acetylsalicylic acid and its metabolites (Algarra et al., 2012), and 
β-CD modified CdSe QDs as a recognition system for tyrosine 
enantiomers (Cao et al., 2013). The optical sensor for vanillin de-
termination based on the selective supramolecular recognition 
of vanillin with β-CD modified CdSe/ZnS QDs was developed 
(Durán et al., 2015).

A CdSe/ZnS quantum dot–based fluorescence method for the 
fast and selective determination of quercetin aglycone in onion 
was obtained. Fluorescence quenching of the quantum dots is 
due to the formation of host–guest complexes between querce-
tin aglycone and β-CD. Besides, the developed technique is to be 
universal and capable of determining this flavonoid in methanolic 
extracts obtained from onion in the presence of quercetin gluco-
sides and other phenolic compounds (Dwiecki et al., 2015).

Calixarenes are also applied as sensors for various analytes. 
The cysteine complex of piperidine-calix[4]arene acts as a con-
venient and effective dual-signal responsive switch for mercury 
(II) ion (Zhang et al., 2013), the recognition of which is essential 
because of its extreme toxicity in the food. In other work, the 
method for the determination of safranine T in food samples with 
satisfactory results was developed based on its interaction with 
calix[4]arene (4,10,16,22-tetramethoxylresorcinarene carboxylic 
acid derivatives) (Wang et al., 2013). The fluorescence intensity of 
this calixarene could be quenched by safranine T, and the fluores-
cence quenching was sensitized in CTAB. The quantum yield of 
safranine T was approximately 2.0 times higher in the presence of 
CTAB than that in the absence of CTAB. The mixed systems based 
on ionic calix[4]arenes and oppositely charged surfactants were 
also applied for detection and release of such food colorants as 
Sudan I and Orange OT in (Kashapov et al., 2011; Kharlamov et al., 
2013a). As shown in Fig. 8.9, the solubilization study with these 
hydrophobic dyes demonstrated that only mixed system with ca-
lix[4]arene as minor component is capable of binding the organic 
probe, while mixed aggregates enriched by calix[4]arene show no 
binding capacity toward dyes.
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5 Conclusions
The review presented in the chapter is not intended to be a 

comprehensive analysis of publications covering delivery and 
storage systems for food industry. It is rather oriented on recent 
work illustrating trends outlined in the field. As before, the green 
chemistry approach is the mainstream of the research activity in 
the pharma and food technologies. Therefore, natural and low tox-
ic synthetic materials are extremely attractive. Food formulations 
tend to be polycomponent and polyfunctional, with the  low-cost 
and scaling-up possibility emphasized.

Many advantages are provided by the use of soft colloidal for-
mulations, that is, micelles, microemulsions, and nanoemulsions 
that possess high solubilization capacity for a variety of water-
insoluble supplements. Low droplet sizes, high surface-to-volume 
ratio, possibility of precisely tuning the properties of carriers and 
therefore their functional activity, that is, viscosity of formulation, 
physical, chemical and biological stability of active components, 
controlled release of cargo material, and so forth, are aspects of 
promising formulations. Numerous publications focusing on 
structure-activity relation of amphiphile-based systems make 
it possible to optimize colloidal formulations in the light of this 
information. Lipid-based formulations are traditional carriers for 
the food industry due to high efficacy and low toxicity. A survey 
of the literature confirms the steadily increased research activity 

Figure 8.9. Changes in the supramolecular architecture with the variation in ionic calix[4]arene–oppositely charged 
surfactant ratio.
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focusing on liposomal preparations, including their optimization 
in composition and stability as well as application in analytical 
control of food production. Solid lipid nanoparticles that have re-
ceived much attention in biomedicine are demonstrated to need 
thorough optimization for wider use in the food industry.

Polymeric nanoparticles are beneficial from the viewpoint of 
the use of covalently bound building blocks, which guarantees 
the stability of composition in time. The wide range of biopoly-
mers and biocompatible synthetic analogs makes them attractive 
candidates for utilization in food technologies. This is exemplified 
herein by two natural biopolymers, casein and chitosan, present-
ing the key families of natural edible polymers, that is, proteins 
and polysaccharides. Casein is widely involved in fabrication of 
nanoparticulate structures due to its nutrition value and ability of 
self-assembling. Chitosan is shown to be a very promising coating 
agent in food industry both as a single component and in com-
plexes with other building blocks. Due to bioadhesive properties 
and high affinity toward mucosal membranes, chitosan possesses 
high protective ability against uncontrolled biodegradation of 
food ingredients in the gastrointestinal tract. The layer-by-layer 
technique essentially enhances the polymer-based strategies due 
to high performance, simplicity, and variability of protocols, and 
the wide spectrum of edible polianion/polycation pairs that were 
shown to meet safety standards.

Cyclodextrins and calixarenes are reported to have diverse, 
important applications in food chemistry. These applications are 
based on the ability of these macrocycles to form molecular com-
plexes with low-molecular compounds through the molecular 
recognition mechanism.
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Delicado, E., 2011. Comparative study of different methods to measure 
antioxidant activity of resveratrol in the presence of cyclodextrins. Food. 
Chem. Toxicol. 49, 1255–1260. 

Lvov, Y., Ariga, K., Ichinose, I., Kunitake, K., 1995. Assembly of multicomponent 
protein films by means of electrostatic layer-by-layer adsorption. J. Am. 
Chem. Soc. 117, 6117–6123. 

Lytra, G., Tempere, S., de Revel, G., Barbe, J.-C., 2012. Distribution and 
organoleptic impact of ethyl 2-hydroxy-4-methylpentanoate enantiomers in 
wine. J. Agric. Food Chem. 60, 1503–1509. 

Machado, A.R., Assis, L.M., Costa, J.A.V., Badiale-Furlong, E., Motta, A.S., 
Micheletto, Y.M.S., Souza-Soares, L.A., 2014. Application of sonication and 
mixing for nanoencapsulation of the cyanobacterium Spirulina platensis in 
liposomes. Int. Food Res. J. 21, 2201–2206. 

MaHam, A., Tang, Z., Wu, H., Wang, J., Lin, Y., 2009. Protein-based nanomedicine 
platforms for drug delivery. Small 5, 1706–1721. 

Manju, S., Sreenivasan, K., 2011. Hollow microcapsules built by layer by layer 
assembly for the encapsulation and sustained release of curcumin. Colloids 
Surf. B 82, 588–593. 

http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0880
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0880
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0880
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0880
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0885
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0885
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0885
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0895
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0895
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0895
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0900
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0900
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0900
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0900
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0905
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0905
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0905
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0910
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0910
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0910
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0915
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0915
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0925
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0925
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0930
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0930
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0930
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0945
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0945
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0945
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0950
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0950
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0950
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0950
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0955
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0955
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0960
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0960
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0960


352  Chapter 8 SUPRAMOLECULAR STRATEGY OF THE ENCAPSULATION

Marianecci, C., Di Marzio, L., Rinaldi, F., Celia, C., Paolino, D., Alhaique, F., 
Esposito, S., Carafa, M., 2014. Niosomes from 80s to present: the state of the 
art. Adv. Colloid Interf. Sci. 205, 187–206. 

Marsanasco, M., Márquez, A.L., Wagner, J.R., Chiaramoni, N.S., del, V., Alonso, S., 
2015. Bioactive compounds as functional food ingredients: characterization in 
model system and sensory evaluation in chocolate milk. J. Food Eng. 166, 55–63. 

Martín, M.J., Lara-Villoslada, F., Ruiz, M.A., Morales, M.E., 2015. 
Microencapsulation of bacteria: a review of different technologies and their 
impact on the probiotic effects. Innov. Food Sci. Emerg. Technol. 27, 15–25. 

Martins, S., Sarmento, B., Ferreira, D.C., Souto, E.B., 2007. Lipid-based 
colloidal carriers for peptide and protein delivery—liposomes versus lipid 
nanoparticles. Int. J. Nanomed. 2, 595–607. 

Mastromatteo, M., Mastromatteo, M., Conte, A., Del Nobile, M.A., 2010. Advances 
in controlled release devices for food packaging applications. Trends Food Sci. 
Technol. 21, 591–598. 

Masuda, T., Taguchi, W., Sano, A., Ohta, K., Kitabatake, N., Tani, F., 2013. Five 
amino acid residues in cysteine-rich domain of human T1R3 were involved in 
the response for sweet-tasting protein, thaumatin. Biochimie 95, 1502–1505. 

Maswal, M., Dar, A.A., 2014. Formulation challenges in encapsulation and 
delivery of citral for improved food quality. Food Hydrocoll. 37, 182–195. 

Mauser, T., Déjugnat, C., Sukhorukov, G.B., 2006. Balance of hydrophobic and 
electrostatic forces in the pH response of weak polyelectrolyte capsules. J. 
Phys. Chem. B 110, 20246–20253. 

Mazzaferro, S., Bouchemal, K., Gallard, J.-F., Iorga, B.I., Cheron, M., Gueutin, C., 
Steinmesse, C., Ponchel, G., 2011. Bivalent sequential binding of docetaxel to 
methyl-β-cyclodextrin. Int. J. Pharm. 416, 171–180. 

McClements, D.J., 2013. Edible lipid nanoparticles: digestion, absorption, and 
potential toxicity. Prog. Lipid Res. 52, 409–423. 

McClements, D.J., 2015. Encapsulation, protection, and release of hydrophilic 
active components: potential and limitations of colloidal delivery systems. 
Adv. Colloid Interf. Sci. 219, 27–53. 

Medeiros, B.G.S., Pinheiro, A.C., Carneiro-da-Cunha, M.G., Vicente, A.A., 2010. 
Development and characterization of a nanomultilayer coating of pectin and 
chitosan—Evaluation of its gas barrier properties and application on ‘Tommy 
Atkins’ mangoes. J. Food Eng. 110, 457–464. 

Mehmood, T., 2015. Optimization of the canola oil based vitamin E 
nanoemulsions stabilized. Food Chem. 183, 1–7. 

Mei, J., Guo, Q., Wu, Y., Li, Y., Yu, H., 2012. Study of proteolysis, lipolysis, and 
volatile compounds of a Camembert-type cheese manufactured using a 
freeze-dried Tibetan kefir coculture during ripening. Food Sci. Biotechnol. 
21, 159–165. 

Memon, F.N., Memon, S., 2013. Differential recognition of d and l-alanine by 
calix[4]arene amino derivative. J. Incl. Phenom. Macrocycl. Chem. 77, 413–420. 

Menger, F.M., Keiper, J.S., 2000. Gemini surfactants. Angew. Chem. Int. Ed. 112, 
1906–1920. 

Mirgorodskaya, A.B., Yackevich, E.I., Lukashenko, S.S., Zakharova, L.Y., Konovalov, 
A.I., 2012a. Solubilization and catalytic behavior of micellar system based on 
gemini surfactant with hydroxyalkylated head group. J. Mol. Liq. 169, 106–109. 

Mirgorodskaya, A., Yackevich, E., Syakaev, V., Zakharova, L., Latypov, S., Konovalov, 
A., 2012b. Micellization and catalytic properties of cationic surfactants with 
head groups functionalized with a hydroxyalkyl fragment. J. Chem. Eng. Data 
57, 3153–3163. 

Mirgorodskaya, A.B., Yatskevich, E.I., Zakharova, L.Y., Konovalov, A.I., 2012c. Geminal 
surfactant–nonionic polymer mixed micellar systems. Colloid J. 74, 91–98. 

http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0965
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0965
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0965
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0970
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0970
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0970
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0975
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0975
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0975
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0980
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0980
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0980
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0985
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0985
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0985
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0990
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0990
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0990
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0995
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref0995
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1000
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1000
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1000
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1005
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1005
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1005
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1010
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1010
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1015
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1015
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1015
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1020
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1020
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1020
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1020
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1025
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1025
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1030
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1030
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1030
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1030
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1035
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1035
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1040
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1040
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref9045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref9045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref9045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref9045
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1050
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1050


 Chapter 8 SUPRAMOLECULAR STRATEGY OF THE ENCAPSULATION  353

Mirgorodskaya, A.B., Yackevich, E.I., Zakharova, L.Y., Konovalov, A.I., 2013. 
Microemulsions based on cationic surfactant with hydroxyalkyl fragment in 
the head group. Chem. Phys. Lett. 567, 18–22. 

Mirgorodskaya, A.B., Karpichev, Y.A., Zakharova, L.Y., Yackevich, E.I., Kapitanov, 
I.V., Lukashenko, S.S., Popov, A.F., Konovalov, A.I., 2014a. Aggregation behavior 
and interface properties of mixed surfactant systems gemini 14-s-14/CTABr. 
Colloids Surf. A 457, 425–432. 

Mirgorodskaya, A.B., Lukashenko, S.S., Yatskevich, E.I., Kulik, N., Voloshina, A.D., 
Kudryavtsev, D.B., Panteleeva, A.R., Zobov, V.V., Zakharova, L.Y., Konovalov, A.I., 
2014b. Aggregation behavior, anticorrosion effect, and antimicrobial activity of 
alkylmethylmorpholinium bromides. Prot. Met. Phys. Chem. 50, 530–534. 

Mirgorodskaya, A.B., Yackevich, E.I., Valeeva, F.G., Pankratov, V.A., Zakharova, L.Y., 
2014c. Solubilizing and catalytic properties of supramolecular systems based 
on gemini surfactants. Russ. Chem. Bull. 63, 82–87. 

Mittal, K.L., 1977. Micellization. Solubilization and MicroemulsionsPlenum Press, 
New York. 

Mohan, P.R.K., Sreelakshmi, G., Muraleedharan, C.V., Joseph, R., 2012. Water 
soluble complexes of curcumin with cyclodextrins: characterization by FT-
Raman spectroscopy. Vibrat. Spec. 62, 77–84. 

Mokhtari, B., Pourabdollah, K., 2012. Chromatographic separation of clenbuterol 
by bonded phases bearing nano-baskets of p-tert-calix[4]-1,2-crown-3, 
-crown-4, -crown-5 and -crown-6. J. Sci. Food Agric. 92, 2679–2688. 

Mokhtari, B., Pourabdollah, K., Dalali, N., 2011a. Applications of nano-baskets of 
calixarenes in chromatography. Chromatographia 73, 829–847. 

Mokhtari, B., Pourabdollah, K., Dallali, N., 2011b. A review of calixarene 
applications in nuclear industries. J. Radioanal. Nucl. Chem. 287, 921–934. 

Monti, D., Tampucci, S., Chetoni, P., Burgalassi, S., Saino, V., Centini, M., Staltari, 
L., Anselmi, C., 2011. Permeation and distribution of ferulic acid and its 
a-cyclodextrin complex from different formulations in hairless rat skin. AAPS 
PharmSciTech 12, 514–520. 

Moré, M.I., Freitas, U., Rutenberg, D., 2014. Positive effects of soy lecithin-derived 
phosphatidylserine plus phosphatidic acid on memory, cognition, daily 
functioning, and mood in elderly patients with Alzheimer’s disease and 
dementia. Adv. Ther. 31, 1247–1262. 

Müller, R.H., Mehnert, W., Lucks, J.S., Schwarz, C., Mühlen, A., Weyhers, H., Freitas, 
C., Rühl, D., 1995. Solid lipid nanoparticles (SLN)—an alternative colloidal 
carrier system for controlled drug deliver. Eur. J. Pharm. Biopharm. 41, 62–69. 

Müller, R.H., Gohla, S., Keck, C.M., 2011. State of the art of nanocrystals—special 
features, production, nanotoxicology aspects and intracellular delivery. Eur. J. 
Pharm. Biopharm. 78, 1–9. 

Nakagawa, K., Sowasod, N., Tanthapanichakoon, W., Charinpanitkul, T., 2013. 
Hydrogel based oil encapsulation for controlled release of curcumin by using 
a ternary system of chitosan, kappa-carrageenan, and carboxymethylcellulose 
sodium salt. LWT Food Sci. Technol. 54, 600–605. 

Naksuriya, O., Okonogi, S., Schiffelers, R.M., Hennink, W.E., 2014. Curcumin 
nanoformulations: a review of pharmaceutical properties and preclinical studies 
and clinical data related to cancer treatment. Biomaterials 35, 3365–3383. 

Nascimento, C.F., Rocha, D.L., Rocha, F.R.P., 2015. A fast and environmental 
friendly analytical procedure for determination of melamine in milk 
exploiting fluorescence quenching. Food Chem. 169, 314–319. 

Nasirullah Kumar, P., Shariff, R., 2011. Development of nutraceutical carriers for 
functional food applications. Nutr. Food Sci. 41, 34–43. 

Nasr, J.J., Shalan, S., Belal, F., 2014. Simultaneous determination of tylosin and 
josamycin residues in muscles, liver, eggs and milk by MLC with a monolithic 

http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1055
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1055
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1055
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1060
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1060
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1060
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1060
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1065
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1065
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1065
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1065
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1070
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1070
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1070
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1075
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1075
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1080
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1080
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1080
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1085
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1085
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1085
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1090
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1090
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1095
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1095
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1100
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1100
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1100
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1100
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1105
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1105
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1105
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1105
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1110
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1110
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1110
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1115
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1115
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1115
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1120
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1120
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1120
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1120
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1125
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1125
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1125
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1130
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1130
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1130
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1135
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1135
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1140
http://refhub.elsevier.com/B978-0-12-804307-3.00008-9/ref1140


354  Chapter 8 SUPRAMOLECULAR STRATEGY OF THE ENCAPSULATION

column and time-programmed UV detection: application to baby food and 
formulae. Chem. Cent. J. 8, 1–9. 

Navarro, P., Nicolas, T.S., Gabaldon, J.A., Mercader-Ros, M.T., Calín-Sánchez, A., 
Carbonell-Barrachina, A.A., Pérez-López, A.J., 2011. Effects of cyclodextrin 
type on vitamin C, antioxidant activity, and sensory attributes of a mandarin 
juice enriched with pomegranate and goji berries. J. Food Sci. 76, S319–S324. 

Ncube, P., Krause, R.W., Mamba, B.B., 2011. Fluorescent sensing of chlorophenols 
in water using an azo dye modified β-cyclodextrin polymer. Sensors 11, 
4598–4608. 

Nedovic, V., Kalusevic, A., Manojlovic, V., Levic, S., Bugarski, B., 2011. An 
overview of encapsulation technologies for food applications. Procedia 
Food Sci. 1, 1806–1815. 

Németh, K., Tárkányi, G., Varga, E., Imre, T., Mizsei, R., Iványi, R., Visy, J., Szemán, 
J., Jicsinszky, L., Szente, L., Simonyi, M., 2011. Enantiomeric separation of 
antimalarial drugs by capillary electrophoresis using neutral and negatively 
charged cyclodextrins. J. Pharm. Biomed. Anal. 54, 475–481. 

Nguyen, T.A., Liu, B., Zhao, J., Thomas, D.S., Hook, J.M., 2013. An investigation 
into the supramolecular structure, solubility, stability and antioxidant activity 
of rutin/cyclodextrin inclusion complex. Food Chem. 136, 186–192. 

Nishizawa, M., Hosoya, T., Hirokawa, T., Shinya, K., Kumazawa, S., 2014. NMR 
spectroscopic characterization of inclusion complexes of theaflavin digallate 
and cyclodextrins. Food Sci. Technol. Res. 20, 663–669. 

Ohara, M., Ohyama, Y., 2014. Delivery and application of dietary polyphenols to 
target organs, tissues and intracellular organelles. Curr. Drug. Metab. 15, 37–47. 

Ohta, K., Masuda, T., Tani, F., Kitabatake, N., 2011. The cysteine-rich domain of 
human T1R3 is necessary for the interaction between human T1R2-T1R3 
sweet receptors and a sweet-tasting protein, thaumatin. Biochem. Biophys. 
Res. Commun. 406, 435–438. 
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1 Introduction
Preservation of food flavor during production, storage, and 

controlled release of aroma compounds during consumption 
has attracted great attention in the past years. Flavor is one of the 
most important food properties that affect consumers’ perception 
of food quality. Food flavor is a sensorial perception of food that 
is created during food consumption. Flavor (commonly known as 
aroma) could be further defined as a substance that causes the 
reaction of receptors in the nose (Zuidam and Heinrich, 2010).

Food aroma is usually a complex mixture of different organ-
ic chemical compounds. A huge number of these molecules has 
been isolated and identified mainly as hydrocarbons, esters, alde-
hydes, and so forth. Generally, these chemical compounds exhibit 
relatively low boiling points (faster evaporation compared with 
water) and could exist at room temperature as gas, liquid, or solid-
state substances (eg, vanillin, camphor, and menthol are solid at 
room temperature). The chemical compounds that are frequently 
used in food industry as flavors are listed in Table 9.1. Flavors are 
used either as single flavor compounds, or as flavor mixtures, such 
as essential oils.

According to the origin, flavors are divided into two major 
groups: natural and artificial flavors. Natural flavors originate 
from natural sources (eg, spices, fruits, herbs, or animal prod-
ucts) and could be produced (extracted, purified, and modified) 
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Table 9.1 List of Some Major Flavor Compounds

Compound Source
Sensorial 
Characteristics

Application in Food 
Products

Vanillin Chemical synthesis and natural 
sources

Vanilla odor Beverages, candies, milk products, 
chewing gums, breakfast cereals

Limonene Natural sources Lemon odor Beverages, candies, bakery 
products

Menthol Chemical synthesis Peppermint odor Beverages, candies, chewing 
gums

Isoamyl acetate Chemical synthesis Banana odor Beverages, candies, dairy products

n-Butyric acid Natural sources—fermentation Buttery odor Milk products, bakery products, 
meat products

Geraniol Natural sources Rose odor Candies, chewing gums, 
beverages

Diacetyl Chemical synthesis and 
fermentation of glucose; 
identified in many milk products

Buttery odor Bakery and dairy products, snack 
foods

γ-Lactone Chemical synthesis Peach odor Beverages, chewing gums, 
puddings

Cinnamaldehyde Chemical synthesis and natural 
sources

Cinnamon odor Beverages, chewing gums, 
candies, puddings

Benzaldehyde Chemical synthesis and natural 
sources

Bitter almond aroma Fruit juices, candies, beverages

Ethyl maltol Chemical synthesis Fruit odor Fruit juices, candies, beverages, 
breakfast cereals, jams, milk 
products

Allyl hexanoate Chemical synthesis Pineapple odor Beverages, candies, chewing 
gums

Ethyl vanillin Chemical synthesis Vanilla odor Beverages, candies, milk products, 
chewing gums, breakfast cereals

Furaneol Natural sources Strawberry odor Ice cream, gelatin and puddings, 
candy, bakery products, beverages

Camphor Natural sources Camphor odor Cooking, mainly for dessert dishes 
in Asia

Carvone Natural sources Caraway or spear 
mint odor

Chewing gums and candies

Anethole Natural sources Anise odor Alcoholic drinks: ouzo and pernod
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by different processes (eg, distillation, extraction, hydrolysis, etc.). 
Natural compounds extracted from plant materials have been 
used for centuries for medical treatments. Usually, these com-
pounds are isolated in the form of essential oils using steam distil-
lation or solvent extraction. Further, essential oils could be used as 
sources of specific compounds. For example, the mint essential oil 
consists of many organic molecules such as α-pinene, β-pinene, 
β-myrcene, limonene, menthone, isomenthone, menthyl acetate, 
neomenthol, β-caryophyllene, menthol, pulegone, and piperitone 
(Rohloff, 1999). The fermentation processes are also in use for 
production of some naturally derived flavors like n-butyric acid. 
Nevertheless, the sustainability of using natural sources for isola-
tion of flavor compounds could be questioned since some isola-
tion processes actually produce a waste that must be effectively 
treated. An example of this process is production of benzaldehyde 
from the pits of peaches. During this process waste cyanide is pro-
duced, while the yield of benzaldehyde is relatively low. In this 
case, chemical synthesis of benzaldehyde is far more sustainable 
(Burdock, 2009).

The artificial (synthetic) flavors are substances produced by 
chemical synthesis. Chemical synthesis of flavor compounds is 
usually based on conversion of organic precursor into the final 
product through one or several steps. For example, diacetyl that 
is used in many food products as butter flavor, is synthesized in 
several separated steps from methyl ethyl ketone. Some chemicals 
could be obtained using several different processes, for example, 
γ-lactone for peach flavor (Burdock, 2009; Gil et al., 2009).

Besides flavors, food regulations also recognize flavor enhanc-
ers which could be defined as substances that are added to enhance 
or modify food aroma (eg, sodium glutamate, inositol, maltol, or 
ethyl maltol). Synthetic compounds have been widely used in the 
food industry since their flavoring properties are sometimes supe-
rior compared to natural aromas; a good example is natural vanil-
lin (3-methoxy 4-hydroxybenzaldehyde) versus synthetic vanilla 
aroma, that is, ethyl vanillin (3-ethoxy-4-hydroxybenzaldehyde). 
Ethyl vanillin was found to be an excellent replacement for natural 
vanilla flavor since having up to four times stronger flavor power 
compared to naturally occurring vanillin. On the other hand, the 
value of naturally occurring vanilla is estimated to be between $80 
and $120 per kg (and depends on climate conditions) while ethyl 
vanillin is less expensive ($12–19 per kg).

However, one should keep in mind that the flavor intensity 
could be so high that it becomes unpleasant at higher concentra-
tions; in addition, in high concentrations flavor can have a nega-
tive impact on human health, by creating headaches, nausea, 
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vomiting, and even allergies and intolerance (Taylor and Dorm-
edy, 1998; Jinap and Hajeb, 2010). Therefore, the dosage of flavors 
in food products must be strictly controlled.

The effects of flavor compounds are not only limited to senso-
rial properties of food products. Thus, essential oils exhibit some 
medical and therapeutical effects depending on their chemi-
cal compositions. Also, some pure compounds were found to 
be a promising alternative for commercial antimicrobial agents. 
According to Fitzgerald et al. (2004), vanillin has certain antimi-
crobial activity toward bacterial cells such as Escherichia coli, 
Lactobacillus plantarum, and Listeria innocua. Yemiş et al. (2011) 
showed that ethyl vanillin, vanillin, and vanillic acid have anti-
microbial activity against Cronobacter sp. d-Limonene has been 
identified as a powerful inhibitor against Saccharomyces cerevisiae 
that is cultivated in the medium based on citrus peel (Pourbaf-
rani et al., 2007). Moreover, d-limonene showed some promis-
ing results as a substance for different tumor treatments (Uedo 
et al., 1999; Del Toro-Arreola et al., 2005).

One of the main concerns of food industry regarding food aro-
ma is preserving of flavor compounds during food processing and 
storage. Conditions such as high temperatures or the presence of 
oxygen or light and high humidity can cause degradation and loss 
of aroma compounds. Briefly, the reasons for encapsulation of 
food flavors are: improving of flavor stability and handling, better 
safety of encapsulated aroma as well as possibility for controlled 
release. Encapsulation could be used for creation of specific visual 
effects in the final product as well as for masking of some senso-
rial unpleasant effects (ie, off taste) (Zuidam and Shimoni, 2010). 
Furthermore, in the form of solid encapsulates, liquid flavor could 
be easily manipulated and stored. Moreover, encapsulated fla-
vors could be released under specific conditions, for example, 
at elevated temperatures or upon being triggered by mechanical 
forces. The preservation of flavors and their controlled release 
at elevated temperatures is desirable for real industrial process-
es that include thermal treatments. There are numerous studies 
showing that encapsulated flavors showed high stability com-
pared to free compounds when they were submitted to heating 
(Kayaci and Uyar, 2012; Rocha et al., 2012; Lević et al., 2014, 2015; 
Sosa et al., 2014a).

Encapsulation of food flavors has been developed continu-
ously for several decades. Among many techniques used for flavor 
encapsulation, spray drying is still the main industrial scale tech-
nique for encapsulation of large quantities of food flavor ingredi-
ents. Approximately 80–90% of all flavor encapsulates have been 
produced by spray drying. Other techniques such as spray chilling 
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or melt extrusion are lused less on an industrial scale. Spray drying 
is a well-established and flexible technique with huge possibilities 
for optimization and production of particles in the broad range 
of sizes. This is main reason for its applications not only in the 
food processes (Zuidam and Shimoni, 2010; Zuidam and Hein-
rich, 2010) but also in other industries, especially in pharmacy 
(Paudel et al., 2013).

However, in recent years, many industries have adopted nano-
technologies. The nanoscale is defined by the National Nanotech-
nology Initiative as dimensions between roughly 1 and 100 nm 
(Tamjidi et al., 2013), but food nanotechnologies deal with the 
production, processing, and application of particles with sizes be-
tween 10 nm and 1 µm that serve as nanocarriers (Li et al., 2010; 
Ezhilarasi et al., 2013). This interpretation of “nanoscale” is derived 
from food technologists probably because of the following facts: 
the portion of particles in size 1–100 nm is contained even in the 
systems where the average particle size is, for example, 600 nm; up 
to 600 nm particles have the same effects in the gastrointestinal 
tract as the ones with 1–100 nm size; the particles are expected to 
be spherical and the dimension may be measured as the radius or 
the diameter (Tamjidi et al., 2013). According to the literature data, 
on the global market there are several hundred companies that 
already use nanotechnology. The nanofood market is expected to 
approach US$7 billion in 2015 and has the potential to grow to 
US$20.4 billion in 2020 (http://www.hkc22.com/Nanofood.html).

The nanoencapsulates, due to their very small size, are able to 
improve the macro scale characteristics of food by reducing the 
impact on the food texture, taste, and color, but also to improve 
stability during shelf life and processing (Ezhilarasi et al., 2013). 
The optical transparency is one of the most important attributes of 
some food products, such as beverages. Nanoemulsions are used 
in flavored clear beverages and fortified beverages as a means to 
incorporate water-insoluble flavors into aqueous beverages, and, 
at the same time, to avoid unwanted coloring or clouding of the 
product; the last issue cannot be achieved with any microscale sys-
tem. Furthermore, nanoencapsulation has the potency to improve 
bioavailability (due to the greater surface area of nanoparticles 
per mass unit), prolong the release, but also to enable precision 
targeting of the flavor compounds at a higher level than micro-
encapsulation (Mozafari et al., 2006). Another advantage of nano-
encapsulation is the possibility to achieve the specific effect with 
a smaller quantity of the flavor compound compared to that of 
unencapsulated flavor (due to the nanosize and targetability of 
the carriers). Therefore, in recent years there has been a great in-
terest in nanoencapsulation of flavors for food application. There 
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are two main design principles used by nanoencapsulation tech-
niques: top-down or bottom-up (Fig. 9.1). Top-down approaches 
involve tools which apply forces that induce particle formation 
and size reduction of the particles. In the bottom-up approach, 
particles are constructed by self-assembly and self-organization 
of molecules.

The following section aims to provide the current state-of-the-
art of nanoencapsulation technology for flavors and aromas.

2 Flavor Nanoencapsulation 
by Spray Drying

Spray drying is widely used technique for encapsulation of 
various food ingredients such as flavors and aromas, antioxi-
dants, vitamins, minerals, food-colorants, fats, and oils, in order 
to provide protection of these sensible compounds, as well as to 
prolong product shelf life during storage (Pillai et al., 2012). Nu-
merous merits have been ascribed to encapsulation of the ac-
tives by the spray-drying process, especially when encapsulates 
are anticipated for the food industry. The equipment availability, 

Figure 9.1. Bottom-up and top-down approaches in nanoencapsulation techniques.
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low cost of the process, diversity of available carrier materials, 
stability of the final product, retention of volatile compounds, 
as well as possibility of continuous large-scale production, rep-
resent some of the advantages of the spray drying (Desobry and 
Debeaufort, 2011).

Nowadays, spray drying of the food flavors and aromas has been 
exploited well enough. Some of the authors report that more than 
90% of encapsulated aromas have been prepared by spray drying 
(Gibbs et al., 1999; Madene et al., 2006; Vaidya et al., 2006). As most 
of the food aromas are in the liquid form at the room temperature, 
the goal of the spray drying is to enable easier handling by convert-
ing liquid into solid forms, while providing high loading efficiency 
upon the encapsulation process (Jafari et al., 2008a). The majority 
of aromas used in the food industry are of lipophilic nature; on the 
other hand, carrier material to be used in spray-drying process has 
to fulfill one major demand: to be water soluble. Thus, two immis-
cible phases, aqueous solution of carrier material and oil phase 
consisting of lipophilic aroma/flavor, present the input of spray-
drying process. The most exploited carrier materials are: gum ara-
bic, modified starch, maltodextrins, polysaccharides (eg, alginate, 
chitosan, carboxymethylcellulose and its derivatives, guar gum), 
and proteins (eg, whey proteins, soy proteins, sodium caseinate). 
Encapsulation by spray drying is attained via two steps: the first 
of which implies dissolution, emulsification, or dispersion of the 
core material in an aqueous solution of the carrier material (eg, 
preparation of O/W emulsion), while the second involves atomi-
zation and spraying of the core/carrier mixture into a hot cham-
ber (Zuidam and Shimoni, 2010). As the outcome of spray-drying 
process, spherical particles are obtained, commonly of the micron 
size (10–100 µm) (Madene et al., 2006). However, preformed for-
mulations are usually of nanodimensions, for example, nanosus-
pensions and nanoemulsions; therefore spray drying is considered 
a nanoencapsulation technique (Jafari et al., 2007, 2008a). In line 
with that, the influence of preapplied nanoencapsulation tech-
nique (eg, nanoemulsification) detrimentally affects the latter 
spray-drying process in terms of the finally achieved particle size 
and efficiency of encapsulation. On the other hand, it is possible 
to control powder particle size and morphology to some extent, 
by optimizing process parameters of the spray-drying process 
(Anandharamakrishnan et al., 2007, 2008).

2.1 emulsions processed by spray drying
The emulsification process plays an important role in the en-

capsulation of flavors and aromas as a first preparation step in the 
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spray-drying process; hence, it has been extensively studied in the 
literature. The presence of a significant amount of a wall material 
gives some specific features to food emulsions. The slow kinetic 
motion of adsorption of surface-active wall material during high-
energy emulsification process causes formation of the emulsions 
with the micron-sized droplets. Microemulsions generally are not 
desirable in food applications, not only because of the large parti-
cle size, but because of their low stability as well (Jafari et al., 2007). 
Lately, emulsions with droplet size in the nanorange have become 
very appealing and have been proposed as a means to enhance 
encapsulation efficiency during spray drying and to prevent loss 
of volatiles (Reineccius, 2001; Desai and Park, 2005; Madene 
et al., 2006). Encapsulation efficiency and active loading are the 
most significant attributes of the process, and they are related to 
the amount of unencapsulated oil at the surface of the spray-dried 
particles, as well as to the oil content directly entrapped in the 
particles (Baranauskiene et al., 2007). Jafari et al. (2007) studied 
the encapsulation of nanoparticles of d-limonene by spray-drying 
technique. They have examined different emulsifying devices 
(rotor-stator system, which served as a tool to achieve preemul-
sion, microfluidizer, and ultrasound probe) and their influence on 
the size of the emulsion droplets and accordingly, spray-dried par-
ticles. It seemed that emulsifying conditions did not affect signifi-
cantly the emulsion droplet size (0.74 and 0.75 µm) but the size of 
the spray-dried powders, where the largest particles were obtained 
after microfluidization process (37.3 µm) (Jafari et al., 2007). All 
the examined techniques provided about the same retention of 
volatiles, for example, encapsulation efficiency, while microfluid-
ized spray-dried emulsions exhibited the lowest unencapsulated 
oil amount on the particles surface. On the contrary, Fang et al. 
(2005) showed that particle size of spray-dried powders had detri-
mental influence on the encapsulation efficiency; the larger parti-
cles exhibited lower surface oil content, and consequently, higher 
encapsulation efficiency (ie, improved flavor retention). These 
opposing findings may be explained by the factor X, defined by 
Re and Liu (1996); this factor represents the correlation between 
the powder particle size and size of emulsion droplets; specifically 
[X = (powder size − emulsion size)/powder size]. These authors 
showed that by increasing the difference between the emulsion 
droplet size and powder particle size (eg, by increasing X from 0.2 
to 0.8) it is possible to increase encapsulation efficiency. Since the 
difference in the emulsion particle size and powder particle size 
in the study of Jafari et al. (2007) was rather small, the resulting 
encapsulation efficiency (volatiles retention) was not improved 
regardless the increase in powder particle size.



 Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors  371

2.2 influence of emulsion droplet size 
on spray-dried powders

The influence of emulsion droplet size on retention of flavors 
upon spray drying, precisely the improvement of flavor reten-
tion upon reduction of emulsion droplet size, was confirmed by 
several authors (Liu et al., 2001a; Soottitantawat et al., 2005a; 
Baranauskiene et al., 2007; Penbunditkul et al., 2011). Soottitan-
tawat et al. (2005a) spray-dried d-limonene with different kinds 
of matrices (gum arabic, maltodextrin, and modified starch), 
had highlighted the influence of decreasing emulsion droplet 
size on the increasing flavor retention, with practically no im-
pact of the powder particle size. The evaporation of the volatiles 
is apparently easier from the large emulsion droplets in com-
parison to smaller ones (Soottitantawat et al., 2003). Similarly, 
Penbunditkul et al. (2011) confirmed increased retention of ber-
gamot oil inside Hi-Cap 100 matrix upon decrement in emulsion 
droplet size; this in particular can be ascribed to hydrophobic 
flavors (Soottitantawat et al., 2003). The noticed effect of emul-
sion droplet size on retention of flavor was correlated to the 
emulsion viscosity. Namely, when emulsion viscosity was var-
ied from 0.01 up to 1 Pa s (by changing concentration of Hi-
Cap 100), the influence on emulsion droplet size (as well as on 
powder particle size) and consequently on flavor retention was 
evident (Penbunditkul et al., 2011). It was also observed that 
with the increase in emulsion viscosity (especially over 0.03 Pa 
s), the droplet size decreased, resulting in increased flavor re-
tention; they have suggested the preferred droplet size of the 
emulsion below 1 µm in order to achieve nearly 100% of flavor 
retention. Tonon et al. (2011) confirmed this trend: with an in-
crease in emulsion viscosity (by increase of solid content), the 
mean diameter of emulsions decreased. The reason behind this 
might be in the stabilization of the emulsions and evasion of 
the droplets’ coalescence, via diminished rate of particle sedi-
mentation upon viscosity increment (McClements, 2005). On 
the contrary, Janiszewska et al. (2015) found that a decrease in 
viscosity in lemon aroma emulsion led to formation of smaller 
emulsion droplet size, probably due to decreased adhesiveness 
of the aroma phase droplets. A similar finding was reported by 
Carmona et al. (2013), who encapsulated orange essential oil 
within a mixture of whey protein concentrate and maltodextrin 
(1:3). These opposite reports indicated that other features like 
wall material (type, concentration), as well as flavor properties 
(hydrophilic/hydrophobic nature, concentration) influenced 
the droplet formation process.
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2.3 influence of Wall materials 
on spray-dried powders

The influence of wall material utilized in the spray-drying pro-
cess on the final features of produced powders (eg, flavor reten-
tion, surface oil content, shelf life, and release rate of encapsulated 
flavors) has been under scrutiny (Liu et al., 2001a; Alamilla-Beltran 
et al., 2005; Bruckner et al., 2007; Kanakdande et al., 2007; Penbun-
ditkul et al., 2012; Sosa et al., 2014b). The wall material properties, 
such as emulsifying abilities and film-forming capabilities during 
spray drying of emulsion droplets, distinguish the superior ma-
terials among different candidates. Among various type of mate-
rials used for the spray-drying purposes, starch and its modified 
analogues (and/or starch-based materials such as maltodextrin) 
are of great interest. The capability of modified starches to act as 
emulsifying agents has been confirmed by numerous studies (Bao 
et al., 2003; Xiaoyan et al., 2006; Jafari et al., 2008b; Liu et al., 2008). 
For example, when a modified starch, HI-CAP 100 [octenyl succin-
ic anhydride (OSA) waxy maize starch], was used for encapsulation 
of bergamot oil, it exhibited a favorable effect on emulsion droplet 
size in comparison to gum arabic (Penbunditkul et al., 2012). More 
specifically, the emulsion droplets obtained under the same ho-
mogenizing conditions, were smaller in size when HI-CAP 100 was 
used. This result is rather surprising, since the viscosity of both 
emulsions, with (40%) HI-CAP 100 and (10%) gum arabic, was 
about the same, which basically means that the effect of viscosity 
on the process of emulsification can be neglected. The explana-
tion could be found in different emulsifying properties of the two 
wall materials, despite the fact that HI-CAP 100 contained high-
er solid content (Penbunditkul et al., 2012). Soottitantawat et al. 
(2005a) also gave a priority to Hi-CAP 100 compared to gum arabic 
in achieving fine emulsion droplets’ size (eg, 670 and 800 nm, re-
spectively) regardless of the fact that gum arabic exhibited slightly 
higher flavor retention (79 vs. 82%). In contrast to that, Krishnan 
et al. (2005b) showed that gum arabic ensured better retention of 
cardamom oleoresin flavoring compounds (precisely, 1,8-cineole, 
α-terpinyl acetate and volatiles) in comparison to maltodextrin 
and HI-CAP starch (30% of solid content was used). This effect 
was ascribed to gum arabic plasticity, which is rather higher than 
its glassines; the plasticity was proved to inhibit the rupturing of 
a matrix (Rosenberg et al., 1990; Sheu and Rosenberg, 1995; Mc-
Namee et al., 1998; Sankarikutty et al., 1988; Bertolini et al., 2001). 
In another study, Krishnan et al. (2005a) reported that with an 
increase in gum arabic content in gum arabic–maltodextrin and 
gum arabic–Hi-CAP 100 formulations, the entrapment efficiency 
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of the cardamom constituents increased, as well as protection over 
them. The combination of all three carrier materials (in ratio gum 
arabic:maltodextrin:Hi-CAP 100 of 4/6:1/6:1/6) seemed to provide 
the superior protection over cardamom oleoresin, compared to all 
other mixtures, even compared to pure gum arabic as a carrier. Ex-
actly the same result was obtained in study when cumin oleoresin 
was used as a core compound (Kanakdande et al., 2007).

Not only the composition of wall material, but also the satura-
tion degree of polymer(s) solution plays important role in emul-
sification process. The influence of saturation of HI-CAP 100 
solution (40%) on flavor retention and surface oil content was 
investigated by Penbunditkul et al. (2012). Higher retention of fla-
vors was reported when saturated HI-CAP 100 solution was used, 
for example, up to 114% for linalool. In addition, the saturation 
of carrier solution affected the surface oil content of powders, in 
terms of decreasing the content roughly one order of magnitude 
(for particular flavor compounds from bergamot essential oil: lin-
alool and linalyl acetate). The explanation for the previously men-
tioned effect can be found in the chemical structure of modified 
starch, such that OSA modified starch appears as an interfacial lay-
er between water and oil phases (Nilsson and Bergenstahl, 2006). 
This indicates the necessity of providing enough time for polymer 
dissolution in order to assure solubilization of the polymer and a 
proper saturation of the solution, that is, evading residual granule 
structures (Yusoff and Murray, 2011).

Modified starches have been used with other carrier materi-
als to form the polymer blends for spray-drying purposes. Sosa 
et al. (2014b) encapsulated orange essential oil within modified 
starch/maltodextrin polymer blends, with addition of disaccha-
rides (sucrose or trehalose). As the emulsifying agents, two dif-
ferent modified starches have been utilized, HI-CAP and Capsul 
starch. The stability of encapsulated flavor during time, for ex-
ample, the loss of the encapsulated orange essential oil, has been 
studied at different storage temperatures, 25 and 37°C. In the 
formulations where trehalose was used, higher flavor retention 
has been achieved with the HI-CAP than with Capsul, while for  
sucrose formulations the selected starch did not exhibit any in-
fluence on the retention behavior. At the same time, storage 
temperature decreased the retention of flavor upon 270 days 
(for HI-CAP/trehalose formulations, retention decreased from 
∼65% at 25°C to ∼55% for 37°C), indicating the reduced stor-
age stability of flavor formulations upon temperature increase. 
Moreover, HI-CAP was evaluated against whey protein concen-
trate (WPC) as a wall material for encapsulation of d-limonene 
(Jafari et al., 2007); the surface oil content of HI-CAP particles 
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was lower (55.4 mg/100 g powder) in comparison to WPC ones 
(170.1 mg/100 g powder), while retention of d-limonene was high-
er (86.2 and 76.3%, respectively), proving the greater applicabil-
ity of HI-CAP for encapsulation of flavor compounds. Similarly, 
Jafari et al. (2008a) confirmed the HI-CAP supremacy over WPC; 
this was not surprising, giving the fact that emulsion droplet size 
was found to be lower when HI-CAP was used, with a narrower 
unimodal size distribution in comparison to WPC (with a bimodal 
size distribution) (Risch and Reineccius, 1988; Liu et al., 2000a,b; 
Soottitantawat et al., 2003). In addition, the more substantial dif-
ference between particle size of spray-dried powders and emul-
sion droplets of HI-CAP samples (0.74 and 37.3 µm, respectively) 
in contrast to WPC samples (0.98 and 21.3 µm, respectively) have 
resulted in the higher encapsulation efficiency, that is, better oil 
retention inside the powder particles and reduced oil content on 
particle surface (Jafari et al., 2007), as a consequence of the previ-
ously described X factor (Re and Liu, 1996).

Gum arabic is one of the widely used materials for spray dry-
ing of food ingredients. It is well known that gum arabic is com-
posed of the simple sugars (ie, galactose, arabinose, rhamnose, 
and glucuronic acids) (Anderson and Stoddart, 1966; Street and 
Anderson, 1983), but contains as well a component of protein na-
ture (∼2% w/w) that forms covalent bonds within the molecular 
arrangement (Anderson et al., 1985), consequently affecting the 
functional properties of gum arabic to a great extent (Randall 
et al., 1988). It is highly soluble in water and able to operate as 
an emulsifying agent in oil-in-water emulsions; hence, gum ara-
bic is extensively used for encapsulation, that is, retention of vola-
tile and flavor compounds (McNamee et al., 2001). For example, 
Fernandes et al. (2013) encapsulated rosemary essential oil within 
the gum arabic matrix of various concentrations (10–30%); it was 
shown that mediocre concentration of wall material (24%) has 
been proved as the best. However, gum arabic is produced in the 
area of world with unstable climatic and even more unpredictable 
political circumstances, so it is an expensive material with uncer-
tain availability. In line with this, different materials have been 
evaluated as a partial replacement for gum arabic in spray-drying 
processes. McNamee et al. (2001) investigated the possibility of 
utilization of gum arabic and different carbohydrate materials 
(maltodextrin, corn starch, native maize starch, lactose, sucrose, 
and glucose) mixtures; it was found that in order to achieve the 
increased encapsulation efficiency, it is necessary to increase the 
solid content of the wall material. To accomplish this, it was pos-
sible to add some of the carbohydrate materials, instead of in-
creasing the content of gum arabic (while keeping the ratio gum 
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arabic/encapsulated oil at 2); in that way, process cost are kept 
at minimum, since carbohydrates are cheaper than gum arabic. 
Of the proposed carbohydrate materials, the best result for en-
capsulation efficiency (91.8%) was obtained when glucose (50% 
of glucose and 50% of gum arabic) was used, while addition of 
maize starch led to low encapsulation efficiency (30%) (McNamee 
et al., 2001). Regardless this high encapsulation efficiency, the in-
creased sweetness and hygroscopicity of powders obtained with 
glucose often limits the application in food products; hence the 
gum arabic-maltodextrin powders have been chosen as the op-
timal ones (with the encapsulation efficiency ∼72%), and malto-
dextrin has been highlighted as the most suitable substitute of 
gum arabic. The influence of maltodextrin concentration (10–
30%) in maltodextrin-gum arabic system on retention of ethyl-
butyrate was reflected in retention increase (from almost zero up 
to ∼40%) (Yoshii et al., 2001). The additional increase in flavor 
retention (up to ∼80%) was recorded upon addition of 1% gela-
tin in the maltodextrin-gum arabic mixture, due to the fact that 
gelatin enhances formation of coating over droplet surface dur-
ing spray drying. Recently, Sarkar et al. (2012) obtained differently 
modified (irradiated and enzymatically partially hydrolyzed) guar 
gum and arabic gum blends for encapsulation of mint oil. They 
showed that higher flavor retention upon 8 weeks of storage was 
obtained when mixtures of modified guar gums were used instead 
of sole gum arabic (eg, 65.78% as opposite to 58.12%). The overall 
conclusion is that polymer mixtures in comparison to single poly-
mer materials in most cases exhibit superior features of the final 
spray-dried powders.

In classical emulsions, small molecular surfactants are usually 
used to act as a surface active agent. As the alternative to those, 
surface-active biopolymers are usually employed in the food 
emulsions. What’s more, biopolymers proved supremacy over 
small molecular surfactants when final features of spray-dried 
particles are concerned. For example, Jafari et al. (2007) compared 
the properties of the powder particles obtained with Tween 20 as 
a surfactant versus HI-CAP and/or WPC. The surface oil content 
of particles with Tween 20 was very high—270.2 mg/100 g powder, 
which was nearly 2 and 5 times higher when compared to WPC 
and HI-CAP samples, respectively. As already discussed, smaller 
emulsion droplets is usually associated with a better aroma reten-
tion (Liu et al., 2000a, 2001b; Soottitantawat et al., 2003, 2005a; 
Alamilla-Beltran et al., 2005; Bruckner et al., 2007; Kanakdande 
et al., 2007; Penbunditkul et al., 2012; Sosa et al., 2014b). However, 
Jafari et al. (2007) obtained that despite the fact that droplet size 
was significantly smaller when Tween 20 was used (0.22 µm) in 



376  Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors

comparison with HI-CAP and WPC samples (0.74 and 0.98 µm, 
respectively), the flavor retention was better with HI-CAP (86.2%) 
than with Tween 20 (76.9%). Two possible effects could be behind 
these results: (1) inferior stability of emulsions containing Tween 
20 compared to biopolymer emulsions, and/or (2) poor film-
forming abilities of Tween 20. Some previous studies (Klinkesorn 
et al., 2004; Damodaran, 2005) showed that free biopolymer (wall 
material) residues and surfactant molecules, could possible in-
terfere, provoking the “depletion flocculation” and “bridging floc-
culation,” which further may induce coalescence of emulsions. In 
addition, the film (membrane) formed around oil droplet by bio-
polymer is much more protective (stronger) than the one formed 
by small surfactants, which prevents the coalescence of oil drop-
lets (Bibette et al., 1999; McClements, 2005) The previously stated 
justifies the favoring of surface-active biopolymers utilization in 
food emulsions over small molecule surfactants.

2.4 influence of aroma type and concentration on 
spray-dried powders

Another parameter that plays important role in emulsification 
process is aroma concentration. For instance, it was shown that 
increase in aroma concentration (from 2 to 10%) led to increase 
of emulsion viscosity (from 31.1 to 40.9 mPa s), when high-shear 
homogenization method was applied (Janiszewska et al., 2015). 
This can be elucidated by the presence of air within the emulsions 
(due to the process of mixing) and the fact that the higher content 
of air in emulsions causes the higher emulsion viscosity (McCle-
ments, 2005). Further, the increase in emulsion viscosity pro-
vokes additional increase in emulsion droplet size (from 2.40 to 
4.09 µm), and consequently, in powder particle size (6.8–7.3 µm). 
On the contrary, if the method used for emulsion preparation was 
high-pressure homogenization instead of high-shear homogeni-
zation, the increase in aroma concentration had quite the opposite 
influence on emulsion viscosity—it decreased (from 15.6 to 13.4 
mPa s, with increase of aroma content from 2 to 10%) (Janisze-
wska et al., 2015). The physical properties of the spray-dried par-
ticles were also affected by aroma concentration—the porosity of 
particles increased along with increase in aroma concentration 
(Janiszewska et al., 2015). The same authors observed the increase 
in emulsion droplet size upon increase in aroma concentration, 
regardless of the homogenization method. Regardless, the influ-
ence of homogenization method on water content of powders, as 
well as powders’ particle size, was evident: powder particle size 
was not changed linearly with increase in aroma content (in the 
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case of high-pressure homogenization method), while the water 
content in powders was lower for high-pressure homogenized 
samples in comparison to high-shear homogenized samples 
(Janiszewska et al., 2015). Similar conclusions were reached by 
Jafari et al. (2007); this could be due to lower viscosity of emulsions 
obtained by high-pressure homogenization that could promote 
evaporation of water. Quite the reverse, the high water content 
for powders obtained by the high-shear homogenization method 
can be ascribed to higher viscosity of emulsions and bigger emul-
sion droplets (when compared to the high-pressure method), that 
consequently resulted in hampered water evaporation (Turchiuli 
et al., 2014). It is evident that in complex systems like emulsions, 
the influence of individual parameters that plays a role in emulsi-
fication process cannot be elucidated for itself, but in segregation 
of several factors.

Since natural aromas and flavors often come in the form of 
extracts/essential oils, which presents multicomponent flavor sys-
tems, it is interesting to examine the influence of multicomponent 
flavors as opposite to the each individual flavor compound on the 
emulsification and/or spray-drying process, as well as on the fea-
tures of the produced powder particles. Such studies have been 
performed on encapsulation of bergamot oil (and its individual 
components: d-limonene, linalool, and linalyl acetate) (Penbun-
ditkul et al., 2011, 2012), oregano (Origanum vulgare L.), citronella 
(Cymbopogon nardus G.), and marjoram (Majorana hortensis) es-
sential oils (and the corresponding isolated flavoring compounds: 
p-cymene, limonene, linalool, thymol, carvacrol) (Baranauskiene 
et al., 2006), as well as peppermint (Mentha piperita L.) essential 
oil and its constituents (Baranauskiene et al., 2007). The challenge 
of multicompound systems lays in diverse solubility of individual 
flavors (for example, d-limonene is practically insoluble in water, 
while linalool and linalyl acetate exhibit water solubility to some 
extent) (Penbunditkul et al., 2011). When emulsion stability is con-
cerned, it was noticed that upon reconstitution pure d-limonene 
droplet size was smaller than the initial d-limonene emulsion size, 
while the reconstituted droplet size of multicomponent bergamot 
oil emulsion did not alter, indicating greater stability of multifla-
vor emulsion systems when compared to single flavor compounds 
(Penbunditkul et al., 2011). In addition, the emulsion droplet size 
of bergamot oil was smaller; this (when keeping in mind the fact 
that with a decrease in emulsion size, flavor retention increases) 
led to the conclusion that flavor retention of single flavor systems 
was poorer than of the multiflavor bergamot oil system. Knowing 
that flavor components form complexes by mutual interactions, 
the improved retention of flavors in multicomponent system was 
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expectable (Penbunditkul et al., 2011). The content of different es-
sential oil constituents differed between the particle surface and 
bulk essential oil. For example, when compared oregano essen-
tial oil and spray-dried particles containing oregano essential oil, 
the content of p-cymene on the surface of spray-dried powders 
was up to 26.1% while the content in the bulk oregano essential 
oil was 30.3% (Baranauskiene et al., 2006). Similarly, the content 
of menthone on the powder particle surface (up to 14.9%) and 
in the pure peppermint essential oil (19.5%) revealed significant 
difference (under the same process conditions). These variations 
could be elucidated by the evaporation of the volatile compounds 
during the spray drying. On the other hand, the amount of  
less volatile compounds, such as menthol, in the surface oil con-
tent of powder particles was considerably higher (up to 62.9%) 
compared to percentage (47.5%) of the bulk peppermint essential 
oil (Baranauskiene et al., 2007). Penbunditkul et al. (2012) related 
the flavor nature/solubility to its retention upon spray drying. 
Namely, when investigating the flavor retention of individual fla-
vors from multicomponent flavor system such as bergamot oil, it 
was noticed that the linalool retention was higher than 100%. In 
an attempt to explain this, it can be assumed that transformation 
of linalyl acetate to linalool occurred, either by biotransforma-
tion (Zhu and Lockwood, 2000) or catalytic reaction (Ramishvili 
et al., 2007). In addition, the flavors’ nature (eg, functional groups 
of flavors) influences the retention, as it is verified that flavoring 
alcohols (eg, linalool) are better retained in comparison to other 
compounds (Le Thanh et al., 1992; Goubet et al., 1998). Further-
more, water solubility of flavors influenced the surface oil re-
tention as well; poorly water soluble d-limonene exhibited low 
surface oil content (up to 0.14%) in comparison to highly water-
soluble linalool (10.5%) (Penbunditkul et al., 2012). Water-soluble 
compounds diffuse at higher rate (along with water) through the 
shell of spray-dried particle, while this is impossible to occur with 
poorly soluble d-limonene.

2.5 influence of spray-drying conditions 
on the powder properties

The process parameters of the spray-drying affect the final fea-
tures of powder particles. The most crucial influence has been as-
cribed to inlet air temperature. Upon temperature increase (from 
135 to 195°C), the moisture content of powders decreased (from 
3.16 to 0.26%), as shown by Fernandes et al. (2013). The noticed 
effect of inlet temperature has also been verified by other stud-
ies (Finney et al., 2002; Ersus and Yurdagel, 2007). In a similar 
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manner, with increase of inlet air temperature (from 120 to 180°C), 
surface oil content of multiflavor aroma decreased, while the best 
results (no oil on the surface of powders) were achieved for inlet 
temperature of 160°C (Penbunditkul et al., 2012). This particular 
temperature proved to be best for flavor retention, too (for all the 
aroma compounds from multicomponent flavor system); none-
theless, the observed trend was that increase in inlet temperature 
(up to 180°C) led to increase in flavor retention (Penbunditkul 
et al., 2012). Low inlet temperature causes the low drying rate, 
which further induces the slow crust formation and consequent-
ly low retention of flavors and high content of surface oil; on the 
other hand, at high inlet temperature the drying rate is higher, but 
this promotes higher evaporation of flavors which finally results 
in low flavor retention and high surface oil content. Thus, the inlet 
air temperature of 160°C proved to be best when flavor (rosemary 
essential oil) retention and surface oil content were concerned 
(Penbunditkul et al., 2012). The inlet air temperature affects the 
hygroscopicity of powders as well; the decrease of inlet tempera-
ture led to reduction of hygroscopicity of spray-dried rosemary 
essential oil within the gum arabic (Fernandes et al., 2013), that 
is probably caused by high moisture content of the powders pro-
duced under such conditions, and subsequently minor gradient 
of water concentration between the powders and the surrounding 
atmosphere. Similarly, when coffee oil was spray dried with gum 
arabic, hygroscopicity increased along the inlet air temperature 
increase (Frascareli et al., 2012).

The behavior of spray-dried powders in contact with water, 
for example, their wettability, presents one of the most significant 
powder properties (Bae and Lee, 2008). The time necessary for 
powders to become wet depends mostly on inlet air temperature; 
the higher the temperature, the higher the wettability time (Fer-
nandes et al., 2013). It is important to notice that not only the inlet 
air temperature itself, but in conjunction with the wall material 
concentration, impacts the wettability time of powders, where the 
best result can be achieved with a high inlet air temperature and 
a high wall material concentration (Fernandes et al., 2013). This is 
related to low moisture content of the particles produced under 
these conditions. There have been studies that emphasize the in-
fluence of powders caking on wettability of particles, where it was 
shown that upon caking the liquid diffuses more easily into pow-
der pores (Buffo et al., 2002). Since the caking is related to powders 
with high moisture content, the high wettability time for powders 
with low moisture content is then expected.

The physical features of powders, such as powders bulk and 
tapped density and particle density, were also influenced by inlet 
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air temperature. The bulk density of the spray-dried powders with 
rosemary essential oil changed (from 0.25 to 0.36 g/mL) within the 
temperature range of 135–195°C (Fernandes et al., 2013); similar 
bulk densities were noticed when oregano essential oil was spray 
dried (0.34–0.45 g/mL) (Botrel et al., 2012). This demonstrated 
that with an increase of inlet air temperature, the bulk density 
decreased; this was also confirmed by other studies (Goula and 
Adamopoulos, 2008; Souza et al., 2009). As the increase in the 
temperature accelerates the evaporation and promotes the pore 
formation, it is reflected in decreased density (Walton, 2000). This 
particular effect can be associated also to decrease in tapped den-
sity upon inlet air temperature increase (Fernandes et al., 2013). 
The parameter of tapped density is important from the packag-
ing aspect, since high-density products require smaller packaging 
vessels (Quispe-Condori et al., 2011). The increase in inlet tem-
perature leads to increase of drying rate, which further causes the 
greater droplets expansion and finally lower density of spray-dried 
powders (Walton, 2000). Numerous authors confirmed this effect 
(Cai and Corke, 2000; Finney et al., 2002; Chegini and Ghobadi-
an, 2007; Bae and Lee, 2008; Fernandes et al., 2013). Regarding the 
particle density of spray-dried powders, it was proven that it de-
pends not only on particle size and moisture of the powders, but 
also on the parameters of spray-drying process (Botrel et al., 2012). 
The inlet air temperature influenced the particle density in nega-
tive manner—with an increase in inlet temperature, particle den-
sity decreased (Fernandes et al., 2013). It could be due to steam 
formation during the drying process, which induced the enlarge-
ment of particles (Finney et al., 2002).

Besides the inlet temperature, emulsion feed rate also has to 
some extent an impact on the features of spray-dried powders. 
With higher emulsion feed rate, higher flavor retention, and lower 
surface oil content were achieved (Penbunditkul et al., 2012). This 
can be associated with the drying rate, where changes in emulsion 
feed rates influence the drying rate of every emulsion droplet dur-
ing atomization, which further affects the formation of protective 
crust over droplets. It is proved that this crust acts as a protective 
membrane that hinders flavors loss (Lee et al., 2006). In respect 
to this, when optimizing the emulsion feed rate, it is necessary to 
provide drying rate high enough for instantaneous formation of 
crust that will disable the flavor loss (Penbunditkul et al., 2012). 
Flow rate of feed emulsion influences the moisture content of 
spray-dried powders, where the high feed rates lead to increased 
amount of water in powders (Fernandes et al., 2013); this appears 
as a consequence of the large volume of emulsion to be dried and 
a shortened contact time with the hot air that is not sufficient for 
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evaporation of higher amount of water. The consequent effect of 
flow rate increase on the hygroscopicity of powders is reflected in 
its reduction.

2.6 encapsulated aroma stability and release
The stability of encapsulated aroma is a very important prop-

erty from the aspect of encapsulates applications. The spray drying 
should enhance stability of flavor during processing and storage 
and in real food. It means that is necessary to ensure stability of 
encapsulated aroma formulations against oxidation; the stability of 
flavor is usually quantified by determination of oxidation rate and 
release rate (Soottitantawat et al., 2004). The release of encapsu-
lated aroma is a complex function of different factors: (1) the en-
vironmental conditions (such as relative humidity, temperature); 
(2) the wall material features, for example, glass transition tem-
perature; and/or (3) type of encapsulated aroma. It was shown that 
relative humidity affects the release rate of encapsulated aroma in 
terms of a release increment with an increase in relative humidity; 
this was proved when release of ethyl butyrate was studied (Yoshii 
et al., 2001). However, the mentioned dependency was not univer-
sal, since the noticed trend was not applicable to all examined rela-
tive humidity conditions (Soottitantawat et al., 2004). The release 
rate of encapsulated aroma, for example, d-limonene, was depen-
dent on two mechanisms: diffusion of the aroma through the matrix 
and loss of the aroma during storage. In particular for d-limonene, 
it has been shown that the diffusion plays the crucial role in release 
rate (Whorton, 1995; Soottitantawat et al., 2004). Additionally, when 
comparing release rates of d-limonene (Soottitantawat et al., 2004) 
and ethyl butyrate (Yoshii et al., 2001), it was noted that release of 
d-limonene was somewhat slower, proving that this kind of encap-
sulated aroma affects the release rate to some extent.

The storage temperature is another parameter of environmen-
tal conditions that affects the release rate of aroma compounds. An 
increase in temperature of storage led to increase of l-menthol re-
lease rate (Soottitantawat et al., 2005b). As mentioned previously, 
the rate of release is a complex function of various factors; hence 
the influence of temperature in correlation with the relative hu-
midity is more distinguished and thereof as such discussed. When 
determining the influence of temperature on release rate, the Ar-
rhenius equation could be applied (Soottitantawat et al., 2005b). If 
the relative humidity was higher (83% vs 75%), the influence of in-
creased storage temperature on increase of release rate was more 
evident. This is once again confirmation that release of encapsu-
lated aroma is facilitated in the higher humidity conditions.
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Release rate depends on several factors, one of them being 
the type of wall material used and its features. Baranauskiene 
et al. (2007) examined the encapsulation of peppermint essential 
oil within the different modified starches (HI-CAP 100, N-LOK, 
CAPSUL, ENCAPSUL 855, CRYSTAL TEX 627, CIEmCap 12633, 
CIEmCap 12634, CIEmCap 12635) and the consequent influ-
ence on flavor release. The release of all the peppermint oil com-
ponents was most pronounced in the first hour of storage with 
the obvious influence of the wall material on release (retention) 
rate. The highest release of aroma compounds was emitted when 
HI-CAP 100 was used (Baranauskiene et al., 2007). Furthermore, 
the influence of storage relative humidity was evident confirming 
the trend that with an increase in humidity, the release rate in-
creased, regardless the type of starch utilized for the production of 
the spray-dried powders. However, the impact of relative humid-
ity was dependent on type of wall material: the less pronounced 
effect was reported when HI-CAP 100 was used (Baranauskiene 
et al., 2007). The water activity, for example, relative humidity 
appears to have the overriding effect on aroma release, since the 
modifications of the wall material structure caused by changes in 
humidity determinate the final release features of the powders. 
Rosenberg et al. (1990) examined the flavor retention at various 
humidity conditions and showed that up to 64% of relative hu-
midity no structural changes in matrix (gum arabic) structure 
were noticed. Nevertheless, the powder particles began to swell 
and agglomerate, and any further increase in relative humidity led 
to decomposition of wall material (at humidity 75–92%), where at 
95% of relative humidity the wall material was destroyed. Simi-
lar was confirmed by other authors, highlighting the following: as 
far as the wall material structure is undisturbed, the aroma reten-
tion is high (Whorton and Reineccius, 1995); as soon as the par-
ticle structure is altered by water diffusion, the aroma release is 
intensified (Soottitantawat et al., 2005b).

The specific characteristic of wall material, its glass 
transition temperature, plays an important role in the release of 
encapsulated aroma. It is known that at lower water content the 
release of aroma is low (given that the wall material is in the glassy 
state and the mobility of aroma compounds is reduced), while  
the increase in water content expectedly leads to an increase in re-
lease rate, since the matrix alternates to the more plasticized state 
where the mobility of aroma compounds is higher (Baranauskiene 
et al., 2007). Labrousse et al. (1992) and later Soottitantawat et al. 
(2004) correlated the parameter (T −  T

g
) to the release rate, where 

T represented storage temperature and T
g
 glass transition temper-

ature; it was evident that with increase in the T
g
 nearly to the point 
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where (T − T
g
) becomes zero, the release rate of aroma increased. 

This also agrees with the theory that increased mobility of aro-
ma compounds occurs near the temperature of glass transition, 
for example, when the wall material begins to plasticize. In the 
0 < (T − T

g
) < 50 range, when powder particles are in the rubbery 

state, aroma release is low, due to the closed pore gaps and the 
reduced surface area for the aroma evaporation (Soottitantawat 
et al., 2004). A similar conclusion has arisen when l-menthol was 
encapsulated within the various matrixes: gum arabic, HI-CAP 
100, and CAPSUL (Soottitantawat et al., 2005b); at a low relative 
humidity, the release of aroma compounds was decreased.

Oxidation of aromas has been frequently examined, as the 
process which deteriorates aroma stability. It is known that d-
limonene forms various products upon reaction of oxidation 
(Bertolini et al., 2001). Soottitantawat et al. (2004) examined for-
mation of limonene oxide (limonene-1, 2-epoxide) and carvone as 
products of parallel reactions that occurred during the oxidation 
of d-limonene (Anandaraman and Reineccius, 1986). The condi-
tions of high relative humidity promoted the oxidation of aroma 
to the greatest extent, particularly at the beginning of the stor-
age. What was interesting is the fact that during a longer period of 
storage, increased humidity influenced the aroma oxidation in an 
opposite manner: with an increase in relative humidity, the oxi-
dation of d-limonene decreased (Soottitantawat et al., 2004). This 
phenomenon could be related to the rapid aroma degradation 
resulted in appearance of other oxidation products and since the 
screening was based on limonene oxide and carvone, it seems 
that oxidation was lowered. In addition to that, the decreased 
oxygen content at the increased water content (at higher relative 
humidity), due to the low oxygen solubility, led to the reduction 
of aroma oxidation (Soottitantawat et al., 2004). Another param-
eter of storage, storage temperature, affects the stability of en-
capsulated aroma in terms of oxidative stability. When coffee 
oil was encapsulated, the oxidative stability was determined via 
assessment of peroxide value upon 8 weeks of storage, and un-
der two different storage temperatures: 25 and 60°C (Frascareli 
et al., 2012). It is worth emphasizing, peroxide values of unencap-
sulated and encapsulated coffee oil upon storage of two weeks, 
indicated the protective effect of the encapsulation against oxi-
dation of coffee oil, since the peroxide values of unencapsulated 
oil was not higher than those related to spray-dried coffee oil. In 
addition, when spray-dried powders were stored 8 weeks at 60°C, 
the oxidation of aroma was more pronounced, given that the per-
oxide value for the gum arabic encapsulated coffee was 4.4 meq 
peroxide/kg oil, while the peroxide value after 8 weeks of storage 
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at 25°C was ∼1 meq peroxide/kg oil. The relative high stability of 
coffee oil against oxidation could be attributed to the presence of 
polyphenolic compounds and products of Maillard reaction that 
exhibited high antioxidant capacity (Anese et al., 2006).

In general, it can be concluded that two main factors influence 
and restraint the release of aroma compounds from encapsulates: 
(1) the loss (evaporation) of the aroma compounds in the food 
matrix (known as “thermodynamic factor”) and (2) the resistance 
to mass transfer of powders to air (so-called “kinetic factor”) (de 
Roos, 2000). In addition, the release mechanism of aroma com-
pounds from powder particles might be dependent on differ-
ent solvent criterion: melting, diffusion, particle degradation, or 
fracture (Madene et al., 2006). Some researches highlighted that 
release of aroma compounds from spray-dried powders is gov-
erned mostly by diffusion (Soottitantawat et al., 2004, 2005a,b; 
Baranauskiene et al., 2007). Usually, to describe the release mech-
anism of aromas from spray-dried powders and to fit experimental 
data, Avrami’s equation is used: R = exp[−(kt)n], where R stands for 
retention of d-limonene, t is the storage time, and k is the release 
rate constant. The n parameter of the fitting equation indicates 
the kind of release mechanism: when n = 1 the release can be de-
scribes as first order mechanism; when n < 1 (in theory n = 0.54), 
the diffusion of the aroma compounds is limiting factor of release 
rate; finally, when n > 1, the release is rapid, with an initial induc-
tion period (Soottitantawat et al., 2004). For example, when fitting 
the release of ethyl butyrate from the gum arabic powder parti-
cles, the value for n was 0.55, 0.79, and 0.74 (depending on relative 
humidity: 75, 60, and 45%, respectively), and the authors Yoshii 
et al. (2001) concluded that release mechanism was diffusion, 
for example, first-order mode. Similarly, the release of l-menthol 
proved to follow the diffusion mechanism, with the n values from 
0.10 to 1.00 (depending on the wall material used) (Soottitantawat 
et al., 2005b). The release of encapsulated aroma compounds is 
associated with the water adsorption and respective hydration of 
the spray-dried powders; upon diffusion of water the particle start 
to swell, and the particle surface starts to crack and to release the 
aroma compounds (Whorton and Reineccius, 1995).

Beside the effect of wall material on the release of encapsulated 
aromas, the composition of the food matrices, in which the spray-
dried powders are implemented, also affects the release rate of 
aroma compounds. If the food matrix is rich in lipids, the release 
of aromas is decreased, except for hydrophilic components with 
a value for log P (where P is permeability of volatiles) around zero 
(Guichard, 2002). Further, if the salts content in the foods is high, 
the release of aroma compounds will be promoted (Druaux and 
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Voilley, 1997). Hence, to formulate the optimal dosage forms of the 
spray-dried aroma compounds, as well as to apply those in correct 
manner to the shrewdly chosen real food products, it is necessary 
to take different variables into account.

3 Flavors Encapsulated in Nanoemulsions
Conventional emulsions utilized in food are divided in two 

major categories: (1) the emulsion that consists of oil droplets 
dispersed within a watery phase is called oil-in-water (O/W) 
emulsion, while (2) the emulsion that contains water droplets 
dispersed in an oily phase is called water-in-oil (W/O) emulsion. 
These systems are generally prepared by homogenizing oil, water, 
and emulsifier together by a high-energy mixing device (colloid 
mill, sonicator, microfluidizer, or high shear mixer). The average 
size of emulsions droplets divides the emulsions on macroemul-
sions (0.1–100 µm), microemulsions (5–50 nm), and nanoemul-
sions (20–100 nm). Macroemulsions are thermodynamically 
unstable and optically opaque. On the other hand, there is often 
confusion between thermodynamically stable microemulsions 
and thermodynamically unstable (but kinetically stable) nano-
emulsions. Microemulsions are thermodynamically stable, usu-
ally of white appearance, low viscous and isotropic dispersions. 
Typically microemulsions are easily prepared, but require higher 
concentrations of a surfactant (emulsifier) usually in conjunction 
with a cosurfactant (such as short- and medium-chain alcohols). 
The surfactants are added to stabilize the interfacial layer between 
the two phases which have been formed by the addition of en-
ergy to the system (Flanagan and Singh, 2006), while cosurfactants 
contribute to a decrease of interfacial tension between the phases 
(Madadlou et al., 2014). Unfortunately, the application of micro-
emulsions in foods is still limited due to the toxicity of cosurfac-
tants which are commonly used; therefore in the last few years 
a strong effort has been dedicated in order to produce the food-
grade microemulsions (Augustin and Hemar, 2009).

Nanoemulsions are transparent, more resistant to oxida-
tion than microemulsions (Maswal and Dar, 2014), but at the 
same time, more prone to growth in particle size (by Ostwald 
ripening) (Sagalowicz and Leser, 2010) and tend to break down 
during storage. Overcoming of Ostwald ripening, which is un-
desirable phenomenon in nanoemulsions, is one of the main 
challenges in preparation of stable nanoemulsions for practical 
applications. Decreasing of oil solubility in the aqueous phase is 
an effective method to delay or avoid Ostwald ripening in O/W 
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nanoemulsions. Ostwald ripening also depends on molecular 
weight of the oil phase so that higher molecular weight oil reduces 
Ostwald ripening rate (Wooster et al., 2008).

Nanoemulsions cannot be formed spontaneously; therefore 
an energy input, commonly from a mechanical device or from 
the chemical potential of the constituents, is required (Fig. 9.2). 
In general, nanoemulsions produced by ultrasonication displayed 
broader and bimodal particle size distributions compared to na-
noemulsions obtained by using microfluidization. High-pressure 
homogenization is in industrial use for preparation of emulsions 
due to a possibility to control final size of droplets and size distri-
bution by adjusting energy input. This preparation method allows 
the use of a variety of surfactants and cosurfactants (eg, proteins 
and GRAS polysaccharides) as well as different oils, but the draw-
backs are very expensive equipment, low energetic efficiencies, 
and high production costs (Đorđević et al., 2015).

Furthermore, the amount of a surfactant which is required in 
order to stabilize nanoemulsions is usually high, but significantly 
less than that necessary for microemulsion stabilization (Mason 
et al., 2006). The market demand for low-fat or reduced-fat prod-
ucts imposes some limits on the amount of emulsions which can 
be added to food. For example, the flavor oils used in soft drinks 
and waters are often less than 0.1% of the final product; conse-
quently the surfactant level in the final product is also low (Chang 
and McClements, 2014).

Figure 9.2. Simplification of the nanoemulsion preparation.
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Additionally, nanoemulsions exhibit remarkably strong elas-
ticity at low volume fractions of the dispersed phase, as well as 
enhanced shelf stability compared to microemulsions (Mason 
et al., 2006). These properties along with the optically transparen-
cy of nanoemulsions are of great interest for the food industry (but 
also personal care products and pharmaceuticals), as they enable 
the delivery of liposoluble flavors in clear emulsions. Neverthe-
less, the drawback of nanoemulsions is the fact that the droplets 
are very small, so most of the encapsulated flavors diffuse out of 
them in a very short period. Hence, different parameters should 
be taken into consideration in order to produce nanoemulsion 
with preferable properties (energy intensity, order of addition 
of the components, viscosity of phases, emulsifier properties) 
(McClements, 2010).

The choice of emulsifier reflects on the emulsion stability but 
also on flavor release. The most broadly used emulsifier for the 
stabilization of emulsions containing flavor oils (such as limo-
nene, which is used in beverages) is gum arabic. Gum arabic is a 
complex polysaccharide which contains the small amount of pro-
teins (∼2.5% for gum from A. senegal). These proteins turn out to 
be important for its emulsification properties. The positive effect 
of proteins on emulsion stability provoked considerable interest 
in identifying other naturally occurring polysaccharide–protein 
complexes (such as pectin) (Siew and Williams, 2008; Klein 
et al., 2010; Evans et al., 2013). The main drawback of gum arabic 
is that it has to be used at quite high concentrations, for example, 
20% w/w for stabilizing 10% w/w flavor oils (Reiner et al., 2010). 
Additionally, there are some frequent complications related to 
gum arabic usage, such as consistent quality, cost, and availability 
(Reiner et al., 2010). Therefore, there is a raising attention in sci-
ence toward finding substitutes to gum arabic (such as modified 
starches and proteins).

Regarding the release of flavor, an interfacial film formed by 
the emulsifier retard mass transfer. Thus, commercial emulsifiers 
(monoglycerides) are able to form self-assembly structures for  
use in low-fat and fat-free food products, but also to retain the re-
lease of volatile aroma compounds. Phan et al. (2008) showed that 
the unsaturated monoglyceride mixed with the triglyceride in the 
ratio of 60:40 (as the oil phase) displayed a better retention for six 
aroma compounds compared to the water-in-oil emulsion having 
the same hydration value. The similar results were found by Mao 
et al. (2012), who investigated the introduction of limonene into 
the oil phase of emulsions. The authors observed the release of lim-
onene by headspace analysis and indicated a delay in the release in 
the case of emulsions which contained 2% w/w monoglycerides.
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In general, the concentration gradient of aroma in the food and 
the air above the food is the driving force of aroma release under 
dynamic conditions. The literature data give evidence that the re-
lease rate depends on compositional and structural properties of 
emulsions such as size of oil droplets, lipid fraction, and viscosity 
(Landy et al., 2007; Benjamin et al., 2012). Besides, properties of 
the flavor molecules (solubility, polarity, molecular size) but also 
the interactions between flavor molecules and other emulsion 
constituents (oils, emulsifiers, and thickening agents) have influ-
ence on flavor retention (van Ruth et al., 2002; Roberts et al., 2003; 
Karaiskou et al., 2008; Mao et al., 2012). Thus, Karaiskou et al. 
(2008) reported that the release rate of limonene was meaning-
fully reduced when oil droplet size was enlarged. The influence of 
hydrophobicity of the aroma on the release kinetic was described 
by Philippe et al. (2003) in a thermodynamic study, and the au-
thors concluded that the partition of aromas was dependent on 
their hydrophobicity.

A novel trend in the field of emulsions designed for food 
application is preparation of organogel-based nanoemulsions 
which are easy for preparation and have high stability. Organogel-
based nanoemulsions can be comprehended as thermoreversible 
semisolid systems formed by capturing of liquid oil in three-
dimensional networks of structuring agent (organogelators), 
such as monoglycerides, fatty alcohols, and fatty acids (Zahi 
et al., 2014). This kind of nanoemulsion was used for delivery of 
d-limonene (Zahi et al., 2014). The authors concluded that or-
ganogelator type had an important impact on the formulations, in 
which stearic acid had provided the nanoemulsion with the small-
est droplet size. It was also concluded that the kind of emulsifier 
and its concentration also had a considerable effect on droplet 
size and Tween 80, provided the smallest mean droplet diameter 
around 112 nm. The author suggested that this effect may derive 
from the molecular geometry of the surfactants. The similar ef-
fect of Tween 80 n the liposome size was found for the orange oil 
nanoemulsion formed by isothermal low-energy methods (Chang 
and McClements, 2014). The increase in Tween 80 concentration 
up to 20% decreased the mean droplet diameter down to 25 nm 
and the systems became optically transparent, which is preferred 
in commercial applications.

Interfacial engineering technology is an emerging field in food 
encapsulation. The main principle is modification of the interface 
of emulsion droplets with biopolymers. These modifications can 
change the droplets permeability, which leads to improved fla-
vor retention and enhanced resistance to environmental stress 
(Gu et al., 2005). The emulsions formed using biopolymers can be 
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described as emulsion droplets coated with nanolaminated inter-
facial layers. They can be prepared by utilization of layer-by-layer 
adsorption of oppositely charged polyelectrolytes onto a primary 
emulsion droplet (Moreau et al., 2003; Ogawa et al., 2004; Augustin 
and Hemar, 2009). The multilayer emulsions are characterized as 
more stable than conventional ones toward particle aggregation at 
high salt concentrations, thermal processing, freeze-thaw cycling, 
and high calcium concentrations, the conditions which are com-
monly present in foods (Ogawa et al., 2004; Gu et al., 2005; Mun 
et al., 2005). Anyway, pH and biopolymer concentration are crucial 
to avoid aggregation and to obtain the stable multilayered emul-
sions. The charge density of biopolymers can be adjusted through 
pH variation. On one hand, it is important to have sufficient bio-
polymer to completely saturate the oil–water interface, but on the 
other hand, the overmuch addition of biopolymer can promote 
depletion and flocculation (Guzey and McClements, 2006).

It is essential to stress that multilayer emulsions retain flavors 
during longer period of time compared to conventional ones. For 
example, when carvone (volatile flavor oil) was encapsulated in 
chitosan-coated emulsions the retention of the compound was 
significantly improved as compared to emulsions not contain-
ing chitosan (Kaasgaard and Keller, 2010). Đorđević et al. (2015) 
reported that the release of entrapped compounds from the inner 
phase of multilayer emulsions can occur by three mechanisms: 
(1) swelling or shear can cause the rupture or break down of the 
emulsion and can result in leaking of the inner phase content into 
the outer phase; (2) the phenomena of “thinning the liquid film” 
which occurs between the internal droplets and the outer inter-
face, followed by its break; and (3) the emulsion remains intact but 
the entrapped compounds cross very thin lamella either by diffu-
sion of the emulsifier or by reverse micelle transport. The release 
kinetic of flavors in these systems can be optimized by adjust-
able thickness and properties of the interfacial layer of the used 
biopolymer.

Unfortunately, there is a lack of literature introducing the 
preparation of entirely food-grade emulsions. Just a small num-
ber of surfactants are considered of food-grade (eg, sorbitans 
or polysorbates). Even though, in recent years there has been a 
great interest in identifying and characterizing new natural sur-
factants. Furthermore, the choice of edible oils needed for prepa-
ration of microemulsions or nanoemulsions (corn oil, fish oil, or 
soybean oil) is challenging since it is relatively difficult to prepare 
nanoscaled droplets using high-pressure homogenization due to 
the quite high viscosity and interfacial tension of the oils (Rao and 
McClements, 2012). On the other hand, a customer requirement 



390  Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors

for the healthier food is another criterion for selection of the oils, 
which should not contain a high amount of saturated fats and 
cholesterol (Lin et al., 2014). Rukmini et al. (2012) managed to pre-
pare a microemulsion using virgin coconut oil, ternary food grade 
nonionic surfactant (Span 20, Span 60, and Tween 20), and deion-
ized water. However, this study confirmed that the microemulsion 
was only suitable for food applications involving mild heating. 
Similarly, there are no successful nanoemulsion applications in 
beverages on the market, first and foremost because of a lack of 
functional edible and allowed emulsifiers (Zhang, 2011). Never-
theless, nanoemulsions are getting more attention in recent years 
as carriers for flavor molecules that are required to be released in 
the mouth during consumption.

They seem to be especially attractive for the beverage indus-
try (eg, production of flavored clear beverages, fortified beverages, 
and mouthwashes) as a means to incorporate water-insoluble fla-
vors into aqueous beverages.

4 Encapsulation of Flavors in Lipid-Based 
Nanoparticles

Solid lipid nanoparticles (SLNs) are very similar to nanoemul-
sions because they contain emulsifier-coated lipid droplets dis-
persed in an aqueous phase. The main difference is that lipid 
phase is either completely or partially solidified. The preparation 
procedure is carried out by homogenizing in the presence of an 
emulsifier at a temperature above the melting point of the lipid 
(hot homogenization procedure). The emulsion is further cooled 
under controlled conditions to solidify the lipids with incorpo-
rated flavor and to promote lipid crystallization. In this way the 
prepared SLNs have a quite small diameter, in the range between 
50 nm and 1 m. Anyway, this procedure can be problematic for 
highly heat-sensitive lipophilic components. Therefore, cold ho-
mogenization has been applied instead (Fathi et al., 2012). Melted 
lipids with incorporated flavor are cooled and after solidification 
ground to powder by a mill. The obtained particles are further dis-
persed in a cold emulsifier solution, and this suspension is then 
subjected to homogenization (at room temperature or lower). 
During this procedure the special attention should be dedicated 
to the temperature increase during homogenization and milling.

The lipid phase used for preparation of SLNs can be composed 
of a variety of lipids, for example, mixtures of purified triglycerides, 
complex triglyceride mixtures, fatty acids, or even waxes (Wissing 
and Muller, 2002; Wissing et al., 2004; Augustin and Hemar, 2009). 
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The choice of lipids, the lipid melting point, and the type of crystal 
network formed after the cooling step all have a huge influence on 
encapsulation, protection, stabilization, and delivery of lipophilic 
flavors. SLNs have some advantages in comparison to nanoemul-
sions and liposomes: they provide high encapsulation efficiency, 
the organic solvents are avoided during preparation procedure, 
there is a possibility of large-scale production as well as steriliza-
tion, the release kinetic (prolonged release) of encapsulated fla-
vor can be optimized, and they offer higher targetability (Fathi 
et al., 2012; Đorđević et al., 2015). On the other hand SLNs have 
low encapsulation load, risk of burst during storage, and the lipid 
phase is usually highly saturated, which may have an adverse im-
pact on human health.

Some of these limitations can be overcome by utilization of 
nanostructure lipid carriers (NLCs). NLCs usually contain the mix 
of different lipid molecules (oils and solid lipids) and the prepa-
ration methods are the same as for SLNs. In this way imperfect 
crystals are formed in NLCs while the SLNs have homogeneous 
crystal structure (Fig. 9.3). This difference provides a lower chance 
for burst phenomenon during storage and also enhanced encap-
sulation load because the flavor fits better into the more imperfect 
crystalline structure (McClements, 2010; Fathi et al., 2012, 2013). 
It is also reported in the literature that NLCs have smaller particle 
size in comparison to SLN (Fang et al., 2008).

Ghosh et al. (2008) conducted an in vitro study on kinetics of 
flavors release (ethyl butanoate, ethyl pentanoate, ethyl heptano-
ate, and ethyl octanoate) from solid and liquid lipid particles (of 
the same composition), and they found that the initial release 
trends were similar, but a much higher release was detected from 
the solid particles. This phenomenon was ascribed to differences 
in partitioning of the flavor to solid and liquid lipid phase. They 
also pointed out that melting of solid lipid particles in the mouth 

Figure 9.3. Morphological differences between SLN and NLC.
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led to a sharp reduction in headspace flavor concentration. Fi-
nally, the literature suggests that burst release of flavor can be 
achieved by adjusting the physical state of core lipid, which is ex-
tremely suitable for increasing the release in ready-meals and fast 
foods during heating and consuming (Tamjidi et al., 2013).

5 Flavors Encapsulated in Liposomes
Liposomes are membrane-like vesicles mostly consisted of 

phospholipids and they are structured of one or more concentric 
spheres of lipid bilayers separated by water compartments. Lipo-
somes are divided depending on their size and lamellarity: multi-
lamellar vesicles (MLV), with diameter greater than 0.5 µm; large 
unilamellar vesicles (LUV), with diameter greater than 100 nm; 
and small unilamellar vesicles (SUV), with diameter between 20 
and 100 nm (Sherry et al., 2013).

Liposomes are widely used for encapsulation, especially for 
pharmaceutical applications (Vemuri and Rhodes, 1995; Samad 
et al., 2007; Xu et al., 2012; Allen and Cullis, 2013), but nowadays 
liposomes are also attractive for food application (Marsanasco 
et al., 2011; Imran et al., 2015). This is due to the fact that lipo-
somes are well characterized, easily prepared, very versatile in 
their carrier properties, biocompatible, biodegradable, and usu-
ally prepared from GRAS materials (such as egg, soy, or milk lipids) 
(Xia and Xu, 2005; Izadyari et al., 2014). Furthermore, liposome 
encapsulation enables the usage of smaller quantity of the active 
ingredient to achieve the specific effect compared to the quantity 
of unencapsulated actives needed for the same effect (due to the 
liposome nanosize and targetability) (Mozafari et al., 2006). One 
more fact which favors the encapsulation in liposomes is their 
capability to encapsulate both hydrophilic and lipophilic ingre-
dients (such are most of the flavors), but also amphiphilic mol-
ecules (Yoshida et al., 2010). MLVs possess large lipidic phase and 
therefore they are more suitable for the encapsulation of lipo-
philic compounds. In contrast, unilamellar vesicles ensure more 
capacity for the encapsulation of hydrophilic compounds. Weiss 
et al. (2006) reported that this feature of liposomes can be utilized 
to enable incorporation of flavors into edible coatings or laminate 
films suitable for use in the food industry, with a goal to increase 
the shelf life and quality of coated foods.

The application of liposomes for flavor encapsulation is pro-
gressing research field. Since liposomes can be tailor-made, they 
possess unique characteristic to program complex flavor patterns 
in food products and to release the flavor at prearranged rates. 
The ability to adjust the liposome bilayer composition, from the 
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standpoint of phase transition temperature, allows flavors and 
aromas to stay entrapped and protected during storage, but to be 
released in the mouth where the trigger is the increase in temper-
ature up to physiological point (33.2–38.2°C) (Singh et al., 2012). 
Phase transition temperature depends on the following parame-
ters: polar head group, length of acyl chain, degree of saturation of 
the hydrocarbon chains, ionic strength and nature, and of the sus-
pension medium (Mozafari et al., 2008). It has been noticed that 
decrease in chain length, unsaturation of the acyl chains, likewise 
presence of branched chains and bulky head groups lead to lower 
values of phase transition temperature (Mozafari et al., 2008). Re-
lated to that, very interesting application of liposomes with en-
capsulated flavor was described by Lengerich et al. (1991). They 
illustrated the preparation of cookies having liposomes with en-
capsulated flavor and suggested that the liposomes may release 
the flavor over a period of time. The authors also indicated that  
the rate of the release depends on the phase transition temperature 
of the lipids, and on the chosen flavor, as well as on the concen-
tration of the flavor. A special kind of liposomes (thermosensitive 
liposomes) can be prepared by addition of specific polymers to 
the lipid bilayer. The thermosensitive liposomes are destabilized 
above the polymer’s critical temperature as a result of interaction 
between the liposome membrane and the hydrophobic polymer 
chains; in consequence, the release of the encapsulated flavor oc-
curs. This kind of flavor release is convenient for the ready meals, 
which are subjected to increased cooking temperature during 
preparation (Kono et al., 1999).

Essential oils are usually considered as food flavors because 
they often have an odor. Thus, the use of liposomes for the encap-
sulation of essential oils is an attractive solution for the problems 
with physicochemical instability of essential oils and their reduced 
bioavailability (Detoni et al., 2012). Different methods have been 
used for encapsulation of flavors and essential oils in liposomes, 
from the most conventional Bangham method (Bangham, 1978) 
to more sophisticated approaches (Patil and Jadhav, 2014). Most 
of the methods provide MLV with wide size distribution. In order 
to obtain liposomes suspension with homogenous and reduced 
size, variety of treatment can be employed, but most common 
ones are sonication and extrusion. Sonication is frequently used 
for homogenization of liposomes with encapsulated essential 
oils (Valenti et al., 2001; Sinico et al., 2005; Detoni et al., 2012). 
Nevertheless, the resulting liposomes exhibit low encapsulation 
efficiency due to degradation of phospholipids and other mate-
rials during ultrasonic wave application (Patil and Jadhav, 2014). 
For the sake of comparison, MLVs prepared from enriched soy 
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phosphatidylcholine exhibited encapsulation efficiency around 
74%, while the sonicated SUVs displayed 66% of encapsulated es-
sential oil (Sinico et al., 2005). Recently, Khatibi et al. (2015) used 
thin film evaporation method, ethanol injection method, and 
sonication after thin film evaporation in order to prepare nanoli-
posomes with encapsulated Zataria multiflora Boiss essential oil. 
The average particle size of the nanoliposomes encapsulating the 
essential oil was 395.3 nm for the thin film evaporation method, 
239.7 nm for ethanol injection method, and for those treated by 
sonication the size was 99.9 nm. The authors found that incorpo-
ration of essential oil decreased the average vesicle size, but on 
the other hand the smaller size and unilamellar structure of lipo-
somes produced by sonication provided the lowest encapsulation 
efficiency. Similar result was observed when essential oil of Bra-
zilian cherry (Eugenia uniflora L.) was incorporated in liposomes 
obtained by thin film hydration method using hydrogenated soy 
lecithin (Yoshida et al., 2010). This result was explained by the abil-
ity of essential oils to cause higher cohesion packing among the 
apolar chains in the membrane vesicles (Valenti et al., 2001). How-
ever, the encapsulation efficiency also depends on the flavor type, 
physicochemical properties of each active (Detoni et al., 2012.) as 
well as on phospholipid concentration, phospholipid type, and 
ratio of flavor to phospholipid (Sherry et al., 2013). The influence 
of phospholipids type on entrapment efficiency of essential oil of 
Anethi fructus was investigated by Ortan et al. (2009). The authors 
suggested that the egg yolk phosphatidylcholine provided the 
highest encapsulation efficiency (98%) while dimiristroylphos-
phatidyl choline had the lowest one (55.2%).

Despite many obvious advantageous properties of liposomes, 
there are still certain limits for liposome application in food prod-
ucts. Difficulties in scaling up the preparation process, at ade-
quate cost in use level, are still present to some extent. The con-
stant researches on new methods such as microfluidization and 
discovery of low-priced alternatives for phospholipids (based on 
hydrophobic emulsifiers) are promising steps toward the broader 
use of liposomes in food industry (Isailović et al., 2013).

6 Flavors Encapsulated in Cyclodextrins
Cyclodextrins (CDs) are cyclic oligosaccharides composed of 

α-1,4-linked glucopyranose subunits. These inexpensive starch 
derivatives with truncated molecular structure are produced by 
enzymatic degradation. There is a progressive increase of publi-
cations and/or patents related to the studies and productions of 
CDs during the past four decades. Among CDs commonly used 
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at technological level are: β-CDs (Nakamura and Horikoshi, 1977; 
Horikoshi, 1979), α-CDs (Flaschel et al., 1984), and γ-CDs (Bend-
er, 1983). However, the purification of α- and γ-CDs increases sig-
nificantly the cost of production, thus 97% of the used CDs are 
β-CDs (Astray et al., 2009). Those three mostly studied CDs are 
homogeneous, crystalline, and nonhygroscopic with previously 
mentioned torus-like macrorings of glucopyranose units (6, 7, 
and 8 of them in α- β-and γ-CD, respectively), which form cavities. 
Fig. 9.4 illustrates that the size of the cavity increases with the size 
of the CD oligomer. The presence of the hydroxyl groups on each 
glucopyranoside unit gives to these compounds a toroidal struc-
ture in aqueous solution. Compared to the linear oligosaccharides 
CDs, cyclic CDs show lower water solubility, even nine times lower 
in the case of β-CD (1.85 g/100 mL at room temperature) (Astray 
et al., 2009; Đorđević et al., 2015). Even δ-CD has better aqueous 
solubility than the β-CD, but still is less soluble than α- and γ-CD. 
The nine-membered δ-CD, isolated from the commercially avail-
able CD conversion mixture, is the least stable among the CDs 
known at this time. During the past 15 years larger CDs have been 
isolated and studied in order to have cavity diameter increased. 
However, the structures of larger CDs are not regular cylinder 
shaped, but collapsed, so their real cavity is even smaller than in 
the γ-CD (Astray et al., 2009).

Figure 9.4. Flat chemical structure of a CD molecule and a cross-section of the toroid formed by a CD molecule. 
reproduced from freitag and Galoppini (2011) with permission of the royal society of chemistry (rsc).
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Cyclodextrins are nontoxic, inexpensive, poorly absorbed in 
the upper gastrointestinal tract, and completely metabolized by 
the colon microflora; these characteristics provided them a very 
broad application in different areas, such as in the pharmaceu-
tical, chemical, cosmetic, and food industries. To be more spe-
cific, the annual application of CDs has been increasing roughly 
20–30%, and 80–90% of those applications were in food products 
(Szente and Szejtli, 2004). Still, the most important characteristic 
of CDs is the capability to form solid inclusion complexes (host–
guest complexes) with a very wide range of liquid as well as solid 
and gaseous compounds (Eastburn and Tao, 1994). Upon molecu-
lar complexation with a CD, the properties of the component in 
the complex are modified considerably.

The lipophilic cavity of CD provides a microenvironment into 
which appropriately sized non or less polar molecules can be 
located. For this reason, CDs applications are primarily intended 
for the entrapment, delivery, and stabilization of small mole-
cules. For example, flavor compounds are being nanoencapsu-
lated into CDs for several benefits: better retention, protection 
from possible deterioration, and controlled delivery. In addi-
tion, CDs have been used for elimination of unpleasant tastes, 
contaminations and undesired compounds especially in the 
food, cosmetics, toiletry, and tobacco products, where the flavor 
is one of the most important characteristics (Singh et al., 2002; 
Martı́n del Valle, 2004).

6.1 regulations for cds application 
in the food industry

Regulatory statuses of cyclodextrins application vary from one 
country to another. Generally, all three natural CDs are already 
used as food additives in the USA and Japan (the largest consumer 
of CDs in the world). In 2005 the US Environmental Protection 
Agency (EPA) proclaimed regulation that eliminates the need to 
establish a maximum permissible level for residues of α-, β-, and 
γ-CDs in various food commodities (US Federal Register, 2005), so 
they are on the GRAS (generally recognized as safe) list. In Japan 
the commercialization of CDs in the food sector is restricted only 
by considerations of purity. In Australia and New Zealand, α- and 
γ-cyclodextrins are identified as a novel food in 2004 and 2003 
(Szente and Szejtli, 2004; Cravotto et al., 2006) In EU countries α- 
and γ-cyclodextrins represent a novel food since 2008 and 2001, 
respectively, while β-cyclodextrin is additive E-459 and a carrier 
for food additives (1 g/kg).
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6.2 inclusion complexes of cyclodextrins
An inclusion complex is a complex formed from two molecules: 

CDs as empty capsules of a determined molecular size (host) able 
to include a variety of molecules (guest) in the cavity (Fig. 9.5). The 
“host” molecule, totally or partly includes the “guest” molecules 
by physical forces (Astray et al., 2009). Complexation with CD is 
enabled through a noncovalent interaction between the molecule 
of interest and the cyclodextrin molecule often called “the molec-
ular container.” Complex formation is a dynamic process where 
the guest molecule associates and dissociates from the host.

If in this complex host–guest ratio is 1:1, the interaction can be 
simplified as follows:

K k kCD G CD-G /R D+ =�

where, CD, cyclodextrin; G, guest molecule; CD-G, inclusion com-
plex; k

R
, recombination constant; k

D
, dissociation constant; and K, 

equilibrium constant.
The constant K is the central characteristic of this association. 

As the guest is larger, the formation and dissociation of the inclu-
sion complex will be slower and ionization decreases the rate of 
complex formation and dissociation (Astray et al., 2009).

In order to increase the yield of this process, the affinity of the 
guest molecule to CD or solubility of the inclusion complex has to 
be increased. For this purpose, polymers, acids, or bases have been 
added. For acidic or basic ionizable guest compounds, adjusting 
of the pH is suitable in order to obtain the higher solubility of the 
guest, thus easier inclusion formation and better complexation 

Figure 9.5. Inclusion complexes. adapted from Kfoury et al. (2014).



398  Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors

efficiency. The dispersion of an active compound in water can be 
improved with supercritical carbon dioxide and consequently in-
creasing process yield. The most important parameters of com-
plexation process are temperature, stirring rate, and time, and 
centrifugation speed, while the hydrophilic–hydrophobic nature 
of the guest molecule has a large impact on encapsulation effi-
ciency (Dias et al., 2010; Gomes et al., 2014; Đorđević et al., 2015). 
Encapsulation efficiency can be very high, but it depends on the 
technique applied (kneading, coprecipitation, dry mixing, sealing, 
slurry complexation, neutralization, spray drying, freeze-drying, 
and solvent evaporation) (Das et al., 2013).

One of the most important features of the inclusion complexes 
is stability constant (K). It represents a dynamic equilibrium 
between the free molecules and the complex in solution. The 
determination of the stability constant of inclusion complexes 
is crucial since it shows the ability of cyclodextrins to form in-
clusion complexes (Vilanova and Solans, 2015). Static headspace 
gas chromatography seems to be the most appropriate method 
to determine stability constant. Thus, Ciobanu et al. (2013) stud-
ied the interactions between 13 volatile flavor compounds and 
6 CDs in inclusion complexes (1:1). They have found that α-CD 
and γ-CD gave lower stability constants than β-CDs and the com-
plexation efficiency of native β-CD is close to the modified β-CDs 
(Ciobanu et al., 2013).

6.3 electrospinning of inclusion complexes
Electrospinning is cost-effective and the most versatile tech-

nique for the production of functional nanofibers from various 
polymers, their blends and composites. This technique utilizes 
electrostatic forces to generate nanofibers. The device con-
sists of a capillary through which the liquid to be electrospun 
is pumped, a source of high voltage which generates a charge 
in the solution, and a grounded collector, which is in contact 
with the counter electrode. Nanofibers produced by electrospin-
ning have found applications in different areas due to the large 
surface-to-volume ratio and their ability to form a highly porous 
mesh (Ramakrishna et al., 2006).

Apart from high-molecular-weight polymers and high poly-
mer concentrations, the inclusion complexes of CDs with guest 
molecules have been treated by electrospinning (Fig. 9.6). Thus, 
the electrospinning of methyl-β-cyclodextrin (MβCD) nanofi-
bers without using a polymeric carrier matrix has been achieved 
(Celebioglu and Uyar, 2010). In addition, Celebioglu and Uyar 
(2011) have done the electrospinning of polymer-free nanofibers 
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from hydroxypropyl-β-cyclodextrin (HPβCD) and its inclusion 
complexes (IC) with triclosan (HPβCD/ triclosan-IC). They antic-
ipated that the electrospinning of nanofibers from CD-ICs would 
be particularly attractive because of the exclusive properties ob-
tained by combining the very large surface area of nanofibers/
nanowebs with specific functionality of the CD-ICs. It was found 
that having 1:1 host–guest complexation was optimal for HPβCD/
triclosan-IC nanofibers without any free guest molecules (Cele-
bioglu and Uyar, 2011).

In addition, nanofibers of different CDs (α, β, γ) were produced 
using the electrospinning method in order to prolong the shelf life 
and high temperature stability of flavor compounds. For example, 
Kayaci and Uyar (2012) produced functional polyvinyl alcohol 
(PVA) nanowebs incorporating vanillin/cyclodextrin inclusion 
complex (vanillin/CD-IC). Their PVA/vanillin/CD-IC nanofibres 
were approximately 200 nm in diameter. Among different nano-
fiber formulations made from α-, β-, γ- CD, PVA/vanillin/γ-CD-IC 
was the most efficient in stabilization of vanillin, as well as for slow 
release. The result suggested that the interaction between vanillin 
and γ-CD was stronger in comparison to α- and β-CD (Kayaci and 
Uyar, 2012).

Mascheroni et al. (2013) have demonstrated possibility to en-
capsulate flavor compounds directly into an edible nanofibrous 
matrix by elecrospinning. In their study, a single step process has 
been used, based on electrospinning of the solution containing CD 
(β-cyclodextrin), polysaccharide (pullulan), and the flavor com-
pound (perillaldehyde) with goal to achieve a humidity-triggered 
release. This nanofibrous structure ensured the aroma retention at 
ambient conditions (23°C and 55% RH) and even at high tempera-
ture (up to 230°C), but the release occurred beyond a given relative 

Figure 9.6. Electrospinning of inclusion complex.
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humidity threshold (90%). This result is very useful for further ap-
plication in food packaging. The authors suggested that the load 
limit for the flavor compound is correlated with the solubility of 
the β-cyclodextrins and with their possibility to be electrospun.

Recently, Wen et al. (2016) produced polyvinyl alcohol/
cinnamon essential oil/β-cyclodextrin (PVA/CEO/b-CD) antimi-
crobial nanofibrous film with average diameter 240 ± 40 nm. This 
film exhibited excellent antimicrobial activity and effectively pro-
long the shelf life of strawberry, indicating its potential for the ap-
plication in active food packaging

6.4 cyclodextrins and flavors
As mentioned earlier, CDs have found an important place in 

the food industry due to their characteristics to protect, stabilize, 
solubilize, mask, and control flavor and their stability and release. 
Some examples of their applications in food processing are pre-
sented in Table 9.2.

The complexation with cyclodextrins provides a promising al-
ternative to the conventional encapsulation technologies for fla-
vor protection. The explanation lies in the unique property of the 
molecular encapsulation to provide a protection to basically any 
flavor component and to inhibit or to exclude molecular interac-
tions between the different components present in a complex food 
system (Szente and Szejtli, 2004). Although this kind of encapsula-
tion occurs at a molecular level, the final forms of encapsulates 
can be from nano to microsize. Namely, flavor-CD inclusion com-
plexes are able to form large aggregates in water (He et al., 2008). 
The aggregates can have many geometric shapes (rhombic, trap-
ezoidal, and parallelogram; Zhu et al., 2014).

CDs have a long tradition in removing or masking undesirable 
taste or smell, while the oldest applications appeared in the Far 
East. For example, CDs have been used for deodorizing soybean 
milk and soy proteins and for removing the specific fish odors 
(Sakakibara et al., 1985). Rice stored for longer period acquires a 
peculiar off-flavor, which can be removed by cooking in the pres-
ence of 0.01–0.4% β-CD (Takeda Chem. Ind. Ltd., 1981). Also, the 
bitter taste of milk casein hydrolysate can be eliminated by adding 
10% β-CD to the protein hydrolysate (Suzuki, 1975).

Of all encapsulating techniques, molecular encapsulation of 
flavors with β-CD has been proven to be the most effective for pro-
viding protection against heat and evaporation (Pagington, 1986; 
Qi and Hedges, 1995). Jouquand et al. (2004) found that the addi-
tion of β-CD as stabilizing or thickening agents could retain some 
aroma compounds in food matrices during thermal processes (eg, 
cooking, pasteurization) (Jouquand et al., 2004). It is confirmed 
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by Munoz-Botella et al. (1995) that β-CD, as a carrier, allows the 
flavor to be preserved to a higher degree and longer period of time 
compared to other encapsulants in food products (Munoz-Botella 
et al., 1995). Kfoury et al. (2014) showed that the degradation of 
trans-anethole (AN) induced by UVC irradiation was markedly re-
duced by the formation of CD inclusion complexes.

Stability of the dried CD-flavor complexes is governed by the 
water uptake, which means that relative humidity largely affects 
complex stability during storage. For example, Cevallos et al. 
(2010) showed that both β-CD complexes with thymol and cinna-
maldehyde remained stable up to 75% relative humidity during 
long storage period.

There are many flavor/CDs complexes-based products avail-
able on market such as powdered flavors (eg, citrus fruits, vanilla, 
and apple), spices like ginger, garlic, mustard, horseradish, and 
other herbs such as peppermint or basil, and green tea. Granular 
sugar coated with maple and vanilla flavor included with CD, also 

Table 9.2 Practical Advantages of CDs Application in 
Flavor Nanoencapsulation

Aims of CDs 
Application CD Flavor or Food Product References
Protection against 
degradations

HP-βCD, β-CD l-menthol, naringin, sweet 
orange flavor

Liu et al. (2000b, 2013b); 
Zhu et al. (2014)

Antimicrobial and/or 
antioxidant activity

β-CD, HP-β-CD Cinnamon essential oil, 
perillaldehyde, carvacrol, benzyl 
isothiocyanate, grape juice

Mascheroni et al. (2013); 
Kamimura et al. (2014); 
Li et al. (2015); Shao et al. 
(2014); Wen et al. (2016)

Retention and control 
release

β-CD Essential oils, d-Limonene Yuliani et al. (2006); 
Hădărugă et al. (2008); 
Kfoury et al. (2015)

Suppressing of unpleasant 
odours or taste

β-CD, α-CD, γ-CD Goat milk, ginseng, naringin, 
caffeine

Tamamoto et al. (2010); 
Young et al. (2012)

Solubilization or solubility 
improvement

HP-β-CD Vanillin, naringin Karathanos et al. (2007); 
Mantegna et al. (2012); 
Liu et al. (2013b)

Stabilization γ-CD, β-CD Vanillin and coffee flavor, spices 
in sausages, fragrances, thymol, 
and cinnamaldehyde

Singh et al. (2002); 
Kayaci and Uyar (2012); 
Cevallos et al. (2010); 
Kfoury et al. (2015)
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(Hashimoto, 2002). CDs have been also used in alcoholic bever-
ages like whisky or beer (Singh et al., 2002).

A bitter taste is the main reason for the rejection of various food 
products, such as commercial citrus juices. The flavonoids and li-
monoids (naringin and limonin, respectively) are the classes of 
chemical compounds, responsible for a bitter taste of food prod-
ucts. Differential scanning calorimetry thermograms confirmed 
the ability of cross-linked CDs to form inclusion complexes with 
naringin and decrease the bitterness (Binello et al., 2004).

Hădărugă et al. (2008) studied nanoencapsulation of the un-
saturated fatty acids and essential oils in α- and β-cyclodextrins. 
The results confirmed the protection capacity of these CDs, better 
thermal stability, and very good yields. In addition, their research 
showed that the complex of the garlic essential oil in β-CD provides 
nanoencapsulates with no “garlic” odor (Hădărugă et al., 2008).

There are many examples on CD complexes successfully imple-
mented into final food products. Some of them are Cyroma-line, 
flavored sugar for backing produced in Hungary where CDs have a 
role of flavor preservation during heating; Flavono, chewing gum 
produced in Japan with CDs in order to stabilize flavor; Gymet, 
a Japanese commercial dietary fiber drink in which unpleasant 
taste has been masked by CD complexation; Stick Lemon, a Japa-
nese instant tea drink in which CDs preserve flavor; FlavorAktiv 
standard kit, in which CDs are also used, to preserve beer flavor 
standards produced in Great Britain. CAVAMAX® W8 Curcumin 
produced by Wacker Chemie AG, Germany, is the trade name that 
represents the food supplement which is a complex of curcum-
in with γ-cyclodextrin (Szejtli and Szente, 2005; Das et al., 2013; 
Đorđević et al., 2015). Vivid® Baking Flavor Powder is designed for 
industrial production, too. Generally, this product is suitable for 
different kinds of bakery products. With a small added amount of 
this flavor powder, the final products are enabled to possess spe-
cific flavor with richness. Two most important characteristics of 
this product are resistance to high-temperature baking and pure 
fragrance. There are different kinds of Vivid Baking flavors on the 
market, like passion fruit, sabayon, tiramisu, cheese, green tea, 
milk, butter, milk, egg, orange, banana, chocolate, and so forth.

7 Flavors Encapsulated in Complex 
Coacervates

Complex coacervation was described for the first time by 
Bungenberg de Jong in the 1950s (Bungenberg de Jong, 1949). 
Essentially, it is a process of liquid–liquid phase separation, which 
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is endorsed by different interactions between adversely charged 
polymers in a solution, for example, electrostatic and hydropho-
bic interactions, hydrogen bonding, as well as attractive interac-
tions that usually occur upon polarization of polymers (Boral and 
Bohidar, 2010). The coacervates can be categorized into two types, 
simple and complex. The simple coacervation implies only one 
polymeric macromolecule that, under certain conditions (usu-
ally in the presence of self-charges, both positive and negative or 
upon addition of salts) reorganizes its intermolecular structure via 
self-charge neutralization (Mohanty and Bohidar, 2005). On the 
other hand, complex coacervates are formed when two adversely 
charged biopolymers correlate to establish complex, by separation 
of phase rich in polymer and aqueous phase (Gupta et al., 2012).

The process of complex coacervation can be divided into fol-
lowing steps: (1) preparation of the polymer solution that contains 
two different polymers, usually protein and polysaccharide (this 
is commonly done at the temperature that exceeds polysaccha-
ride gelling point, and pH higher than protein isoelectric point); 
(2) emulsification/dispersion of aroma in the prepared polymers 
solution; (3) coacervation—pH-induced phase separation into 
two phases (insoluble phase rich in polymer and aqueous phase 
containing both polymers); (4) gelation—formation of the wall, 
by deposition of the polymers on the surface of the aroma drop-
lets, provoked by lowering of the temperature below the protein 
isoelectric point; and (5) hardening—stabilizing the structure of 
the formed particles by addition of a cross-linking agent (Xiao 
et al., 2014). An alternative procedure of complex coacervation 
implies dissolution of the protein with the aroma compounds, 
then complexation of the protein and polysaccharide and coac-
ervation to the aroma surface; the prepared particles then may be 
subjected to the hardening process, by addition of a cross-linker 
(Jincheng et al., 2010). The size of the obtained particles is depen-
dent on the applied pH and ion concentration, ratio matrix-to-
aroma, as well as on the biopolymer types (de Vos et al., 2010).

Protein–polysaccharide complexes are most widely used for 
the encapsulation purposes, while protein–protein coacervates 
(Elzoghby et al., 2012) and polysaccharide–polysaccharide co-
acervates (Fathi et al., 2014) have been used to a lesser extent. 
The well-known and most exploited protein–polysaccharide 
coacervate complex is certainly gelatin–gum arabic; it has been 
used for encapsulation of various aroma compounds and es-
sential oils, for example allyl isothiocyanate (Zhang et al., 2011), 
limonene and menthol (Leclercq et al., 2009), peppermint oil 
(Dong et al., 2007, 2008, 2011), jasmine oil (Lv et al., 2012), lemon 
oil (Specos et al., 2010a), citronella oil (Specos et al., 2010b; Liu 
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et al., 2013a), vetiver oil (Prata et al., 2008a,b), garlic oil (Siow and 
Ong, 2013), patchouli oil (Au et al., 2011), and so forth. In gen-
eral, for complex coacervates, the following proteins can be used 
(apart from gelatin): whey proteins, casein, soy proteins, pea pro-
teins, cereal proteins, silk proteins (Xiao et al., 2014). Among the 
complex-forming polysaccharides are pectin, chitosan, agar, algi-
nate, and carrageenan, as well as sodium carboxymethyl cellulose 
(Xiao et al., 2014).

Coacervation has widely been used for the entrapment of aro-
matic compounds (Jun-xia et al., 2011; Ezhilarasi et al., 2013; Dima 
et al., 2014; Lv et al., 2014; Yang et al., 2014). It is a promising encap-
sulation technology, since high payloads can be achieved (up to 
99%), and the produced particles acquire good controlled-release 
potential, on the basis of mechanical stress, temperature, and/
or sustained release (Gouin, 2004). Particles produced by com-
plex coacervation are commonly micron-sized; nevertheless, an 
increasing demand for nanodelivery systems led to development 
of complex coacervation at nanoscale. Although the complex co-
acervation has been extensively studied over the years, nanoen-
capsulation of aromatic compounds via complex coacervation is 
still not fully developed and potentials of this method have not 
been exploited enough. The average size of the coacervate nano-
capsules depends on the cocervation process conditions as well 
as the drying technique used for the preparation, for example, 
oven drying, vacuum drying, freeze drying; commonly, it is in the 
range of 100–600 nm (Ezhilarasi et al., 2013). Several studies have 
been dedicated to nanoencapsulation of capsaicin (it is a natu-
ral compound isolated from chili peppers, used as a food addi-
tive due to its various biological activities, and as a food spice that 
adds piquancy) (Xing et al., 2004; Wang et al., 2008a,b; Jincheng 
et al., 2010). Wang et al. (2008a) encapsulated capsaicin via simple 
coacervation technique. The material used for coacervation was 
gelatin, which exhibited self-assembly into coacervates, with the 
addition of glutaraldehyde as a cross-linking agent. The dried co-
acervates (100 nm in size) provided improved thermal stability and 
a somewhat higher melting point of the aroma compound. The 
authors suggested that this result is caused by deposition of the 
cross-linked gelatin over the surface of the capsaicin. This paper 
also indicates that the thickness of a capsule wall could be opti-
mized by manipulating with process conditions (eg, gelatin viscos-
ity, shearing force, cross-linking time). Similarly, Xing et al. (2004) 
encapsulated capsaicin, but they employed complex coacervation 
of gelatin and gum arabic. The coacervation of protein and poly-
saccharide polymers were endorsed by addition of the tannins, 
and complex coacervates were hardened via cross-linking with 
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glutaraldehyde. The tannins addition intensified the synergistic 
effects of hydrogen bonding and hydrophobic interactions within 
the coacervates; this resulted in improved particle morphology 
and distribution of the particles size. Jincheng et al. (2010) also 
used gelatin, gum arabic, and tannins for the formation of com-
plex coacervates. They optimized parameters of the process, in 
terms of determining the optimal agitation rate (15,000 rpm), vis-
cosity of the protein–polymer solution (5–20 cPs), sufficient time 
for the cross-linking reaction to occur (20–40 min), utilization of 
the tannins, as well as the addition of emulsifier molecules (Tween 
60) to promote the formation of a stable emulsion that was further 
subjected to coacervation and hardening (via cross-linking with 
glutaraldehyde). The produced spherical nanocapsules (around 
100 nm in size) exposed enhanced thermal properties which were 
attributed to the cross-linking reaction. Particles produced by 
complex coacervation expose a unique property—they are capa-
ble of enduring the exchange of solvent via diffusion through the 
coacervate layer, without affecting particle structure (Thies, 2007). 
Usually, a water-immiscible compound originally encapsulated in 
the particles of complex coacervate can be exchanged with some 
other liquid compound that has fine water miscibility. This prop-
erty enables the loading of complex coacervate particles with liq-
uids and flavors that cannot be added at the time of the particle 
formation. Thus, Soper et al. (2000) introduced the oil-loaded 
particles with water-swollen shell suitable for absorption of flavor 
from the gas phase. The purging of particles with gas containing 
the aroma (0.5–5 h depending on aroma type) the absorption of 
aroma was detected.

Since modern food regulation do not support utilization of 
glutaraldehyde in food, researchers constantly seek for alterna-
tives, which will possess equally, if not even higher, cross-linking 
abilities. In that respect, utilization of the food-safe sodium tripoly-
phosphate (TPP) as a cross-liker was investigated. Additionally, in 
efforts to make the complex coacervates more suitable for food ap-
plications, the enzyme cross-linking has also been proposed as a 
method to avoid potentially toxic ingredients (ie, glutaraldehyde), 
for example utilization of transglutaminase as a cross-linker (Prata 
et al., 2008a,b) along with other food-grade cross-linkers, such as 
tannic acid (Zhang et al., 2011), or genipin (Maji and Hussain, 2009).

8 Conclusions
The flavoring industry is a pioneer in implementation of en-

capsulation technology in food sector. Still, it utilizes about 
three times more free flavors compared to encapsulated forms, 
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and most of flavor formulations are of microsize. There are sev-
eral reasons behind this fact: cost of nanoencapsulation is rather 
high, the potential risks of nanomaterials to human health are 
unknown and need to be explored and studied, the regulatory is-
sues on nanofoods are still being developed, and the knowledge 
of release of encapsulated aroma when incorporated in real food 
products is rather poor. It is likely to expect that in future spray-
dried encapsulation will again dominate the food industry. In fact, 
most of encapsulation techniques ultimately depend on suitable 
drying techniques to produce nanoencapsulates in powder form. 
Spray drying needs some modifications for retaining the nanopar-
ticle size, with a special design of equipments needed to produce 
nanoencapsulates in powder form. Furthermore, each encapsula-
tion technique has some unique operating factors, which affect 
the final outcome of nanoencapsulates, and those factors need 
to be investigated and optimized. Development of novel nanoen-
capsulated flavors is going to progress in line with development of 
more sophisticated dispersion technologies employing complex 
mixtures of biopolymers as well as low molecular weight surfac-
tants, and novel multilayered interfacial structures.
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Characterization of sodium alginate/d-limonene emulsions and respective 
calcium alginate/d-limonene beads produced by electrostatic extrusion. 
Food Hydrocoll. 45, 111–123. 

Li, X., Anton, N., Arpagaus, C., Belleteix, F., Vandamme, F.T., 2010. Nanoparticles 
by spray drying using innovative new technology: the Büchi Nano Spray Dryer 
B-90. J. Control. Release 147, 304–310. 

Li, W., Liu, X., Yang, Q., Zhang, N., Du, Y., Zhu, H., 2015. Preparation and 
characterization of inclusion complex of benzyl isothiocyanate extracted from 
papaya seed with β-cyclodextrin. Food Chem. 184, 99–104. 

Lin, C.C., Lin, H.Y., Chi, M.H., Shen, C.M., Chen, H.W., Yangd, W.J., et al., 2014. 
Preparation of curcumin microemulsions with foodgrade soybean oil/
lecithin and their cytotoxicity on the HepG2 cell line. Food Chem. 154, 
282–290. 

Liu, X.D., Furuta, T., Yoshii, H., Linko, P., 2000a. Retention of emulsified flavour in 
a single droplet during drying. Food Sci. Technol. Res. 6, 335–339. 

http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0525
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0525
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0525
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0530
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0530
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0530
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0535
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0535
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0535
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0540
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0540
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0540
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0545
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0545
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0545
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0550
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0550
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0555
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0555
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0555
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0555
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0560
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0560
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0560
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0565
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0565
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0565
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0570
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0570
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0570
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0575
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0580
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0585
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0585
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0585
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0590
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0590
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0590
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0595
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0595
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0595
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0595
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0600
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0600


 Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors  413

Liu, X.D., Furuta, T., Yoshii, H., Linko, P., Coumans, W.J., 2000b. Cyclodextrin 
encapsulation to prevent the loss of l-menthol and its retention during 
drying. Biosci. Biotechnol. Biochem. 64, 1608–1613. 

Liu, X.-D., Atarashi, T., Furuta, T., Yoshii, H., Aishima, S., Ohkawara, M., et al., 
2001a. Microencapsulation of emulsified hydrophobic flavours by spray 
drying. Dry. Technol. 19, 1361–1374. 

Liu, X.D., Atarashi, T., Furuta, T., Yoshii, H., Aishima, S., Ohkawara, M., et al., 
2001b. Microencapsulation of emulsified hydrophobic flavours by spray 
drying. Dry. Technol. 19, 1361–1374. 

Liu, Z., Li, Y., Cui, F., Ping, L., Song, J., Ravee, Y., et al., 2008. Production of octenyl 
succinic anhydride-modified waxy corn starch and its characterization. 
J. Agric. Food. Chem. 56, 11499–11506. 

Liu, C.H., Zhou, H.J., Liu, J.Y., Li, X.T., Fang, H., Yang, Z.H., 2013a. Preparation 
of antibacterial citronella oil microcapsules and their application in cotton 
fabrics. Adv. Mater. Res. 627, 271–274. 

Liu, B., Zhu, X., Zeng, J., Zhao, J., 2013b. Preparation and physicochemical 
characterization of the supramolecular inclusion complex of naringin 
dihydrochalcone and hydroxypropyl-β-cyclodextrin. Food Res. Int. 54, 691–696. 

Lv, Y., Zhang, X., Abbas, S., Karangwa, E., 2012. Simplified optimization for 
microcapsule preparation by complex coacervation based on the correlation 
between coacervates and the corresponding microcapsule. J. Food Eng. 111, 
225–233. 

Lv, Y., Yang, F., Li, X., Zhang, X., Abbas, S., 2014. Formation of heat-resistant 
nanocapsules of jasmine essential oil via gelatin/gum arabic based complex 
coacervation. Food Hydrocoll. 35, 305–314. 

Madadlou, A., Jaberipour, S., Eskandari, M.H., 2014. Nanoparticulation of 
enzymatically cross-linked whey proteins to encapsulate caffeine via 
microemulsification/heat gelation procedure. LWT Food Sci. Technol. 57, 
725–730. 

Madene, A., Jacquot, M., Scher, J., Desobry, S., 2006. Flavour encapsulation and 
controlled releasea review. Int. J. Food Sci. Technol. 41, 1–21. 

Maji, T.K., Hussain, M.R., 2009. Microencapsulation of Zanthoxylum limonella oil 
(ZLO) in genipin crosslinked chitosan–gelatin complex for mosquito repellent 
application. J. Appl. Polym. Sci. 111, 779–785. 

Mantegna, S., Binello, A., Boffa, L., Giorgis, M., Cena, C., Cravotto, G., 2012. A 
one-pot ultrasound-assisted water extraction/cyclodextrin encapsulation of 
resveratrol from Polygonum cuspidatum. Food Chem. 130, 746–750. 

Mao, L., O’Kennedy, B.T., Roos, Y.H., Hannon, J.A., Miao, S., 2012. Effect of 
monoglyceride self-assemble dstructure on emulsion properties and 
subsequent flavour release. Food Res. Int. 48, 233–240. 

Marsanasco, M., Márquez, A.L., Wagner, J.R., del V. Alonso, S., Chiaramoni, N.S., 
2011. Liposomes as vehicles for vitamins E and C: an alternative to fortify 
orange juice and offer vitamin C protection after heat treatment. Food Res. 
Int. 44, 3039–3046. 

Martı́n del Valle, E.M., 2004. Cyclodextrins and their uses: a review. Process 
Biochem. 39, 1033–1046. 

Mascheroni, E., Fuenmayor, C.A., Cosio, M.S., Di Silvestro, G., Piergiovanni, L., 
Mannino, S., Schiraldi, A., 2013. Encapsulation of volatiles in nanofibrous 
polysaccharide membranes for humidity-triggered release. Carbohydr. Polym. 
98, 17–25. 

Mason, T.G., Wilking, J.N., Meleson, K., Chang, C.B., Graves, S.M., 2006. 
Nanoemulsions: formation, structure, and physical properties. J. Phys. 
Condens. Matter 18, 635–666. 

http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0605
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0605
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0605
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0610
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0615
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0615
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0615
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0620
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0625
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0625
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0625
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0630
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0635
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0635
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0635
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0635
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0640
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0640
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0640
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0645
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0645
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0645
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0645
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0650
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0650
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0655
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0655
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0655
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0660
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0660
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0660
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0665
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0665
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0665
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0670
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0675
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0675
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0680
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0680
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0680
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0680
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0685
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0685
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0685


414  Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors

Maswal, M., Dar, A.A., 2014. Formulation challenges in encapsulation and 
delivery of citral for improved food quality. Food Hydrocoll. 37, 182–195. 

McClements, D.J., 2005. Food Emulsions: Principles, Practice, and Techniques, 
second ed. CRC Press, Boca Raton, FL. 

McClements, D.J., 2010. Emulsion design to improvet the delivery of functional 
lipophilic components. Annu. Rev. Food Sci. Technol. 1, 241–269. 

McNamee, B.F., O’Riordan, E.D., O’Sullivan, M., 1998. Emulsification and 
microencapsulation properties of gum arabic. J. Agric. Food Chem. 46, 
4551–4555. 

McNamee, B.F., O’Riordan, E.D., O’Sullivan, M., 2001. Effect of partial replacement 
of gum arabic with carbohydrates on its microencapsulation properties. 
J. Agric. Food Chem. 49, 3385–3388. 

Mohanty, B., Bohidar, H.B., 2005. Microscopic structure of gelatin coacervates. 
Int. J. Biol. Macromol. 36, 39–46. 

Moreau, L., Kim, H.J., Decker, E.A., McClements, D.J., 2003. Production and 
characterization of oil-in-water emulsions containing droplets stabilized by 
beta-lactoglobulin-pectin membranes. J. Agric. Food. Chem. 51, 6612–6617. 

Mozafari, M.R., Flanagan, J., Matia-Merino, L., Awati, A., Omri, A., Suntres, 
Z.E., et al., 2006. Recent trends in the lipid-based nanoencapsulation of 
antioxidants and their role in foods. J. Sci. Food Agric. 86, 2038–2045. 

Mozafari, M.R., Johnson, C., Hatziantoniou, S., Demetzos, C., 2008. Nanoliposomes 
and their applications in food nanotechnology. J. Liposome Res. 18, 309–327. 

Mun, S., Decker, E.A., McClements, D.J., 2005. Influence of droplet characteristics 
on the formation of oil-in-water emulsions stabilized by surfactant chitosan 
layers. Langmuir 21, 6228–6234. 

Munoz-Botella, S., del Castillo, B., Martı́n, M.A., 1995. Cyclodetrin properties and 
applications of inclusion complex formation. Ars. Pharm. 36, 187–198. 

Nakamura, N., Horikoshi, K., 1977. Production of Schardinger β-dextrin by soluble 
and immobilized cyclodextrin glycosyltransferase of an alkalophilic Bacillus 
sp. Biotechnol. Bioeng. 19, 87–99. 

Nilsson, L., Bergenstahl, B., 2006. Adsorption of hydrophobically modified starch 
at oil/water interfaces during emulsification. Langmuir 22, 8770–8776. 

Ogawa, S., Decker, E.A., McClements, D.J., 2004. Production and characterization 
of O/W emulsions containing droplets stabilized by lecithin-chitosan-pectin 
mutilayered membranes. J. Agric. Food. Chem. 52, 3595–3600. 

Ortan, A., Campeanu, G., Dinu-Pirvu, C., Popescu, L., 2009. Studies concerning 
the entrapment of Anethum graveolens essential oil in liposome. Rom. 
Biotechnol. Lett. 14, 4411–4417. 

Pagington, J.S., 1986. Beta-cyclodextrin and its uses in the flavour industry. In: 
Birch, G.G., Lindley, M.G. (Eds.), Developments in Food Flavours. Elsevier 
Applied Science, London, pp. 131–150. 

Patil, Y.P., Jadhav, S., 2014. Novel methods for liposome preparation. Chem. Phys. 
Lipids 177, 8–18. 

Paudel, A., Worku, A.Z., Meeus, J., Guns, S., Van den Mooter, G., 2013. 
Manufacturing of solid dispersions of poorly water-soluble drugs by spray 
drying: formulation and process considerations. Int. J. Pharm. 453, 253–284. 

Penbunditkul, P., Yoshii, H., Ruktanonchai, U., Charinpanitkul, T., Soottitantawat, 
A., 2011. Effect of feed liquid viscosity on flavour retention of bergamot oil 
encapsulated in spray-dried modified starch powder. International Congress 
on Engineering and Food, Athens, Greece, pp. 1–6.

Penbunditkul, P., Yoshii, H., Ruktanonchai, U., Charinpanitkul, T., Assabumrungrat, 
S., Soottitantawat, A., 2012. The loss of OSA-modified starch emulsifier 
property during the high-pressure homogeniser and encapsulation of multi-
flavour bergamot oil by spray drying. Int. J. Food Sci. Technol. 47, 2325–2333. 

http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0690
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0690
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0695
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0695
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0700
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0700
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0705
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0705
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0705
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0710
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0710
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0710
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0715
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0715
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0720
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0720
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0720
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0725
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0725
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0725
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0730
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0730
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0735
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0735
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0735
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0740
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0740
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0745
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0745
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0745
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0750
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0750
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0755
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0755
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0755
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0760
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0760
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0760
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0765
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0765
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0765
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0770
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0770
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0775
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0775
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0775
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0780
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0780
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0780
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0780


 Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors  415

Phan, V.A., Liao, Y.C., Antille, N., Sagalowicz, L., 2008. Delayed volatile compound 
release properties of self-assembly structures in emulsions. J. Agric. Food 
Chem. 56, 1072–1077. 

Philippe, E., Seuvre, A.M., Colas, B., Langendorff, V., Shippa, C., Voilley, A., 2003. 
Behavior of flavour compounds in model food systems: a thermodynamic 
study. J. Agric. Food Chem. 51, 1393–1398. 

Pillai, D.S., Prabhasankar, P., Jena, B.S., Anandharamakrishnan, C., 2012. 
Microencapsulation of Garcinia cowa fruit extract and effect of its use on 
pasta process and quality. Int. J. Food Prop. 15, 590–604. 

Pourbafrani, M., Talebnia, F., Niklasson, C., Taherzadeh, M.J., 2007. Protective 
effect of encapsulation in fermentation of limonene-contained media and 
orange peel hydrolyzate. Int. J. Mol. Sci. 8, 777–787. 

Prata, A.S., Menut, C., Leydet, A., Trigo, J.R., Grosso, C.R.F., 2008a. Encapsulation 
and release of a fluorescent probe, khusimyl dansylate, obtained from vetiver 
oil by complex coacervation. Flavour Frag. J. 23, 7–15. 

Prata, A.S., Zanin, M.H.A., Re, M.I., Grosso, C.R., 2008b. Release properties of 
chemical and enzymatic crosslinked gelatin–gum arabic microparticles 
containing a fluorescent probe plus vetiver essential oil. Colloids Surf. B 67, 
171–178. 

Qi, Z.H., Hedges, A.R., 1995. Use of cyclodextrins for flavours. In: Ho, C.T., Tan, 
C.T., Tong, C.H. (Eds.), Flavour Technology: Physical Chemistry, Modification 
and Process, ACS Symposium Series, vol. 610. American Chemical Society, 
Washington, DC, pp. 231–243.

Quispe-Condori, S., Saldaña, M.D.A., Temelli, F., 2011. Microencapsulation of 
flax oil with zein using spray and freeze drying. LWT Food Sci. Technol. 44, 
1880–1887. 

Ramakrishna, S., Fujihara, K., Teo, W.E., Yong, T., Ma, Z., Ramaseshan, R., 2006. 
Electrospun nanofibers: solving global issues. Mater. Today 9, 40–50. 

Ramishvili, T., Yushchenko, V., Charkviani, M., 2007. Catalytic conversions of 
linalool and linalyl acetate over large-pore zeolites and mesoporous MCM-41. 
Moscow Univ. Chem. Bull. 62, 180–186. 

Randall, R.C., Phillips, G.O., Williams, P.A., 1988. The role of the proteinaceous 
component on the emulsifying properties of gum arabic. Food Hydrocoll. 
2, 131–140. 

Rao, J., McClements, D.J., 2012. Food-grade microemulsions and nanoemulsions: 
role of oil phase composition on formation and stability. Food Hydrocoll. 
29, 326–334. 

Re, M.I., Liu, Y.J., 1996. Microencapsulation by spray drying: influence of wall 
systems on the retention of the volatile compounds. In: Proceedings of the 10th 
International Drying Symposium, Krakow, Poland, July 30–August 2, pp. 541–549.

Reineccius, G.A., 2001. Multiple-core encapsulation: the spray drying of food 
ingredients. In: Vilstrup, P. (Ed.), Microencapsulation of Food Ingredients. 
Leatherhead Food RA Publishing, London, pp. 151–185. 

Reiner, S.J., Reineccius, G.A., Peppard, T.L., 2010. A comparison of the stability of 
beverage cloud emulsions formulated with different gum acacia- and starch-
based emulsifiers. J. Food Sci. 75, 236–246. 

Risch, S.J., Reineccius, G.A., 1988. Spray-dried orange oil—effect of emulsion size on 
flavour retention and shelf stability. ACS Symposium Series, vol. 370, pp. 67–77.

Roberts, D.D., Pollien, P., Watzke, B., 2003. Experimental and modeling studies 
showing the effect of lipid type and level on flavour release from milk-based 
liquid emulsions. J. Agric. Food. Chem. 51, 189–195. 

Rocha, G.A., Fávaro-Trindade, C.S., Ferreira Grosso, C.R., 2012. 
Microencapsulation of lycopene by spray drying: characterization, stability, 
and application of microcapsules. Food Bioprod. Process. 90, 37–42. 

http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0785
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0785
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0785
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0790
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0790
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0790
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0795
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0795
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0795
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0800
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0800
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0800
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0805
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0805
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0805
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0810
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0810
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0810
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0810
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0815
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0815
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0815
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0820
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0820
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0825
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0825
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0825
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0830
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0830
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0830
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0835
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0835
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0835
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0840
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0840
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0840
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0845
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0845
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0845
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0850
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0850
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0850
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0855
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0855
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0855


416  Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors

Rohloff, J., 1999. Monoterpene composition of essential oil from peppermint 
(Mentha × piperita L.) with regard to leaf position using solid-phase 
microextraction and gas chromatography/mass spectrometry analysis. 
J. Agric. Food. Chem. 47, 3782–3786. 

Rosenberg, M., Kopelman, I.J., Talmon, Y., 1990. Factors affecting retention in 
spray-drying microencapsulation of volatile materials. J. Agric. Food Chem. 
38, 1288–1294. 

Rukmini, A., Raharjo, S., Hastuti, P., Supriyadi, S., 2012. Formulation and stability 
of water-in-virgin coconut oil microemulsion using ternary food grade 
nonionic surfactants. Int. Food. Res. 9, 259–264. 

Sagalowicz, L., Leser, M.E., 2010. Delivery for liquid food products. Curr. Opin. 
Colloid Interface Sci. 15, 61–72. 

Sakakibara, S., Sugisawa, K., Matsui, F., Sengoku, K., 1985. Jpn. Pat., JP 851 248 075.
Samad, A., Sultana, Y., Aqil, M., 2007. Liposomal drug delivery systems: an update 

review. Curr. Drug Deliv. 4, 297–305. 
Sankarikutty, B., Sreekumar, M.M., Narayanan, C.S., Mathew, A.G., 1988. Studies 

on microencapsulation of cardamom oil by spray drying technique. J. Food 
Sci. Technol. 25, 352–356. 

Sarkar, S., Gupta, S., Variyar, P.S., Sharma, A., Singhal, R.S., 2012. Irradiation 
depolymerized guar gum as partial replacement of gum arabic for 
microencapsulation of mint oil. Carbohydr. Polym. 90, 1685–1694. 

Shao, P., Zhang, J., Fang, Z., Sun, P., 2014. Complexing of chlorogenic acid with 
β-cyclodextrins: inclusion effects, antioxidative properties and potential 
application in grape juice. Food Hydrocoll. 41, 132–139. 

Sherry, M., Charcosset, C., Fessi, H., Greige-Gerges, H., 2013. Essential oils 
encapsulated in liposomes: a review. J. Liposome Res. 232, 268–275. 

Sheu, T.Y., Rosenberg, M., 1995. Microencapsulation by spray drying ethyl caprylate 
in whey protein and carbohydrate wall systems. J. Food Sci. 60, 90–103. 

Siew, C.K., Williams, P.A., 2008. Role of protein and ferulic acid in the emulsification 
properties of sugar beet pectin. J. Agric. Food Chem. 56, 4164–4171. 

Singh, M., Sharma, R., Banerjee, U.C., 2002. Biotechnological applications of 
cyclodextrins. Biotechnol. Adv. 20, 341–359. 

Singh, H., Thompson, A., Liu, W., Corredig, M., 2012. Liposomes as food 
ingredients and nutraceutical delivery systems. In: Garti, N., McClements, D.J. 
(Eds.), Encapsulation Technologies and Delivery Systems for Food Ingredients 
and Nutraceuticals. Woodhead Publishing, Cambridge, UK, pp. 287–318. 

Sinico, C., De Logu, A., Lai, F., Valenti, D., Manconi, M., Loy, G., et al., 2005. 
Liposomal incorporation of Artemisia arborescens L. essential oil and in vitro 
antiviral activity. Eur. J. Pharm. Biopharm. 1, 161–168. 

Siow, L.F., Ong, C.S., 2013. Effect of pH on garlic oil encapsulation by complex 
coacervation. J. Food Process. Technol. 4, 1–9. 

Soottitantawat, A., Yoshii, H., Furuta, T., Ohgawara, M., Linko, P., 2003. 
Microencapsulation by spray drying: influence of emulsion size on the 
retention of volatile compounds. J. Food Sci. 68, 2256–2262. 

Soottitantawat, A., Yoshii, H., Furuta, T., Ohgawara, M., Forssell, P., Partanen, R., 
et al., 2004. Effect of water activity on the release characteristics and oxidative 
stability of d-limonene encapsulated by spray drying. J. Agric. Food Chem. 52, 
1269–1276. 

Soottitantawat, A., Bigeard, F., Yoshii, H., Furuta, T., Ohkawara, M., Linko, P., 
2005a. Influence of emulsion and powder size on the stability of encapsulated 
d-limonene by spray drying. Innov. Food Sci. Emerg. Technol. 6, 107–114. 

Soottitantawat, A., Takayama, K., Okamura, K., Muranaka, D., Yoshii, H., Furuta, T., 
et al., 2005b. Microencapsulation of l-menthol by spray drying and its release 
characteristics. Innov. Food Sci. Emerg. Technol. 6, 163–170. 

http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0860
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0860
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0860
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0860
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0865
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0865
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0865
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0870
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0870
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0870
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0875
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0875
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0880
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0880
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0885
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0885
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0885
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0890
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0895
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0895
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0895
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0900
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0900
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0905
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0905
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0910
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0910
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0915
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0915
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0920
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0925
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0925
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0925
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0930
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0930
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0935
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0940
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0945
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0945
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0945
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0950
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0950
http://refhub.elsevier.com/B978-0-12-804307-3.00009-0/ref0950


 Chapter 9 Novel approaches iN NaNoeNcapsulatioN of aromas aNd flavors  417

Soper, J.C., Kim, Y.D., Tomas, M.D., 2000. United States Patent 6,045,835. Method 
of encapsulating flavours and fragrances by controlled water transport into 
microparticles.

Sosa, N., Schebor, C., Pérez, O.E., 2014a. Encapsulation of citral in formulations 
containing sucrose or trehalose: emulsions properties and stability. Food 
Bioprod. Process. 92, 266–274. 

Sosa, N., Zamora, M.C., van Baren, C., Schebor, C., 2014b. New insights in the use 
of trehalose and modified starches for the encapsulation of orange essential 
oil. Food Bioprocess Technol. 7, 1745–1755. 
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10
NANOCOMPOSITE FOR FOOD 
ENCAPSULATION PACKAGING
Daibing Luo*,**, Liangzhuan Wu*, Jinfang Zhi*
*Key Laboratory of Photochemical Conversion and Optoelectronic Materials, 
Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, 
Beijing, P.R. China; **Sichuan University, Analytical & Testing Center, 
Chengdu, P.R. China

1 Introduction
1.1 Food Nanotechnology

Health-promoting components can enhance the nutritional 
function of foods and contribute health benefits to the human 
body, reduce risk of chronic disease, boost energy, and enhance 
body building functions. However, many health-promoting com-
ponents suffer from bioactive instability since they are easily 
degraded in the formulation, processing, and storage processes 
because most of them are sensitive to heat, pH, oxygen, ion, and 
light. Hence various kinds of technologies for food packages have 
been developed to avoid the decomposition of food (Fig. 10.1) 
(Pawlik and Norton, 2014; Aguilera and Lillford, 2008).

Encapsulating foods in packaging materials is necessary for 
transporting, protecting, labeling, and advertising. In recent years 
nanotechnology has found innumerable applications in food 
industry (Fathi et al., 2012; Duncan, 2011). Food encapsulation 
requires protection, tampering resistance, and special physical, 
chemical, or biological needs. The encapsulation packaging is 
significant in preserving the foods to make them safe and mar-
ketable. Innovations in food encapsulation packaging can lead to 
quality packaging and show consumers a friendly approach in de-
termining the shelf life, biodegradable period, and other informa-
tion (Abbas et al., 2009).

Until now nanotechnology and nanomaterials have already 
played important roles in the packaging industry. The history of 
food nanotechnology can be traced back to the pasteurization 
process introduced by Pasteur to kill spoilage bacteria, which 
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formed the first step of the revolution in food processing and 
improvement in quality of foods. Nanotechnology and nanoma-
terials can be used to create or improve a number of packaging 
characteristics that are advantageous for the packaged foods. 
Nanotechnology has been employed for preparation of stronger 
and lighter materials, improving biodegradability or recyclability, 
incorporating sensors or indicators for consumer information, 
or for traceability or authentication (product security to avoid 
fraud) (Chellaram et al., 2014; Chen et al., 2014). Nanomaterials 
are increasingly being used in the food packing industry due to the 
range of advanced functional properties to conventional materials. 
Materials in the nanoscale range may present different electronic 
properties, which in turn exert influence on their mechanical, 
catalytic, optical, and other reactive properties. Nanomaterials 
can be employed to reinforce biodegradable packaging, produce 
fewer amounts of wasted materials for recycling, and meanwhile 
reduce the permeability to gases. Functional nanomaterials can 
prolong shelf life, decrease the demand of preservative materials, 
and provide hygienic surfaces that are easy to clean and can in-
hibit microbe accumulation or formation. Antimicrobial packag-
ing is the most common use of nanomaterials. As a simple passive 
barrier, antimicrobial packaging can reduce the growth of harmful 
microbes (Joseph and Morrison, 2006).

Incorporation of nanomaterials into capsulation packaging 
materials will yield lightweight, durable, and low gas-permeable 
nanocomposites contributing to food quality by extending shelf 
life, preserving flavor and aroma, and reducing contact with 
microorganisms.

1.2 Nanocomposite
Research on the use of nanocomposites for food encapsula-

tion packaging started in the 1990s with the incorporation of 
montmorillonite clay to polyethylene, nylon, polyvinvyl chloride, 
and starch polymers. Nanocomposite has a multiphase where 
one of the phases has at least one phase of less than 100 nm, or 

Figure 10.1. Food 
encapsulation.
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structures with repeating distances in nanoscale between the dif-
ferent phases in the material (Kamigaito, 1991). In mechanical 
properties, nanocomposites show extinct difference from con-
ventional composite materials because of the high ratio of surface 
to volume from the reinforcing phase and the high aspect ratio. 
The nanocomposite materials can be prepared from nanosized 
particles, sheets, rods, tubes, or fibers. When only one dimension 
is in the nanometer range, the composites are known as polymer-
layered crystal nanocomposites (Alexandre and Dubois, 2000; 
Azeredo, 2009). Nanocomposites can be used for encapsulation 
packaging by interacting with foods, thus giving pathways for re-
leasing beneficial materials such as antioxidant and antimicrobial 
agents, or depressing some unfavorable compounds generation 
such as water vapor and oxygen. Polymeric nanocomposites can 
be used in design and production of packaging and coating ma-
terials, microelectromechanical systems, sensors, thermal control 
materials, and so forth (Sozer and Kokini, 2012).

Different types of nanofillers and polymers have been com-
bined to prepare nanocomposite materials, which mainly include 
clay, natural biopolymers, natural antimicrobial agents, metals, 
and metal oxides, and so forth (Lagaron, 2011). An important one 
among the numerous nanofillers is clay, because it is generated 
from the earth’s crust, cost effective, and provides reinforcement 
effect and easy processability. Usually, addition of nanofillers of 
about 5% is enough to result in an improvement in the substrate 
polymer properties. The enhanced mechanical properties of nano-
composite materials may benefit from the nanofillers with high 
rigidity besides excellent affinity between polymers and nanofill-
ers at the interface. Besides the effects of the reinforcements from 
nanofillers, an interphase composition of altered mobility around 
each nanostructure is induced by well-distributed nanofillers, thus 
forming a percolating interphase network structure in the com-
posite, which plays an important role in improving the structural 
strength of nanocomposites (Arora and Padua, 2010). The forma-
tion of nanocomposites facilitates improving thermal, mechanical, 
and barrier properties of polymers, and has proven to be a prom-
ising strategy. Further research and investigation may be inspired 
by the various nanocomposites naturally formed in environments.

1.3 Functionality and advantages
1. Improved packaging strength
 Introduction of nanomaterials into polymeric matrix can im-

prove the gas barrier properties, as well as temperature and 
humidity resistance of the packaging.
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2. Antimicrobial ability
 Use of antibacterial nanomaterials to interact directly with the 

food product or the environment provides better protection of 
the products. For example, silver nanoparticles and silver coat-
ings can provide antimicrobial properties, with other materials 
being used as oxygen or UV scavengers.

3. Smart packaging: nanosensing
 Technology in terms of smart packaging has been explored 

for the possibility of preserving food for as long as possible. 
This novel concept is designed for biochemical sensing of mi-
crobial changes in the food, for example, detecting of specific 
pathogens developing in the food, or specific gases gener-
ated from food spoiling. Some smart packaging has been de-
veloped to be used as a monitoring device not only for food 
safety but also to avoid counterfeit. Food packaging contain-
ing smart materials in nanosized and flexible nanoelectronics 
could actively control or adjust the environmental parameters 
inside the packaging, and inform consumers when the pack-
aged food has begun to deteriorate. In addition, dirt-repellent 
or self-cleaning coatings for food packages are also being 
developed.

4. Self-cooling packaging
 Self-cooling packaging, which makes use of a chemical or 

physical process, such as evaporation of gases, to keep the 
temperature inside the packaging cool, thus keeping the food 
fresh, has been developed by the assistance of nanotechnolo-
gy. Furthermore, the microsized powered systems could make 
use of a flexible or thin-film photovoltaic cell for food cool-
ing by using thermoelectric materials. This technology will 
reduce the need for large-scale and long-time refrigeration in 
the supply chain, although it may generate a higher cost in 
this case.

5. Warning tags
 Another interesting developmental direction is the use of 

nanoparticles to create color-changing packaging which will 
respond when food is going off. Chemical or physical meth-
ods can be used to achieve this effect. The chemical pathway is 
based on chemical indicators which change colors when there 
are gases generated by food oxidization. The physical pathway 
takes advantage of nanoparticles embedded in the polymer 
layers that can change their optical properties upon their rela-
tive position in the nanocomposite structure. These changes 
can be used to design warning tags in which an intense color 
is produced when the packaging stretches, creating obvious vi-
sional signals of gas-releasing decomposition.
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6. Green packaging
 Nanocomposite materials which are antimicrobial and bio-

degradable are welcome and expected to be used in food 
packaging in the near future.

2 Nanocomposite for Food 
Encapsulation Packaging
2.1 Nanocomposite thin Films for High Barrier 
and Flame protection

Nanocomposites as barrier materials have been widely ap-
plied in food encapsulation packaging and protective coatings. 
Multilayered composite polymer films have been developed and 
studied for improving barrier properties. As shown in Fig. 10.2, by 
multilayering and annealing polymer composite films, improve-
ments in barrier and fire properties, exceeding those of contem-
porary nanocomposites, can be achieved (http://www.usm.edu/
nrg/research.html). The introduction of crystalline nanofillers is 
helpful to increase the tortuosity thereby slower diffusion pro-
cesses and lower the permeability (Sanchez-Garcia et al., 2008) 
of gases and humidity. The barrier properties are desirable if the 
nanofillers are less permeable, and are well dispersed in the ma-
trix with a high aspect ratio (Lagaron et al., 2004).

The enhanced barrier properties of most polymer-based nano-
composites take advantage of the improved tortuosity of the 
diffusion or permeation path for gases. These wall-like nanocom-
posites force gases to travel longer paths to diffuse through the 
coatings. The presence of nanoparticles with high aspect ratios 

Figure 10.2. Nanocomposite for flame protection and gas barrier.

http://www.usm.edu/nrg/research.html
http://www.usm.edu/nrg/research.html
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in the packaging dramatically decreases the transfer rate of gas-
es such as oxygen, carbon dioxide, and water vapor crossing the 
packages (Farhoodi, 2015). The nanoparticles inside polymeric 
nanocomposites could also bring lots of active zones with better 
reinforcing effects. Furthermore, variety or change in the size and 
number of nanoparticles per unit volume of polymers will result 
a significant impact on the properties of the polymers (Dalmas 
et al., 2007; Jordan et al., 2005).

Some foods have to be sealed in a protective, oxygen-free envi-
ronment. Many normal packaging coatings made from flexible plas-
tics are somehow slightly permeable to oxygen and other gases. Over 
time, this shortage allows the protective atmosphere slowly leak out, 
meanwhile oxygen and water vapor can leak in, thus resulting dam-
age to the packaged foods. A coating made of metal or glass is to-
tally impermeable to gases and would prevent leakage. However this 
kind of encapsulation is obviously impractical since it would reduce 
flexibility of the coating, and would be more expensive than single 
plastic packaging. An encapsulation coating a few nanometers thick 
is enough to create an impermeable layer, even without losing of 
flexibility or increasing much to the cost. Layer-by-layer (LBL) as-
sembly (Rudra et al., 2006) is an effective strategy by which a mul-
tilayered films of nanosized layers can be prepared by sequential 
reaction or adsorption of polymers and metals on a solid support. 
For a mechanical durability of the metal nanoparticles deposited 
onto the polymer substrate, protective layers are deposited onto 
the nanocomposite layer in the present study. Recently RUSNANO 
Group has produced a flexible packaging based on a nanocomposite 
for food encapsulation which can replace some traditional materials 
(Fig. 10.3) (http://en.rusnano.com/press-centre/news/88595).

Figure 10.3. Schematic of a nanostructured, multilayer barrier film for use in food packaging. the polyamide and metal 
nanofilms provide high impermeability to gases and moisture, preserving the encapsulated fresh foods for a longer time, 
while retaining the flexibility of the multilayer films (a). as an alternative product, a new packaging material based on a 
nanocomposite extends shelf life, reduces the amount of preservatives in foodstuff, while simplifying the composition of 
packaging materials (b).

http://en.rusnano.com/press-centre/news/88595
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The most common methods to improve barrier efficiency are 
the use of polymer blends and coating articles with high barrier 
properties, and the employment of multilayered films with high 
barrier layers. Between the surfaces of these layers, the imbal-
ance caused by the negative surface charge may be balanced 
by certain exchangeable cations (eg, Na+ and Ca2+). The paral-
lel layers in the packaging materials are well linked together by 
weak electrostatic forces between each other (Tan et al., 2008). 
For constant nanofiller content, particles in smaller size in-
creases their numbers, resulting them closer to each other; thus 
the interface layers from adjacent particles overlap to a certain 
degree, significantly altering the macroscopic properties (Qiao 
and Brinson, 2009). Owing to the high barrier effect to gases and 
humidity, bionanocomposite materials have found applications 
in food packaging because they could enhance shelf life of food 
products.

In addition, some reactive nanofillers incorporated in poly-
mers can act as sensors. This kind of nanocomposite materials 
could respond to the environmental changes such as humid-
ity, temperature, and oxygen, which bring contamination and 
degradation to food products (Azeredo, 2009; Bouwmeester 
et al., 2009). Moreover, if there are sealing defects in food packag-
ing sometimes not found, the nanosensors will indicate the unde-
sirable changes in the food and to alert consumers if the food has 
gone bad. Carbon nanotube (CNT) is the most common nanofill-
er that exhibits sensing properties. Recently Georgia Technology 
Institution has developed a biosensor based on multiwall carbon 
nanotube (MWNT) and polyamide to monitor toxic proteins, mi-
croorganisms, and potential spoilage of foods and drinking (Han 
et al., 2011).

Some kinds of nanofillers show a scavenging ability in reaction 
to oxygen. Introduction of these nanofillers into food encapsula-
tion packaging can facilitate reducing and maintaining oxygen 
level, which is helpful for food preservation since existence of high 
concentration of oxygen may result in deterioration of many foods 
(Azeredo, 2009). Packaging materials with oxygen scavenger prop-
erties for foods can decrease oxidation to foods and favorable in 
keeping food freshness. For example, TiO

2
 is one of the functional 

nanofillers with good oxygen scavenger properties upon exposure 
to UV light radiation (Xiao et al., 2004).

While using flavor or odor absorbent materials in packag-
ing nanocomposites, it is important to consider the off-odors 
and off-flavors produced by hazardous microorganisms, since in 
many cases they are used as early warnings of deterioration by the 
consumers.
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2.2 Nanofiller materials or Nanostructures
The large contact area of nanofillers affords greater reinforce-

ment to the relatively weaker polymer matrix to strain due to their 
high moduli. In general, low amounts (<10%) of nanofillers incor-
poration to polymeric systems were found to effectively improve 
both the mechanical and barrier properties.

The antibacterial mechanisms of the nanofillers are varied 
from cell wall–damaging abrasiveness, generation of metal ions 
to limit reactions of certain oxidative enzymes, interference with 
DNA/RNA replication or denaturation of proteins, and so forth 
(Chen et al., 2014; Percival et al., 2005). To enhance the antibac-
terial activities, a great number of efforts have been made in de-
signing the ideal antibacterial nanostructures. The extremely high 
specific surface area and their effectiveness at very low loading 
levels make certain nanofillers excellent candidates for improve-
ment of material properties of polymers (Sozer and Kokini, 2012). 
More importantly, the incorporation of nanofillers enhances the 
mechanical and physical properties, and reduces the weight and 
gas diffusivity of the coatings.

Representative antibacterial materials relate to the use of bio-
cides or antibacterial metallic ions, such as Ag+ ions, or killing by 
highly active reagents, such as hydrogen peroxide, hydroxyl radi-
cal, and superoxide species generated in the photocatalysis of TiO

2
 

(Zhang et al., 2013). Chemical compatibility between the nano-
filler and the matrix plays a critical role in the nanofiller disper-
sion within the matrix and in the adhesion between both phases. 
Clays, carbon nanotubes, metals, silica, and zirconia are some of 
the commercially available nanofillers which can be used to tai-
lor material properties of polymers when used in combination 
(Vaia and Maguire, 2007). Optimization of the properties, such 
as reduced permeability, enhanced optical clarity, and resistance 
to oxidation, could be possible by controlling the arrangement 
and distribution of the nanofillers (Vaia and Maguire, 2007). The 
alignment of nanofillers in the polymer depends on the type of 
the flow which occurs during the mechanical processing of the 
nanocomposites. The processing includes either extensional, 
shear, or mixed, which is similar to that in complex fluids (Sozer 
and Kokini, 2012). Nanofiller superstructures can be formed by 
self-assembly that is categorized in two main groups: static self-
assembly and dynamic self-assembly.

Traditionally, only the materials that can induce the death or 
depress the growth of bacteria have been referred to as antibac-
terial materials. Metallic nanoparticles have earned interest in 
food packaging application due to unique properties such as high 
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surface area, excellent catalytic, optical, and electrical properties. 
The most common metal used in nanocomposites is silver, due 
to the antimicrobial properties as well as being stable and dis-
playing low volatility at high temperature (Heo et al., 2015). Silver 
nanoparticles or silver ions have been widely used in the food 
industry for their antibacterial activity. A typical example for the 
packaging industry is the use of nanosilver. Because of its excel-
lent antimicrobial properties, nanosilver has been used in encap-
sulation packaging materials and inner surfaces of fridges and 
dishwashers, as well as being incorporated into plastic food con-
tainers. Silver nanoparticles show toxicity to a wide range of mi-
croorganisms and can kill both Gram-positive and Gram-negative 
bacteria, such as Staphylococcus aureus (S. aureus) and Escherich-
ia coli (E. coli) (Kong and Jang, 2008; Vimala et al., 2010).

Silver nanoparticle-based nanocomposites present high trans-
mittance, excellent antibacterial activity, no fingerprint marks, 
and a good mechanical endurance for touching and swiping by 
fingers, which make them ideal encapsulation packaging mate-
rials. Various strategies have been reported for producing silver 
nanoparticles such as chemical reduction, hydrothermal, photo-
chemical, laser, and sol–gel methods (Poortavasoly et al., 2014). 
Interaction of silver nanoparticles with bacteria membrane and 
intracellular proteins interferes with cell division and causes cell 
death. In the presence of silver ions, bacteria DNA conglomera-
tion defense mechanisms will protect bodies from the toxic en-
vironment, but this will weaken the replication ability of bacteria 
(Morones et al., 2005).

Besides silver as the oldest and most popular reagent, some 
other metals, such as molybdenum and copper, are now used as 
antibacterial species to cause the death of adhered bacteria by 
their metallic ions. These metal nanoparticles exhibit antimicro-
bial activity and have been incorporated into polymers as ma-
trix fillers to prepare antimicrobial packaging materials (Cushen 
et al., 2014).

Silica nanoparticles have been reported to enhance the me-
chanical and barrier properties of several polymeric matrices. 
Addition of SiO

2
 nanoparticles into polypropylene (PP) matrix 

improves the tensile properties including strength, modulus, and 
elongation of the material. The mechanical properties of the silica 
nanoparticles–doped nanocomposite are improved by the forma-
tion of a percolating network and strong filler–matrix interaction. 
It was found that SiO

2
 can form a twisting path for gases when 

used as nanofillers in food packaging. The SiO
2
 nanofillers can also 

improve the tensile property of nanocomposite films. The most 
used silicates in nanocomposite materials are montmorillonite, 
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hectorite, and saponite. Silicates can be modified by surface en-
gineering to improve wetting property with the polymer matrix 
(Kornmann et al., 2001a).

TiO
2
 attracts increasing attention because it is chemical inert, 

antibacterial from its photoirradiation effect, corrosion resistant, 
high hardness, and high refractive index. Moreover, TiO

2
 is inex-

pensive and can be produced in the food industry at a large scale. 
TiO

2
 has three crystalline structures known as rutile, brookite, and 

anatase, respectively. TiO
2
 nanoparticles have surface activity for 

reaction with most biological molecules, such as some unspecific 
binding with DNA molecules. However, the antibacterial ability of 
nano-TiO

2
 is mainly dependent upon UV irradiation, which limits 

its application in food packaging (Naicker et al., 2005). Currently 
the research of TiO

2
 mainly activated on visible-light photocataly-

sis is still under development. The surface energy of TiO
2
 nanopar-

ticles plays an important role in the interface interaction between 
polymers and nanofillers. It was reported that the surface energy 
of a TiO

2
 nanoparticle increases and was close to a constant val-

ue as the particle size gets larger. Besides, TiO
2
 nanoparticles can 

also be used as an indicator to detect oxygen-exposure levels. As 
oxygen concentration within the packaging increases, the TiO

2
 

nanoparticles within the nanocomposites will bleach due to pho-
tosensitive redox dyes generated in the polymer medium (Mills 
and Hazafy, 2009). DuPont Company has announced the produc-
tion and commercialization of a new kind of nano-TiO

2
 plastic 

additive, which could decrease UV damage to foods packaged in 
transparent encapsulation (ElAmin, 2007a).

ZnO is popularly used as a metal oxide due to its deodorizing 
and antibacterial properties. ZnO nanoparticles become more an-
tibacterial as their particle size gets smaller. The addition of ZnO 
nanofiller has been found to improve the color adhesion, humid-
ity, hydrophobicity, UV barrier, elongation, and thermal stability 
of the nanocomposite coatings, as well as decrease the tensile, 
strength, moisture permeability, and elastic modulus. When using 
bovine gelatin and sago starch together as the polymer substrates 
with ZnO nanofillers, researchers observed an increase in both 
mechanical and heal insulation properties and a notable decrease 
in oxygen permeability of the packaging films (Espitia et al., 2012).

Cellulose nanomaterials are now attracting attention in food 
encapsulation because of their low cost, lightweight, and high 
strength. Cellulose nanofibers are environmentally friendly and 
easy to recycle by combustion, and require low energy in manufac-
turing. Cellulose chains are synthesized from living organisms as 
microfibers, which are formed by bundles of elongated molecules 
linked and stabilized by hydrogen bonds. A nanocomposite based 
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on chitosan film with 15% cellulose nanofibers and plasticizer 
constituents with 18% glycerol is comparable to most synthetic 
polymers with regard to stiffness and strength, but its percent-
age of elongation and moisture barrier are not good (Azeredo 
et al., 2010). It was found that cellulose nanoparticles are of great 
importance in improving the mechanical properties of natural 
polymers. Recent study shows cellulose nanofibers with ribbon-
shaped structures can be used to reinforce polymers. The cellu-
lose nanofiber-reinforced resins can improve the elastic modulus 
to a value of 28 GPa (Nakagaito et al., 2005). Cellulose nanofibers 
are often added to nanocomposite matrix to improve tensile prop-
erties, water vapor permeability, and glass transition temperature 
(Arora and Padua, 2010).

Natural clays have been introduced into polymeric substrates 
of packaging to improve characteristics such as strength, coating, 
and barrier properties. Nanocomposites made of polymer-clay 
have been developed for encapsulation packaging of foods since 
1990. The intercalated nanocomposites are generally prepared 
based on the penetration of polymer phases into the intersect-
ing layer region in the clay, which generates alternating polymer/
inorganic layers at a repeated distance of a few nanometers in an 
ordered multilayer structure (Weiss et al., 2006). The nanocom-
posites in exfoliated structures involve extensive polymer pen-
etration, containing the clay layered and randomly dispersed in 
the polymer substrate. Exfoliated nanocomposites show excellent 
properties due to the strong and optimal interaction between clay 
and polymers (Adame and Beall, 2009). Montmorillonite, with 
aluminum hydroxide between two silica tetrahedral layers, is the 
popularly used type of clay filler. The surface negative charges can 
be exchanged with other cations, so the parallel layers in clay are 
able to link together by weak electrostatic force. Nanoclays can be 
incorporated into plastic packaging of bottles for drinks, which 
prevent oxygen from migrating through the plastic bottle walls 
and destabilizing the drink and therefore extending the shelf life 
of food products. Besides, clay as a common nanoabsorber has 
the ability to lower the volatile concentration of some flavor and 
odor compounds that are products of a result of biochemical reac-
tions such as fermentation or ripening of foods (Brody et al., 2008). 
Recently it has been found that nanoclays can be used with natu-
ral polymers to produce green nanocomposites that are nontoxic, 
biodegradable, and biocompatible.

Carbon nanotubes also bring antimicrobial/antibacterial ef-
fects to the encapsulation materials. Multiwalled carbon nano-
tubes which are less toxic to human and animal subjects inactivate 
E. coli cells by direct contact (Kang et al., 2008). Encapsulation 



432  Chapter 10 NaNocomposite For Food eNcapsulatioN packagiNg

packaging involving carbon nanotubes is currently being devel-
oped which has the ability to pump out oxygen or carbon diox-
ide in the packages to prevent food or beverage deterioration 
(foodqualitynews.com, 2005). In addition to their outstanding 
mechanical properties, carbon nanotubes are good electrical con-
ductive material that can be used in smart packaging for nano-
sensing application. When dispersed in an insulating matrix, they 
allow the material to be conductive (Dalmas et al., 2007).

Recently researchers have focused on graphene to exploit a sp2-
hybrid carbon network. In particular, graphene is considered as 
an ideal two-dimensional reinforcing component for composite 
materials possessing superior carrier transport, high mechanical 
stiffness, extremely large surface area, and fine thermal/chemical 
stability (Liu et al., 2011). Graphene nanoplates are novel, highly 
promising carbon-based nanosized fillers (Arora and Padua, 2010). 
The new graphene-based hybrids with metal nanoparticles such 
as Pt, Au, and Ag have shown potential applications in the areas of 
optics, electronics, catalysis, and sensors.

2.3 polymers
Polymers have found wide applications in the textile indus-

try, packaging, filtration, automotive, biomedical, and many 
other fields. Polymers are always used in the antibacterial 
nanocomposites as excellent substrates. Various modification 
methods have been developed to improve their characteris-
tics without altering its bulk properties. Recently an interesting 
method named aminolysis has been reported to modify the 
polymer surface and enhance the hydrophilicity and biocom-
patibility without affecting the bulk properties of the polymer 
(Poortavasoly et al., 2014; Dalmas et al., 2007). The effective role 
of aminolysis on polymers has advantages including a fabric 
with improved wettability, comfort, handling, and dyeability 
(Textor et al., 2010). Various kinds of nanoparticles can be an-
chored into various polymer substrates by a facile two-phase as-
sembly method (Liu et al., 2011). Nanotechnology application 
to these polymers may provide possible methods of improving 
both the encapsulation properties and the cost–price–efficiency 
(Sorrentino et al., 2007).

Some cationic polymers show antibacterial activity. Encapsu-
lation coatings with antimicrobial cationic polymers can greatly 
inhibit the growth of various bacteria and microbes without 
releasing toxic chemicals in low molecular weight into the en-
vironment. Antimicrobial polymers usually contain polyca-
tionic structures, such as substituted quaternary ammonium 



 Chapter 10 NaNocomposite For Food eNcapsulatioN packagiNg  433

compounds, phosphonium salts, N-alkyl pyridinium salts, and 
rhodamine derivatives (Milović et al., 2005; Qiao et al., 2012; Lv 
et al., 2010; Liu et al., 2009; Hwang et al., 2007). Unlike common 
polymer films with antimicrobial properties, cationic polymeric 
nanoparticles based on self-assembled method can form second-
ary structures before interacting with the microbial membranes, 
and thus are expected to have better antimicrobial properties 
(Nederberg et al., 2011).

Polymers with self-healing properties have been developed for 
some years, and until now some products have been commercial-
ized in the market (Hager et al., 2010). These materials used as 
outer encapsulation layers in food packaging allow small damages 
(eg, punctures and tears) in the wrapping, thus reducing the cost 
caused by wastage due to damaged packaging. Nowadays, an-
tifingerprint polymers have been developed by some enterprises 
(Aguilar De Armas and Román, 2014). For an antifingerprint of the 
packaging materials using flexible substrate, fluoride films can be 
used to deposit on flexible substrates (Heo et al., 2015). Currently 
in the encapsulation field many reports on the formation and 
properties of biopolymer films are focused on their application as 
edible films.

Addition of nanofillers to a polymer matrix can enhance its per-
formance, often dramatically, by simply capitalizing on the nature 
and properties of the nanofillers. Introduction of these nanostruc-
tures into the polymer matrix leads significant improvements in 
the compressive and flexural mechanical properties of polymeric 
nanocomposites. Dispersion of nanofillers or controlled nano-
structures in nanocomposites can offer novel physical properties 
and behaviors that are not found in the corresponding unfilled 
substrates, which changes or modifies the essence of the original 
matrices. These nanocomposites have some enhanced properties 
including fire resistance and accelerated biodegradability.

Biopolymer-based gels have the ability to trap molecules, pro-
vide protection to the entrapped active cores and to reduce the 
diffusion rate of the active until an external stimulus is applied 
to weaken the gel network. To date, numerous biopolymers have 
been exploited to develop biodegradable food encapsulation 
materials (Othman, 2014). Biopolymers are one of the favorable 
alternatives to be exploited and developed into eco-friendly food 
packaging materials due to its biodegradability. Biopolymers 
based on monomeric units are linked by covalent bonds, form-
ing chain-like molecular structures. Biopolymers can be generally 
degraded thoroughly through the natural reactions on organisms, 
generating decomposed products such as H

2
O and CO

2
, which are 

harmless toward the environment. Starch, cellulose, agar, gelatin, 
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gluten, alginate, whey protein, and collagen are natural biopoly-
mers that are commonly used in food encapsulation. Nanocom-
posite encapsulation can be established as a promising route to 
enhance both mechanical and barrier properties of biopolymers. 
The nanofillers play an important role in structural reinforcement 
of the biopolymeric nanocomposites and improving the mechani-
cal and barrier properties of the matrix. In this case, the matrix 
tension is delivered to the nanofillers via the boundary between 
them (Arfat et al., 2014; Azeredo, 2009). The development of nano-
composite based on biopolymers for food encapsulation is im-
portant not only to reduce environmental problems but also to 
improve the functions of food packaging materials.

Among the biopolymers, in the case of cost, the most common 
type that has been studied to prepare bionanocomposite materi-
als for food packaging applications is starch and its derivatives. 
Silicate, clay, and TiO

2
 are excellent nanofillers to incorporate 

into biopolymers, which can improve the biopolymers’ mechani-
cal and barrier properties. Besides, these nanofillers have found 
applications in food packaging that can be used as biosensors, 
antimicrobial agents, and oxygen scavengers (Rhim et al., 2013; 
Farhoodi, 2015). As important biopolymers, proteins have been 
used for nanocomposite synthesis in food industry. Industrial ap-
plication of various proteins with film-forming ability has been 
employed for a long time. Proteins derived from animal tissues 
that are mainly used in commercial applications are casein, col-
lagen, whey protein, fish myofibrillar protein, and egg white (Zhao 
et al., 2008). Plant-sourced proteins that are used in the food in-
dustry mainly include soybean protein, wheat gluten, and zein 
(corn protein) (Lee et al., 2005a). It was found that nanofibers 
made from lobster shells or organic corns are both antimicrobial 
and biodegradable.

Nowadays, synthetic polymers, which include polylactic acid 
(PLA), polycaprolactone (PCL), polyglycolic acid (PGA), polyvinyl 
alcohol (PVA), polyvinyl chloride (PVC), polyethylene, polypro-
pylene, polybutylene, polystyrene, and polyethylene terephthal-
ate (PET), have found wide applications in the food industry. 
The most common synthetic polymer used in food encapsula-
tion is PLA. In addition, polyethylene terephthalate, polyethyl-
ene, and polystyrene are also commonly used in food packaging 
systems (Farhoodi, 2015). Advantages of the synthetic biopoly-
mers include the enhancement in various properties such as 
durability, flexibility, high gloss, clarity, and tensile strength. For 
instance, high-density polyethylene can be used in packaging 
for bottles and bags while low-density polyethylene can be em-
ployed for trays and general-purpose containers. Polypropylene, 
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with excellent chemical resistance, lowest density of the plastics, 
a high melting point, is suitable for hot-fill liquids in films and 
microwavable containers (Michaels, 1995). PET films with clear-
ing, tough, and excellent gas barrier properties, are widely used 
for soft drink bottle packaging. Furthermore, PET has good resis-
tance to heat, solvents, mineral oils, and acids. Therefore, PET-
based encapsulation technology has been gradually applied for 
packaging of many kinds of foods, especially beverage and min-
eral water products. The demand for PET films to produce plastic 
bottles for carbonated drinks is rapidly growing in recent years 
(van Willige et al., 2002).

Conductive polymers with their conjugated π electron back-
bones, which can be synthesized by chemical or electrochemical 
oxidation methods, are very important for nanosensor prepara-
tion because of their electrical, electronic, magnetic, and optical 
properties (Ahuja et al., 2007). Nanoparticles treated by electro-
chemically polymerized methods have a notable ability to switch 
between conducting oxidization and insulating reduction state, 
which is the foundation of many particular applications (Rajesh 
et al., 2004). Conductive polymer constituents embedded in nano-
composite matrix can be used to detect gases produced by food 
spoilage microoganisms. These polymers are excellent templates 
for immobilization of biorecognition elements such as enzymes, 
antibodies, or DNA to be used in biosensor applications (Arshak 
et al., 2009).

3 Preparation Methods
Various methods and technologies may be used to produce 

encapsulated ingredients. Many of these have been adapted in 
the chemical and pharmaceutical industries (Augustin and 
Heman, 2009). The use of low-cost inorganic substances in the food 
industry is common since they improve mechanical and thermal 
properties of polymers and polymeric composites. It was found 
that the best technique for nanofiller synthesis is to use polymer-
assisted fabrication of these nanomaterials. In these processes, 
nanoparticles interact with each other by van der Waals force, hy-
drophobic and solvation forces of colloidal, as well as electrical 
double layer and steric interactions. The reacted nanoparticles 
can be stabilized against aggregation by using mechanochemi-
cal approaches such as ultrasound sonication (Rozenberg and 
Tenne, 2008).

The nanocomposite preparation can be realized by disper-
sion in polymeric matrix by various methods including sol–gel 
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technology, intercalation of polymer from solution, intercalative 
polymerization, and melt intercalation (Sozer and Kokini, 2012). 
Among these methods melt intercalation and intercalation of 
polymer from solution are widely used for food encapsulation. 
Most of the future progress in nanotechnology relies on polymer 
science, which can help in the development of cost-effective, en-
vironmentally friendly, and multifunctional ergonomic products.
1. Dispersion
 Spray drying is a well-established process in many sectors of the 

food industry. It is a commonly used method for encapsulation 
because it is more cost-effective than other techniques. In ad-
dition, there are several recent articles that describe methods 
of nanocomposites’ preparation in detail. The basic process for 
production of a spray-dried encapsulated ingredient involves 
dissolving the core in a dispersion of the matrix material. The 
dispersion is atomized into heated air to facilitate the rapid re-
moval of water as the droplets are mixed with the hot air in the 
drying chamber. The powder particles are then separated from 
the drying air at the outlet at lower temperatures (Augustin and 
Heman, 2009). Only aqueous-based dispersions can be used in 
this technology. Hence the matrix material requires good solu-
bility in water. The ability to achieve high solids at low viscosity 
and good film and emulsifying properties are desirable.
 Recently complementary studies focusing on both the an-
timicrobial and optical properties of the chitosan materials 
have been investigated (Pinto et al., 2012). Nanocomposite 
composed of Ag nanoparticles can be dispersed in distinct 
chitosan-containing matrices for antibacterial packaging. The 
antimicrobial properties of chitosan-based materials have 
been thoroughly described. The dispersion of Ag nanoparticles 
in the chitosan matrix leads to macroscopically homogeneous 
films with variable optical transparency, depending both on 
the amount of Ag and average particle size.
 Spray drying is always used for the production of many en-
capsulated food ingredients—vitamins, minerals, flavors, poly-
unsaturated oil, enzymes, and probiotic microorganisms. It is 
notable that spray drying may be used for heat sensitive and 
volatile ingredients as the wall material protects the core and 
limits losing of volatile components.

2. Pad-dry-cure method (Lee and Jeong, 2004)
 Metal nanoparticles with antiracial property can be coated on 

polymers with an ultrasonic-assisted electrolysis method cre-
ating high conductivity. For example, triethanolamine has been 
used as a reducing agent in the synthesis of silver nanoparticles 
through chemical reduction. Then the polymer fabric is treated 
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with silver nitrate and sodium hydroxide to form a silver nano-
layer on the fabric surface after posttreatment with ammonia. 
Later, a step of simultaneous aminohydrolysis of polymer fab-
ric and reduction of silver nitrate into silver nanoparticles has 
been developed (Poortavasoly et al., 2014).
 Chemical reduction is the most common method used for 
preparation of Ag-nanoparticles as stable and colloidal disper-
sions. Silver nitrate ionized to Ag+ and NO3

−  in water, and silver 
ions were reduced to silver metal (Ag0) during the oxidation of 
the ─CH

2
CH

2
OH groups in TEA to ─CH

2
CHO. Ag nanopar-

ticles coordinate with hydroxyl groups on polymer fabric and 
substitute with hydrogen (Rad et al., 2011). The synthesis is of-
ten performed in the presence of stabilizers in order to avoid 
undesirable agglomeration of colloids. Ag-nanoparticles with 
smaller size and larger surface area available for interaction 
with microbial cells result in better bactericidal effect than 
larger ones (An et al., 2008).
 Preparation of silver nanoparticles with triethanolamine by 
pad-dry-cure method (Poortavasoly et al., 2014) is indicated as 
follows:
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3. PTC
 A novel chemical-plating-like solution deposition approach 

for preparation of large-area flexible thin films of metal oxides 
with d0 configuration has been reported. This method was trig-
gered at a low temperature (about 80°C) through the redox re-
action between peroxo-metal complex (PMC) and molecules 
with π-conjugated structures. Flexible thin films with a large 
area of crystalline metal oxides, including TiO

2
, V

2
O

5
, and MoO

3
, 

were successfully obtained by this approach (Li et al., 2013; Wu 
et al., 2014, 2015). This kind of synthesis method could be em-
ployed as a versatile technology for preparation of nanocom-
posite materials for food encapsulation.

4. Exfoliation–adsorption
 In this method, a layered filler material (eg, silicate) is first 

exfoliated into single layers, in which the target polymer or 
monomer is soluble. Due to the weak forces that stack the 
filler layers together, the layers can be easily dispersed in 
adequate solvent. When the solvent is evaporated, the tar-
get polymer then adsorb onto the delaminated sheet, thus 
the sheets reassemble the polymer to sandwich form. In that 
case, an ordered multistructure is obtained (Alexandre and 
Dubois, 2000). Exfoliated nanofillers can effectively enhance 
gas barrier properties of polymeric packages, which form 
maze-like structures that present tortuous pathways to diffu-
sive gases, dramatically slowing their permeation rate (Arora 
and Padua, 2010).

5. In situ polymerization
 This method takes advantage of layered silicates swelling by 

absorption of a monomer solution or a liquid monomer. In 
this process, the monomer molecules diffuse into the interval 
space or galleries of the layered silicate, where the polymeriza-
tion takes place within the intercalated sheets. The polymer-
ization can be initiated by heat, radiation, organic initiator, or 
diffusion of a suitable initiator (Alexandre and Dubois, 2000; 
LeBaron et al., 1999).

6. Melt processing
 In this process, firstly the layered filler material (eg, silicate) 

is added into the polymer substrate in the molten state with-
out using any solvent. Then it is mechanically mixed with a 
thermoplastic polymer by conventional methods including 
extrusion and injection moulding. Under this circumstance, 
nanocomposites could be formed through the polymer chains’ 
intercalation or exfoliation. This method is suitable for the 
polymers that are difficult for adsorption or in situ polymeriza-
tion (Kornmann et al., 2001b).
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4 Surface Adhesion
Recently, a new idea with respect to superhydrophobicity 

has attracted more attention, especially for its ability to reduce 
bacterial adhesion on the surface. Developing antibacterial ma-
terials based on superhydrophobicity is a new strategy that has 
been recently developed (Zhang et al., 2013). It is more and more 
acceptable to create superhydrophobic surfaces; in this case 
they reduce bacterial adhesion rather than killing them directly. 
Superhydrophobicity is able to dramatically decrease the adhe-
sion force between bacteria and solid surfaces, which enables the 
easy removal of bacteria before thick biofilms are formed on the 
surfaces (Yan et al., 2011). However, the adhesion and prolifera-
tion of bacteria on abiotic surfaces and the subsequent biofilm 
formation are still challenges in both health-care and industrial 
applications.

In general, bacteria are structurally and chemically complex 
and dynamic to environmental changes. Classically, the DLVO 
(Derjaguin, Landau, Verwey, Overbeek) theory has been widely 
employed to describe the bacterial adhesion to a flat surface. 
Bacterial cells have been treated as inert particles, and the par-
ticle adhesion is determined by van der Waals interactions gen-
erally with attractive effect and repulsive interactions from the 
electrical double layer of the cell and the surface (Bhattacharjee 
et al., 1998).

A good relationship between wettability and bacterial adhe-
sion has been found. Past studies have also shown that a hydro-
philic surface can effectively attract bacteria such as E. coli and 
S. aureus, while a hydrophobic surface facilitates attracting Tai-
wanensis, Pseudoxanthomonas, and Staphylococcus epidermidis 
and reducing the adherence of bacteria including Deinococcus 
geothermalis, Meiothermus silvanus, S. aureus, and Streptococcus 
mutans (Zhang et al., 2013).

It was found that irregularities in polymeric surfaces promote 
bacterial adhesion and biofilm formation, while ultra-smooth 
surfaces do not favor bacterial adhesion and biofilm formation. 
This may be explained by the fact that a rough surface possesses a 
greater surface area with more favorable sites for bacterial coloni-
zation (Zhang et al., 2013).

In addition, charged polymers with nanobrushes are of great 
interest for antibacterial applications (Lee et al., 2011). Polymer 
brushes impart surfaces with bacterial resistance. The number 
of adherent bacteria can be greatly decreased since the small-
er size and curly structure has the ability to resist bacterial 
colonization.
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5 New Concepts in Food Encapsulation
1. Nanosensor
 Nanosensors can assist in determining the environment for 

foods. Food products are continuously affected by oxygen con-
tent, temperature, and pathogens; hence indicators or sensors 
are needed for proper alarming. Consumers are concerned 
about the expiration dates of foods, which are related to distribu-
tion and storage conditions and the period of time that the food 
product is predicted to be exposed to these environments. Sen-
sors can be used to detect the physical qualities of substances and 
convert the information into readable signals. Nanosensors in 
the nanocomposite encapsulation can respond to environmen-
tal changes (eg, temperature, humidity, and oxygen level), degra-
dation of products, and microbial contamination  (Bouwmeester 
et al., 2009). Recent progress shows that the current smart pack-
aging segment is dominated by oxygen scavengers, moisture ab-
sorbers, and barrier packaging products, accounting for about 
80% of the market (Chellaram et al., 2014). Nanosensors can as-
sist in the case of temperature increases, or in the presence of mi-
cropores or sealing defects in packaging systems that can expose 
food products to a unexpected levels of oxygen, which will result 
in undesirable changes. In fact due to the short quality guaran-
tee period, bakery and meat products have used the most nano-
enabled smart packaging technology to date.
 Currently nanobased sensors embedded in encapsulation 
packaging to detect spoilage, chemical contaminants, patho-
gens, product tampering, or to monitor ingredients of foods 
through the processing chain sensing are under development, 
and some products have been commercialized in the market 
(Nachay, 2007). Several kinds of gas sensors have been de-
veloped for food encapsulation based on chemical reaction 
routes, which transforms chemical reactions between particles 
taking place on the surfaces into response signals. One of the 
most popular types of sensing materials is based on metal ox-
ides due to their high sensitivity and stability (Šetkus, 2002). 
The conventional systems take several days to confirm the 
presence of pathogens in food; however, new super sensors will 
be able to detect pathogens immediately.
 There has been a growing interest to prepare irreversible 
and nontoxic oxygen sensors embedded in films to prevent the 
leakage of oxygen into oxygen-free food packaging systems, 
which can be realized by packaging in vacuum or nitrogen. 
For example, TiO

2
 nanoparticles are generally used to monitor 
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the reduction of methylene blue (MB) by triethanolamine in 
polymer substance by photosensibility upon UVA light irradia-
tion (Lee et al., 2005b). This nanosensor system will turn to its 
original blue color when exposed to oxygen, while upon UV ir-
radiation it becomes colorless. The rate of the color recovery 
is proportional to the level of oxygen exposure. This technique 
could be used in oxygen indicator packaging systems for pro-
tecting a variety of oxygen-sensitive foods. Nanocrystalline 
SnO

2,
 as another example, when combined with glycerol as an 

electron donor, methylene blue as a redox dye, and hydroxy-
ethyl cellulose as an encapsulation polymer together, can be 
also used as an O

2
 photosensitizer (Mills and Hazafy, 2009). 

The color of these detectors gradually changes in response to a 
small amount of oxygen.
 Food spoilage is often caused by intrusive microorgan-
isms, whose metabolism can produce some gases that could 
be detected by certain metal oxides or conducting polymer 
nanocomposites (CPC). These materials are useful for quan-
tification or identification of microorganisms aiming at their 
gas emissions. Sensors based on the CPC materials contain 
conducting particles embedded in insulating polymeric 
matrices. The sensors will respond to the gases from microor-
ganisms by resistance changes (Arshak et al., 2007). A typical 
example is the use of gold nanoparticles that incorporated 
enzymes for microbe’s detection (Chellaram et al., 2014). 
Nanofibrils of perylene-based fluorophores have the ability 
to indicate fish and meat spoilage by detection of gaseous 
amines. ZnO and TiO

2
 nanocomposites can also be used 

for the detection of volatile organic compounds (Chellaram 
et al., 2014).
 Temperature increasing may endanger food safety in the 
presence of pathogens or toxins. Recently several kinds of 
time-temperature indicators have been made to give the rate 
of change from visual indication (Smolander et al., 2004). The 
working mechanisms of this kind of indicator may be based on 
enzymatic reaction, polymerization, melting point, and diffu-
sion of a substrate (Poças et al., 2008).
 Humidity is also a threat to food safety. Porous metal films 
with carbon coating, a silicon tenside, and a polymeric wetting 
agent can be used to prepare humidity sensors which can be 
employed for food handing, storage, and transport. Exposure 
to water or vapor induces an exceptional sensitivity with opti-
cal shifts in the visible light range on these sensors (Luechinger 
et al., 2007).
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 Smart packaging containing immobilized enzymes such as 
lactase or cholesterol reductase can be employed for designing 
food products that require certain enzyme treatments for cus-
tomers suffering from high cholesterol levels or lactose intoler-
ance (Sozer and Kokini, 2012).
 A new concept of smart packaging known as BioSwitch has 
been proposed by TNO (Zeist, The Netherlands). In this kind 
of package, an antimicrobial agent will be released when trig-
gered by environmental changes such as pH, temperature, and 
light. This will afford protection to packaged foods in specific 
conditions. For example, antimicrobial-encapsulated polysac-
charides can be embedded in encapsulation materials as the 
trigger agents. The majority of bacteria utilize polysaccharides 
for their growth. As the amount of bacteria increases within the 
package, the antimicrobial agents will be released to hinder 
further bacterial growth in these types of packaging materials 
(De Jong et al., 2005; Huff, 2009).
 Nanosensors can be designed within the food packaging for 
rapid detection of toxins and food poisoning microorganisms 
upon changes in color, mass, and temperature (Lee et al., 2009). 
They also can be used for tracking and monitoring foods dur-
ing transportation and storage.

2. Edible coating
 Edible coatings have been designed and developed to pro-

tect foods from browning reactions, flavor changes, micro-
organisms, and textual deteriorations. They can be used as 
antimicrobial and antibrowning agents, texture enhancers, 
and nutraceuticals to ensure not only food safety and quality 
but also food functionality. The new tendency for edible coat-
ings involves the use of nanoencapsulation and nanocompos-
ite to enhance their physical properties and enable them to act 
as delivery systems (Rojas-Graü et al., 2009). Whey protein has 
received significant attention as edible film and coating mate-
rial. But the effect of active ingredients incorporated into food 
package needs to be evaluated for their functional, mechani-
cal, and sensory properties or possible potential risk. United 
States Company Sono-Tek Corporation in 2007 developed an 
edible antibacterial nano-coating which can be applied direct-
ly to bakery goods (ElAmin, 2007b).

3. Self-heating, cooling, healing, and filtering
 The exothermic chemical reactions of lime occur in the pres-

ence of water, or hydrolysis of calcium chloride can be em-
ployed in the self-heating packages. The military requires 
ready-to-eat packages, which are important in combat and 
rescue actions. Food packaging meeting this goal uses the 
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exothermic reactions of magnesium oxidation and potassium 
permanganate and glycerine to heat highly viscous liquid and 
solid products. The same principle can be used for self-cooling 
packaging, which could be applied for drinks such as bever-
ages for conventional fast cooling (www.idspackaging.com). 
Recently fullerene nanotubes have been found to improve the 
self-cooling efficiency. Carbon dioxide and nitrogen can be 
used as the refrigerants held by fullerene nanotubes at a pres-
sure slightly higher than atmospheric pressure. Self-cooling 
beverage and food container have adopted this technology 
conditioned by fullerene nanotubes (World patent number 
0073718). Nowadays self-healing polymers for treatment of 
fractures, tears, and punctures have been under research 
since 1990. Self-healing materials have the ability to automati-
cally recover from damage (Robinson and Morrison, 2010). 
Self-healing nanocomposites involve reformation of polymer 
bonds relating nanoparticle migration within the composite to 
the site of damage by the micropower of repulsive forces be-
tween the polymer matrix and nanofillers. Another interesting 
profile of today’s encapsulation is nanofilter function. Nano-
composites with nanofilter systems are able to purify water 
supplies form biological contamination and salt (Gelman and 
Wolf, 2010). Nanofiltration has been proving its worth for the 
filtration and separation aspect of food processing.
 Encapsulation packaging that incorporates nanomaterials 
can be smart, which means that it can respond to environmen-
tal conditions or repair itself to alert consumers of contamina-
tion or the presence of pathogens, humidity, and oxygen. How-
ever, the potential use of these smart packages in food industry 
will be dependent on the final cost and feasibility to apply to 
food products.

6 Industry, Enterprise, and Market
Until 2014 the global food market revolving nanotechnol-

ogy was about US$4.13 billion (Duncan, 2011). In terms of nano-
technology research and development (R&D) numbers, the USA 
leads, followed by Japan, China, and the European Union. Some 
important companies in food nanotechnology, most of which are 
located in USA, have been working on the nanocomposite for food 
encapsulation for many years and have led the developing ten-
dency in this field. Some famous giants of food enterprises, such 
as Heinz, Nestlé, Unilever, and Kraft have cost funding to support 
specific research programs to share the profit from the technology 
and occupy the future market.

http://www.idspackaging.com/


444  Chapter 10 NaNocomposite For Food eNcapsulatioN packagiNg

In the nanoclay field companies such as Nanocor, Inc., and 
Southern Clay Products, Inc., have made efforts to import mont-
morillonite (MMT) into nanocomposites, which makes packaging 
films much lighter, stronger, and more heat-resistant, and improves 
gas barrier properties. A successful process based on Nylon-6 has 
been developed by the enterprise. Nylon-6 has been incorporated 
into clays because it is fluid and able to penetrate the interspace 
between the clay layers easily. When extruded, the Nylon-6 plate-
lets rearrange their direction parallel to the surface, which is very 
useful in improving barrier properties. Nanocomposite materi-
als containing Nylon-6 can lower the transmission rate of oxygen 
about 4 times that of single Nylon-6 material (Brody, 2003). Some 
food companies, including Nanocor and Mitsubishi Gas Chemi-
cal, have developed a series of nanocomposites with nylon MXD6 
named Imperm, which has shown much enhanced barrier prop-
erties. Imperm can be widely used in various types of packaging 
for encapsulation of bottles for drinking (Brody, 2006). Until now 
nanocomposites involving Imperm have been commercialized 
as effective oxygen barrier layers used on bottles for beer, dairy 
foods, fruit juices, and carbonated drinks. The shelf life of a variety 
of foods such as processed meats, cereals, confectionery, cheese, 
and boil-in-bag products can also be greatly enhanced by multi-
layer films with Imperm embedded in them (Brody, 2007).

Bayer Corporation produces nanocomposite packaging films 
and coatings with nanoclay dispersion to block oxygen, carbon 
dioxide, and moisture from touching foods. One of the products 
developed by Bayer named KU2-2601 packaging film, which is 
lighter, stronger, and more heat resistant than those currently 
available in the market. This film is known as a hybrid system 
that is enhanced by a large number of silicate nanoparticles, thus 
greatly reducing the entry pathways of gases and moisture into the 
encapsulated foods (nanoparticles make Durethan films airtight 
and glossy, Bayer polymers).

Nanocor Company produces nanocomposite-reinforced plas-
tic beer bottles to address oxidation and flavor problems in the 
beer-packaging industry (Brody et al., 2008).

A key enterprise for military ration service, known as the U.S. 
Army Natick Soldier Center (Natick, Massachusetts), has made ef-
forts to prepare alternatives to laminations to greatly extend the 
shelf life of shelf-stable foods. They also develop new technologies 
for food packaging for fast heating in microwave ovens, mean-
while lowering waste production from package materials. Their 
products are mainly intended to serve US forces in military ac-
tions. They have successfully incorporated nanoclay into plastic 
matrices to improve mechanical strength, thermal resistance, 
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and barrier properties. Recently Natick’s research has focused on 
preparation of PE, PET, and ethylene vinyl alcohol (EVOH) with 
1–5% nanoclay platelet weight. They have successfully dispersed 
the clay platelets to maximize orientation, which plays an impor-
tant role in producing tortuous pathways for outside gases. This 
increases almost 80% in thermal resistance and about 100% in 
mechanical strength.

Kraft Foods Company has developed an electronic microde-
vice like a tongue that can be embedded in food packages. This 
novel device can change color to indicate whether the food has 
deteriorated because of spoiling microorganisms, with an array of 
nanosensors sensitive to gases released from these microorgan-
isms (Joseph and Morrison, 2006).

Research on polymer-layered silicate was once boosted by the 
Toyota research group. They found that polymer-clay nanocom-
posites exhibited superior strength modulus, gas, and humidity 
barrier properties as compared to the original polymers (Usuki 
et al., 1995).

The Nordic Innovation Center has developed a product named 
ENZY-COAT by bionanotechnology to design food encapsulation 
from enzymes using nanofiller dispersed coating method. They 
demonstrated the use of enzymes as oxygen scavengers to pre-
vent foods from oxidation discoloration, slime formation, textural 
changes, off-odor, and off-flavor developments (Järnström, 2008).

The use of aluminum nanolayers in most snack, beverage, and 
milk packages has become one of the leaders in the polyester film 
market. This kind of packaging uses higher barrier coating by ver-
miculite nanoplatelets that bind to positively charged aroma and 
flavor molecules. This can retain volatile oils up to 25–50% and 
is better than the traditional packages (www.plastesmart.com) 
(Sozer and Kokini, 2012).

Kodak started the research in the packaging market since 
2005. It has produced antimicrobial food and medical packag-
ing materials with its especially flexible nanotechnology. They 
focus on the use of antimicrobial materials such as silver ions, 
nisin, magnesium oxide, and zinc oxide incorporated into pack-
aging nanocomposites. They also produce active products such 
as oxygen absorbers and biolayers for food packaging (Sozer and 
Kokini, 2012).

Some companies have made efforts in developing smart pack-
aging in the self-heating and self-cooling fields. Nestlé has fo-
cused its research on coffee cans that self-heat by simply shak-
ing. Caldo Caldo, an Italian branch, is pursuing similar technology 
for products such as coffee, cappuccino, chocolate, and tea. Self-
cooling technology has been successfully used in the market for 

http://www.plastesmart.com/
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cooling beer kegs by zeolite heat pumps and endothermic reac-
tions between sodiumthiosulfate pentahydrate and water (www.
idspackaging.com).

The food packaging industry recently has started to use radio 
frequency identification (RFID) to trace foods from raw materials, 
which takes advantage of radio waves for food traceability. RFID 
systems have been widely used due to an increasing demand to 
control and monitor the agricultural food production line in terms 
of quality, health, and safety issues (www.foodlife.com). RFID in-
telligent tags allow real-time monitoring of both ingredients and 
end products of agricultural foods during various steps of growth, 
processing, packaging, transportation, distribution, and storage 
(Wang et al., 2006).

The level of funding for nanotechnology in foods until now in 
developing countries may be comparatively lower in developing 
countries, but this has not hindered the impact of some countries 
or districts on the global stage. China, India, South Korea, Iran, 
and Thailand are catching up with a focus on applications specific 
to the economic growth and demands of their countries (Joseph 
and Morrison, 2006).

7 Limitations and Shortcomings
Even though great positive results have been achieved, the de-

velopment of nanotechnology in the food industry has been slow 
and faced severe challenges in recent years. Many food companies 
are reluctant to fund continued research into food nanotechnol-
ogy due to limitations caused by increased costs, restrictive legis-
lation, and negative feedback from consumers.

The rapid adoption of nanocomposite materials for food pack-
aging in a wide range has also raised concerns regarding their 
safety, environmental impacts, policies, and regulation. Some 
shortcomings to using nanocomposites as food packaging have 
now attracted increasing attention. As a typical example, the par-
ticle aggregation problem and nanomaterial recovery are two 
big challenges when using Ag nanoparticles in applications (Liu 
et al., 2011). Studies have shown that the toxicity of Ag nanopar-
ticles is size dependent and the smaller sized nanoparticles exhib-
it higher antibacterial activity due to higher specific surface area 
and ease of cell penetration (Cushen et al., 2014; Marambio-Jones 
and Hoek, 2010). Some results indicated that both the antimicro-
bial properties and the detrimental effect of Ag nanomaterials or 
ions on biological cells should be carefully considered when using 
them in food packaging (Carlson et al., 2008).

http://www.idspackaging.com/
http://www.idspackaging.com/
http://www.foodlife.com/
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The fact that some compounds behave distinctly differently 
at the nanoscale should be noted. The extremely small-sized par-
ticles and increased surface area might let nanofillers easily pass 
through the skin and respiratory system and also into the envi-
ronmental cycle (Sozer and Kokini, 2012). In terms of consumers’ 
safety, it is important to evaluate the potential migration of pack-
ing constituents into foods and to assess their potential hazard 
for a comprehensive risk assessment. There are growing concerns 
about the extent to which nanomaterials will migrate into foods 
from packaging films, and how they perform on the health of con-
sumers. So far the benefits are highly evident since some nano-
composites for food packaging have already been on the market, 
and the advantages they offer to prolong the shelf life of foods and 
simplify the manufacture, processing, and management of prod-
ucts are tangible.

Even so, some researchers pointed out that there is risk of mi-
gration of nanocomposites into foods. For instance, their results 
showed that silver presented the highest level of migration into 
food simulants and acidic food. In addition, heating was found 
to increase the migration rate. Two possible pathways may cause 
the migration: the detachment of silver nanoparticles from the 
composite or the oxidative dissolution of silver ions. Researchers 
showed that the percentage of the nanofillers in the composites 
plays an important role in the migration rate. Studies indicate that 
normally less than 10 mg/dm2 of the nanocomposites migrate into 
water and the levels of metals measured were below the permitted 
values (Marambio-Jones and Hoek, 2010).

Another potential health risk may occur from the migration of 
by-products of the fermentation process: materials with incom-
plete reaction or in an intermediate state. In this case the final 
product should be risk assessed and authorized before its use in 
the manufacture of nanocomposite material and articles.

The majority of materials used for food encapsulation are non-
biodegradable that does not satisfy increasing demands for the 
theme of sustainability and the environmental safety of society 
(Othman, 2014). Some types of materials are derived from pe-
troleum products and cause the problem in waste disposal. Most 
materials used for food packaging are practically undegradable, 
which result in a serious global environmental problem. But the 
popular use of biodegradable and edible polymers has been re-
stricted due to problems related to negative effects such as brittle-
ness and poor gas barrier properties.

Even usage of biopolymers has some potential disadvantages. 
A distinct drawback of using biopolymers is that, compared to the 
conventional nonbiodegradable materials, especially those made 
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from petroleum, most food packaging materials have poor me-
chanical and barrier properties. Biopolymers of food-packaging 
grade are generally easy to crack, show distortion at lower tem-
peratures, and show less resistance to long process operations.

For an encapsulated ingredient to be successful in the market-
place, it has to meet several criteria. The functionality of an encap-
sulated ingredient has to be tested in the final food product, taking 
into account the storage stability of the encapsulated ingredient, 
its compatibility with the food matrix, the processing stresses it 
has to withstand during food manufacture when it is in intimate 
contact with other ingredients, and how it breaks down when con-
sumed (Augustin and Heman, 2009).

Consumers with the potential risk of nanomaterials in the en-
capsulation packaging must be informed of the dangers by usage 
of a new labeling or tag system that includes new safety symbols. If 
a nanomaterial to be used in food encapsulation is produced from 
the start, it is strongly suggested a comparison should be care-
fully made in the properties of the bulk substance, to determine 
if there has been a change. Safety data indicators or sheets must 
also be made available to users and consumers. Furthermore, it is 
advised that toxicity data should be open to the public after com-
plete characterization of nanomaterials both in bulk and surface 
properties (Mills and Hazafy, 2009; Elzey et al., 2009). Regulatory 
guidance and consumer education may be conducted upon the 
acceptance of commercialization of nanotechnology for foods.

8 Conclusions
This chapter clearly shows that nanoenhanced encapsulation 

has much to offer the food industry. The impact of nanotech-
nology is focused mostly in food packaging technology with the 
improvement of biodegradable packaging coatings and sensors 
incorporated into intelligent packages. The benefits of nano-
composites range from stronger and more flexible films, to smart 
packaging which can vastly simplify stock management and 
monitor food condition. The addition of nanofillers to the poly-
mer substrates has found new potential to prepare innovative 
nanocomposite materials with enhanced sealing properties and 
performance. Nanofillers can be used in food packaging as anti-
microbial agents, biosensors, gas sensors, temperature sensors, 
and oxygen scavengers. Nanofillers embedded in the nanocom-
posites can also be engineered to trigger an electrical or chemical 
signal in the presence of a contaminant such as bacteria. However, 
with the wide use of nanotechnology in food industry, there are 
some problems and limitations which must be concerned. Until 
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now it has not yet become evident to what extent nanoparticles 
should be embedded in packaging films. Further, the effects of 
exposure to nanomaterials on consumer health is not yet clearly 
understood. A potential risk arises from nanofillers’ entry to the 
biosystemic cycle in the form of areoles or liquid suspensions. 
Bioavailability is another concern which might influence their 
toxicological impact. Multilayered thin films based on nanocom-
posites show excellent properties, but considerable amounts of 
them are likely difficult to reuse or recycle. In addition, some lim-
ited raw materials may be used, and manufacturing processes re-
quire huge energy consumption and produce large amounts of 
waste materials. In that case, the benefits versus the negative ef-
fects of nanocomposites should be carefully compared and eval-
uated in a well-balanced manner. In addition, the sustainability 
of nanoenhanced packaging must also be considered. Even these 
issues are still under exploration, with the viewpoint that there is 
no doubt that in the coming years there will be important devel-
opments in nanotechnology for food encapsulation packaging. 
The increase in the application of nanotechnology should be ac-
celerated by the accomplishment of regulatory issues. Scientists, 
industry, governments, and the public should join together in 
the scientific and informational fields to make strong progress in 
food nanotechnology.
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11
MICROENCAPSULATED 
BIOACTIVE COMPONENTS 
AS A SOURCE OF HEALTH
Leslie Violeta Vidal Jiménez
University of Concepcion, Faculty Agricultural Engineering, Chillan, Chile

1 Introduction
The development of multifunctional ingredients that can lead 

to different beneficial physiological effects for the human organ-
ism represents an important challenge to meet the expectations 
of consumers with specific needs. An alternative to these require-
ments is incorporating biologically active compounds into food, 
such as vitamins, minerals, dietetic fiber, and flavonoids. Flavo-
noids are chemical compounds exhibiting antioxidant and anti-
microbial activity and functionality to be incorporated in different 
food matrices; they can be extracted from fruit and vegetables. 
Consuming foods rich in polyphenols is associated with bitter-
ness, specifically with the oral sensation of astringency that is 
negatively perceived, thus forcing food producers to mask their 
incorporation in food products. Likewise, highly reactive groups 
of these polyphenols are degraded in a short time when extracted 
and lose their health-promoting properties; the need arises to 
protect them from degradation and make them bioavailable in the 
digestive route. In this respect, microencapsulation is presented 
as an alternative technology for stabilizing compounds of interest, 
which allow responding to the competitive demands of flavor and 
health arising from bioactive principles and food additives or 
ingredients. These components can be safeguarded by protective 
matrices that allow them to be incorporated in food and increase 
their useful life and functionality.

Therefore, the objective of this research was to encapsulate 
polyphenols derived from a maqui, Aristotelia chilensis (Mol.) 
Stuntz. (Elaecarpaceae), leaf extract to obtain microcapsules with 
antioxidant activity and evaluate the effect of encapsulant and 
surfactant concentrations in maintaining antioxidant capacity 



456  Chapter 11 Microencapsulated bioactive coMponents as a source of health

to avoid the astringent perception and low bioavailability when 
glycosylated in the stomach and affecting polyphenol efficacy.

The microencapsulation process was carried out based on the 
preparation of water oil (W/O) emulsion, which consisted in work-
ing with an aqueous phase of maqui leaf extract and gum arabic 
along with an oil phase of liquid vaseline. The antioxidant capac-
ity of the maqui leaf extract was determined by measuring the 
inhibition percentage of the DPPH*(517 nm) and ABTS*(730 nm) 
radical; this capacity was maintained at stable levels of 95–99% 
for five months. The chromatographic profile of the maqui leaf 
extract allowed identifying the phenolic components and their 
relative quantities of phenolic acids (54.36%), flavonoids (42.10%), 
and stilbenes (3.55%).

Incorporating gum arabic to the extract in 5 and 15% concen-
trations did not produce complexation, nor interfered with the 
antioxidant activity (ABTS*) of the extract, and remained at levels 
close to 95%.

Mean microencapsulation yield of the maqui leaf extract with 
5% gum arabic varied between 38% and 48%, while yield was 
maintained at 39% with the 15% gum arabic rate. Both yields re-
sponded in a similar way to the changes in gum arabic concen-
trations (5 and 15%) in the aqueous phase of the emulsion, but 
the 5% concentration had values ranging from 1.0 to 10 µm for 
microcapsule size.

It was also determined that the antioxidant capacity (as in-
hibition of ABTS radical) of the extract, once the microcapsules 
were formed, varied between 30% and 35%, compared with 94% 
in the aqueous phase of the emulsion. Similarly, the retention of 
the phenolic components of the extract in the microcapsules de-
creases when gum arabic content increases in the emulsion.

Finally, this study has shown that microencapsulation of ma-
qui, Aristotelia chilensis (Mol.) Stuntz. (Elaecarpaceae) leaf extract 
antioxidants with gum arabic could help to improve the libera-
tion, absorption, and/or protection of these active ingredients, 
that is, phenolic components. This would allow the compound 
to be beneficial in the right place and thus increase the bioavail-
ability and organoleptic quality of food by avoiding undesirable 
sensory properties.

2 Microencapsulation
Microencapsulation technology defined as “micropackaging” 

that enables encapsulating liquid, solid, or gaseous functional 
agents. The mechanism of microencapsulation is to catch drop-
lets or particles of a sensitive bioactive material or thin films of a 
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coating material (Fuchs et al., 2006). The structure formed by the 
microencapsulating agent around the microencapsulated sub-
stance (core) is called wall: it protects the core from deterioration 
and allows its release under desired conditions. A microcapsule 
consists of a semipermeable irregular and wiry membrane, or 
spherical (Fig. 11.1) around a solid/liquid center, with a diameter 
ranging from a few micrometers to 1,000 µm being influenced 
by the physico-chemical properties of the active ingredient and 
coating material and the chosen technological process (Desai and 
Park, 2005).

The core comprises the microcapsule inner phase is also called 
active ingredient or while the membrane can be named outer 
layer or matrix. Microcapsules or microspheres are defined as 
the product of the microencapsulation process whichever is their 
morphology and internal structure. The microcapsules are differ-
entiated mainly microsphere distribution of the active ingredient. 
In the first case the core may be solid or liquid in nature includ-
ing a kind of reservoir or coated with a film of the material, while 
the microspheres of the active ingredient are highly dispersed as 
particles or molecules in a matrix. Obtaining one structure type or 
another depends on the physicochemical properties of the active 
substance and the matrix and the technique employed for their 
preparation (Desplanques et al., 2012).

2.1 Methods of Microencapsulation
There are several methods to consider when choosing or 

 developing an encapsulated active ingredients ( Soottitantawata 
et al., 2005). Different techniques like spray drying (Saénz 
et al., 2009); air suspension coating, extruding, spray cooling, and 
spray chilling, coacervation, inclusion complexes, and interfacial 
polymerization (Desai and Park, 2005) are available to encapsulate 
active agents. The encapsulation method selection will depend on 
cost, the properties of the material to be encapsulated, the desired 
microcapsule size, system application, and release mechanisms of 
the active ingredient required (Fig. 11.2).

Emulsification shows itself as a technique effective for micro-
encapsulated functional compounds (Gaysinsky et al., 2008). It 
has been shown that microencapsulation of these components 

Figure 11.1. Microcapsules types. lupo et al., 2012.
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provides protection against degradative reactions, prevents loss 
of volatile aromatics, and allows processing fluids to manipulate 
solids to allow for incorporation in various food matrices.

The emulsion via encapsulation technique has been defined as 
the process of dispersion of a liquid in another immiscible liquid 
where the dispersed phase consists of the matrix that includes the 
encapsulated component. Essentially it consists of a mixture of 
liquid stirring with a mechanical system that generates turbulence; 
this process can form a dispersion (multiphase system in which 
one phase is dispersed in a continuous phase within another). 
Emulsions are thermodinamically unstable dispersions of a least 
two inmiscibles liquids or partially miscible liquids. Lowering of 
interfacial tension is one way in which the increase surface free 
energy can be reduced, leading to a more stable emulsion, due to 
the formation of smaller emulsion droplets with narrower drop-
lets size distribution and greater kinetic stability (Golemanov 
et al., 2006). One generally corresponds to a liquid aqueous phase 
and the other an oil phase: the abbreviations for water (W) and 

Figure 11.2. Schematic illustration of the different processes of microencapsulation. Madene et al., 2006.
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oil (O) are used for these phases. We speak of a normal emulsion 
when the emulsion contains oil droplets (O) dispersed in water 
(W) and is called oil/water emulsion (O/W), while if we have a 
dispersed aqueous phase in a medium of oil phase, there is talk of 
a water/oil (W/O) emulsion. They can also generate double emul-
sions, where two types of liquids of different nature are dispersed 
within a continuous phase. There may also be more complex sys-
tems, for example, drops of oil emulsion of a multiple water/oil/
water (W/O/W) type.

Currently, there has been a growing interest in the development 
of water-in-oil in water (W/O/W) since they present a number of 
advantages over conventional O/W emulsions, such as controlled 
or triggered release, reducing the content fat, and protection of la-
bile ingredients (Surh et al., 2007). However, there are difficulties 
associated with the preparation of multiple emulsions in use in 
the food industry due to internal problems coalescence and dif-
fusion expulsion of water molecules from the internal aqueous 
phase to external aqueous phase.

Once it has formed the emulsion, it is required that the system 
remains stable for as long as possible. The emulsion stability 
as well as ease of their formation requires the application of 
surfactants.

2.2 surfactants
Surfactant is a term used to designate the abbreviated 

“interface-active compounds.” Chemically, surfactants are char-
acterized by a molecular structure having a group with limited 
attraction for the solvent, nominated liofhobic group, adjacent to 
another group with strong attraction for the solvent, called lipo-
philic group. If the solvent is water, these groups are known as the 
hydrophobic and hydrophilic portions of the surfactant. Usually, 
the hydrophobic group is a straight or branched carbon chain, 
while the hydrophilic portion is a group with some polar character.

Surfactants show a strong tendency to migrate to interfaces, in 
such a way that its polar group is oriented toward the water and 
a polar group is oriented toward an organic solvent or in the sur-
face. This causes changes in interfacial interactions leading to a 
decrease in surface tension. Therefore, they are known as surface 
agents or surfactants. Furthermore, these compounds have the 
ability to form micellar aggregates of different characteristics.

When surfactants are found in low concentrations in a system, 
they are adsorbed in the surfaces or interfaces, substantially mod-
ifying the superficial or interfacial energy of such systems. When a 
surfactant is dissolved in water adsorption of surfactant molecules 
it occurs on the water surface, reducing its surface tension, which 
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causes a decrease in the surface free energy of the system. If this is 
a system with oil/water/surfactant, the surfactant is adsorbed in 
the oil-water interface, decreasing the interfacial free energy.

The emulsion stability implies that they exhibit resistance to 
coalescence of the droplets in the dispersed phase. The process 
of destabilization of an emulsion involves different mechanisms 
(sedimentation, flocculation, coalescence, and Ostwald ripening) 
that can happen simultaneously or consecutively (Mirhosseini 
et al., 2008). Stability evaluation is influenced by formulation vari-
ables (temperature, nature of the emulsifying agent of the water, 
and oil phase); composition (relative proportions of water and 
oil and emulsifier concentration), and fluomechanical factors 
(equipment used, stirring intensity, and procedure). However, the 
single most reliable measurement of the stability of an emulsion 
is the variation of number of drops with time (Mirhosseini and 
Bahareh, 2012). Therefore, the stability is generally related to the 
volume of the separated phases. After a time, the system is typical-
ly separated into three zones: a central zone containing a cream or 
emulsion of high internal phase and two separate phases: internal 
(coalesced) and outer (clarified).

Relevant phenomena involved in the stability of emulsions are:
•	 Physical	 nature	 of	 the	 interfacial	 film:	 Maximum	 resistance	

committed constituted by the surfactant molecules with strong 
intermolecular interactions (Golemanov et al., 2006). Emulsify-
ing agents with ideal characteristics to ensure high stability, are 
mixtures of two or more surfactants, the most recommended 
combination, constituted by a hydrophilic surfactant, and one 
lipophilic.

•	 Viscosity	of	 the	continuous	phase:	Determines	the	frequency	
of collisions between droplets of the dispersed component, 
through diffusion coefficient. An increase in viscosity reduces 
the coefficient of diffusion and coalescence slows accordingly. 
This is one reason for the incorporation of the external phase 
emulsifying agents.

•	 Droplet	size	distribution:	The	smaller	the	droplet	size	the	more	
stable the emulsions and the narrower the distribution of those 
sizes.

•	 Phase	volume	ratio	(WOR):	Refers	to	the	relative	ratio	of	the	vol-
ume of dispersed phase and continuous phase volume known 
as WOR (water-oil ratio). When the internal phase is less than 
30% of the total volume, individual droplets do not interfere 
with each other and the physical properties of the system are 
primarily determined by the nature of the continuous phase.

•	 Temperature:	The	temperature	changes	greatly	affect	the	sta-
bility of emulsions, through its effect on interfacial tension, 
viscosity and interfacial nature film, partition coefficient of the 
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surfactant, viscosity and thermal agitation phases of the dis-
persed particles.

2.3 Microencapsulation applications
Microencapsulation has been applied in different systems in 

order to stabilize different components of interest to industry. 
Chanamai and McClements (2002), studied the microencapsula-
tion process soybean oil by forming an emulsion. Stabilizing oil 
with modified starch, gum arabic and whey proteins, depending on 
the concentration of calcium chloride, pH and temperature were 
compared. Resulting whey proteins as emulsifier better due to elec-
trostatic repulsion mechanism compared to the steric repulsion of 
gum arabic and modified starch. Furthermore, Soottitantawata 
et al. (2005) used as encapsulating agents in the formation of emul-
sions, mixtures of gum arabic (10% w/w), maltodextrin (30% w/w), 
modified starches and soluble soy protein in water (10% w/w) for 
microencapsulating d-limonene, ethyl butyrate, and ethyl propio-
nate, and subsequent controlled release of these compounds in 
preventing degradation during spray drying to obtain powdered 
flavors. The results show that the kinetics of release of the flavor 
is determined by the type of encapsulating material used and the 
size of the generated microcapsules. The increase in average drop-
let size produced a decrease in flavor retention.

The behavior of emulsions stabilized with whey protein in 
the presence of mixtures of polysaccharides, acacia-chitosan at 
various concentrations were studied in terms of their stability, 
microstructure, and functional properties by Moschakis et al. 
(2010). Consequently, the behavior of the emulsion and the 
microstructure are dependent on the polysaccharide concen-
tration. The relationship between the molecular structure of the 
polysaccharide and its ability to enhance the viscosity of the aque-
ous phase and to induce depletion floculation, controls the kinet-
ics of the overall phase separation process, both concentration-
dependent variations of electrostatic forces polysaccharides and 
positively charged protein whose mechanism responsible. It is the 
depletion flocculation.

Also Desplanques et al. (2012) studied the effect of the chemical 
structure of xanthan gum–arabic gum mixture on the stability of 
oil in water emulsions (O/W). These authors concluded that the 
content of arabinogalactan protein (AGP) present in the gum ara-
bic and pyruvate xanthan gum groups allowed for better stabiliza-
tion of the interface O/W, indicating that this partnership in the 
emulsion, recognizes the structure of xanthan gum while the drop-
let size depends on the content of arabinogalactan protein (AGP) 
present in the gum arabic. Although the molecular interactions 
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contributed stabilizing gums, the highest content of AGP in the 
fraction of the emulsion stability was observed when intervened 
by only gum arabic.

Mixtures of maltodextrins and gum arabic were used in carda-
mom oil microencapsulation by spray drying (Madene et al., 2006) 
as solid carriers, providing adequate viscosity to stabilize the 
emulsion.

In the past decade, research has shown a growing interest in 
the encapsulation of natural extracts with high polyphenol con-
tent from medicinal plants, herbs, flowers, and seeds. This has 
emerged with the aim of reaching new nutritional proposals, 
allowing the use of antioxidants as food additives without chang-
ing the taste, aroma, and color of the original products and to 
increase the use of its protective benefits against free radicals 
and	degenerative	diseases.	Various	studies	indicate	that	the	large	
hydrophilic character may be offset by applying special treatments 
in the microencapsulation process. In this regard, Zhang et al. 
(2007) evaluated the matrix of maltodextrin (60%) and gum ara-
bic (40%) in the microencapsulation of procyanidins from grape 
seeds. These were unchanged during the critical drying step. The 
encapsulation efficiency was around 85%, significantly improving 
stability. Within the same carbohydrate matrix, epigallocatechin 
gallate (EGCG) from green tea was encapsulated, yielding the 
same encapsulation efficiency of 85%. These particles were able 
to inhibit tumorigenesis process steps (Rocha et al., 2011). Also, 
chitosan was used as a coating material for encapsulating olive 
leaf extract (OLE) (Kosaraju et al., 2006). OLE loaded microspheres 
(27%) with a smooth surface on the microsphere pattern, indicat-
ing the influence of structural interactions polyphenols present in 
the extract and the polymer matrix was obtained.

Recently, a soy extract rich in polyphenols was immobilized 
on a composite matrix of maltodextrin, starch, and silica (Tixosil® 
333) (Georgetti et al., 2008). The results show that the Tixosil 333 
reduces degradation of the encapsulated polyphenol and protects 
its antioxidant activity. Adding this carrier during the drying step 
ensures the stability and effectiveness of the final product. Studies 
by Krishnaiah et al. (2009) showed that the carrageenan is an 
efficient encapsulating agent to maintain the antioxidant activity 
of various natural polyphenolic extracts.

Encapsulation of polyphenolic compounds in protein–lipid 
matrices shows significant efficacy. The grape seed extract, and 
apple and olive leaves rich in oleoropeína, were immobilized 
within a matrix of sodium caseinate and soya lecithin (Kosaraju 
et al., 2008). Electronic microscopic observations and sieve analy-
sis revealed the presence of spherical particles with a uniform size 
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(80% particle/6–60 microns). These results favor the retention of 
polyphenols after encapsulation by spray drying, which can be 
used for implementing method nutraceuticals. The encapsulation 
of an extract of oak (Quercus resin), with high polyphenol con-
tent, was performed by high-pressure homogenization (Rocha 
et al., 2010). This extract showed instability, bad taste, and strong 
astringency, which makes encapsulation necessary before incor-
poration into food products. Therefore, it was encapsulated in a 
matrix of sodium caseinate and lactose, having a high antioxidant 
activity even at very low concentrations of phenolic compounds.

Xiong et al. (2006) encapsulated four structures of antho-
cyanins from black currant extract (delphinidin-3-O-glucoside, 
delphinidin-3-O-rutinoside, cyanidin-3-O-glucoside, and cyanidin 
3-O rutinósido-) using β-glucan as encapsulating agent, spherical 
and cubic forms based on the effect of temperature, pH, and the 
presence of ferric–ferrous ions in antioxidant activity and stabil-
ity of the encapsulation process these structures. The investigation 
was conclusive in establishing that the release of encapsulated an-
thocyanin was most significant in the cubic forms of the encap-
sulant, and more stable than the free anthocyanins antioxidant 
activity.

Catechins are powerful natural antioxidants, but unstable in 
biological fluids under alkaline conditions and in some experi-
mental protocols. To avoid the problems mentioned above, cat-
echin and (–)-epigallocatechin were immobilized on chitosan 
nanoparticles tripolyphosphate (Dube et al., 2010). The results 
showed that the antioxidant activity after 24 h was 88.3% and 
73.4%, respectively. Where 50% of the encapsulated catechin was 
degraded, while 8 h were sufficient to degrade the same amount of 
free catechin. Epigallocatechin was unstable, because after 40 min 
over 50% denatured.

Lyophilized extract of yerba mate (Ilex paraguariensis) con-
taining 62.11 ± 1.16 mg gallic acid/g, was encapsulated by ionic 
gelling (calcium alginate), and complex coacervation in a matrix 
of calcium alginate and chitosan (Deladino et al., 2008). Both 
types of packages were resistant oven-dried and lyophilized. The 
antioxidant activity was greater than 85%, of the phenolic com-
pound immobilized in alginate, compared to 50% obtained with 
the alginate–chitosan matrix. Gallic acid release revealed the in-
fluence of the nature of the encapsulating material with respect to 
the release of natural antioxidants present in yerba mate. Similar 
results obtained Anbinder et al. (2011) encapsulation of extracts of 
yerba mate (Ilex paraguariensis) in calcium alginate and an algi-
nate–chitosan matrix. While both systems showed a high content 
of polyphenols released in the simulated gastric fluid, covering 
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with chitosan capsules allows greater release of polyphenols. This 
was attributed to the protective barrier it presents chitosan and 
the strong interaction of the complex formed by yerba mate ex-
tract and chitosan.

Levic et al. (2011) tested the encapsulation of d-limonene 
in a matrix of calcium alginate and polyvinyl alcohol (20:80) by 
“freezing–thawing” method to ensure formation of cryogel struc-
ture polivilílico alcohol. The results of thermal analysis show that  
the release of d-limonene extends over a wide temperature range 
compared to free flavor, indicating improved stability of the en-
capsulated flavor compared to free flavor. However, leakage of 
fragrance at higher concentrations (10% w/w) appears to be the 
problem due to the hydrophobic nature of aroma, which leads 
to separation of the polymer/flavor mixture into two layers. The 
combined homogenization with the appropriate polymer com-
position is critical to achieve high retention of limonene during 
sample preparation prior to encapsulation.

Propolis, a mixture rich in polyphenols collected by bees from 
certain plants, has known therapeutic properties. However, its use 
as a food additive is limited because it is solubilized in alcohol and 
has a strong taste. Propolis encapsulation by complex coacerva-
tion with pectin and soy protein appears to be an interesting al-
ternative (Nori et al., 2011). The result is a powder that is readily 
dispersible in solvents other than alcohol, with unquestionable 
antioxidant and antimicrobial properties, and the release of the 
active material can be controlled.

Grape proanthocyanidin microparticles were encapsulated by 
interfacial polycondensation considering the polyphenolic com-
pound as membrane material, and the cross-linking reaction of 
the molecule as a stabilizer, while the radical scavenging activ-
ity is mantienía. The cross-linking reaction grape proanthocy-
anidin terephthaloyl dichloride involved with phenolic hydroxy 
groups leading to the establishment of ester linkages that were 
detected by infrared spectroscopy (Munin and Edwards, 2011). 
The microcapsules obtained cross-linked and pH 9 and 11, were 
smaller than 10 microns and were stable for more than five months 
at 45°C in an aqueous medium. The microcapsules were slowly 
degraded in plasma and showed antioxidant activity of interest, 
although slightly lower than the initial grape proanthocyanidin. 
The method of preparation of these microcapsules by interfacial 
cross-linking of polyphenols is patented.

Microencapsules were prepared from compounds and ex-
tracts obtained from a large number of fruits and vegetables, for 
example, vegetable juices such as tomato, cucumber, carrot, let-
tuce, beets, spinach, celery, and parsley (García et al., 2004). Also, 
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volatile substances such as orange oils, cinnamic aldehyde, ethyl 
buturato, etilpropionato, have been encapsulated using arabic 
and maltodextrins rubber, limiting the degradation of said com-
pounds during processing and storage (Madene et al., 2006).

2.4 encapsulating Materials
The substance coating the active agent is basically a filmogenic 

capacity material, which can be selected from a wide variety of 
natural or synthetic polymers, depending on the physicochemical 
nature of the material to be coated, and the characteristics desired 
in the final microstructure. The coating composition is the main 
determinant of the functional properties of the microcapsule and 
the method to be used to improve protection of a particular in-
gredient. Effective coating material must have good rheological 
properties at high levels and should be easy to handle during pro-
cessing or storage.

There are a variety of materials used in the microencapsulation 
process, such as the following.
•	 Polymers:	The	following	are	the	main	polymeric	encapsulants.

•	 Derivatives of cellulose: These feature prominently as en-
capsulants (Burey et al., 2009). Cellulose is the most abun-
dant of all organic materials, fibrous part of plant tissues, 
is water soluble, and its solubility increased by treatment 
with alkali to swell the structure, followed by reaction with 
trichloroacetic acid chloride methyl or propylene oxide 
producing carboxymethylcellulose (CMC), hydroxypropyl-
methylcellulose (HPMC) or hydroxypropylcellulose (HPC). 
The anionic and nonanionic CMC MC, HPMC, and HPC 
have excellent film-forming characteristics. Derived HPC 
cellulose is a thermoplastic polymer that can be injection 
molded or extruded; it is edible and biodegradable. The MC 
is less hydrophilic, cellulose ethers do not offer a good mois-
ture barrier, but have excellent barrier to the migration of 
fats and oils. Aqueous solutions of MC form relatively strong 
gels to review about 50° C. HPMC solutions are low ther-
mally induced gels force between 50–85°C. HPC solutions 
form gels that are not hot, but precipitate at temperatures of 
40°C. The HPC is a polymeric surfactant soluble in cold wa-
ter. It is a good thickener that can be surface-treated to per-
mit direct addition of water at pH 7.5 or less, and has good 
electrolyte tolerance, being stable in pH ranges from 3 to 11. 
Some types of HPC are also dispersible alcohols and glycols.

•	 It described the existence of two major mechanisms in the 
formation of the coating film of HPC in a microcapsule: 
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The first in which the polymers have dominated the forc-
es of interpenetration and a second mechanism in which 
cohesion and adhesion forces dominated. Depending on 
the conditions, the film may have an intermediate to the 
above mechanism, depending upon the degree of ioniza-
tion of the polymer. Both mechanisms are conducted in 
solution, which facilitates the interaction between the poly-
mer chains with the active agent, protecting the functional 
groups of the polymer having a high degree of interpenetra-
tion, and forms a more stable three-dimensional network 
molecular level interactions. Following this, the formation 
of a tough laminate film occurs. Clearly, the properties of 
films formed for encapsulating depend largely on the na-
ture of the polymer. Thus, the bioadhesive characteristics of 
cellulose polymers like HPMC, HPC, and CMC can improve 
encapsulation efficiency and retention of the active agents, 
as such are hydrophilic molecules, which have groups ca-
pable of forming hydrogen bonds.

•	 Alcohol–Polivinil (Leiman et al., 2009): hydrophilic poly-
mer can be used as capsule wall-forming material as nylon 
membranes have also been used to encapsulate and entrap 
enzymes such as pepsin, pectin esterase for the clarification 
of juices, invertase for sucrose inversion.

•	 Quitosano: Polymer used in the microencapsulation and 
in the food industry for its nontoxic, biodegradable, bio-
compatible, and mucoadhesive properties. It stands as an 
antimicrobial and antioxidant compound (Alishahi and 
Alder, 2012).

•	 Alginato: Polymer extracted from algae and used as a non-
toxic, biocompatible, and soluble encapsulant (Nazzaro 
et al., 2009). Calcium alginate has been widely used in the 
immobilization of lactic acid bacteria (LAB), for its ease of 
use, nontoxic nature, and low cost (Bastos et al., 2009). Im-
mobilization of bacteria in biodegradable microcapsules 
creates a suitable environment for their survival, providing 
temporarily immobilized bacteria protection from the envi-
ronment, soil, competitors, and predators.

•	 Eudragit: Refers to a group of polymers derived from meth-
acrylic acid that are available in different ionic forms. They 
are highly soluble due to its alkaline pH value, and by neu-
tralizing the carboxyl groups with formation of the corre-
sponding salt, and therefore exhibit the character of anionic 
polyelectrolyte in solution. Different types of Eudragit were 
used in preparing microparticles, allowing the release of ac-
tive substances in the intestine, preventing inactivation of 



 Chapter 11 Microencapsulated bioactive coMponents as a source of health  467

drugs in the stomach, for example, in the preparation of mi-
croparticles that allow oral administration of peptides and 
proteins (Villamizar	and	Martinez,	2008).

•	 Lipids:	The	main	lipid	encapsulating	agents	include:	milk	fat,	
lecithin, waxes, stearic acid, monoglycerides, diglycerides, 
waxes, hydrogenated oils such as palm oil, cotton, and soy-
beans. These are excellent film formers, capable of covering 
the individual particles and providing a uniform encapsulation 
(Yañez et al., 2002).

•	 Carbohydrates:	 Widely	 used	 in	 encapsulation,	 specifically	
spray drying technique for food ingredients and encapsulation 
support, this broad group includes starches, maltodextrins, 
and gums (Murúa et al., 2009).

•	 Starches:	They	are	widely	used	 in	 the	 food	 industry	 (Madene 
et al., 2006; Murúa et al., 2009) starch-based ingredients (modi-
fied starches, maltodextrins, β-cyclodextrins). Among the 
most important stand the starch potato (Solanum tuberosum), 
corn (Zea mays), wheat (Triticum aestivum), rice (Oryza 
sativa), tapioca (Manihot esculenta) (Fuchs et al., 2006; Yañez 
et al., 2002) and inulin (Saénz et al., 2009). The native and mod-
ified tapioca starch and maltodextrin has been investigated 
for its ability to be used as wall material for encapsulation of 
β-carotene (Li et al., 2009).

•	 Maltodextrins:	 Obtained	 by	 acid	 or	 enzymatic	 hydrolysis	 of	
starches. In selecting wall materials to encapsulate, maltodex-
trin is a good solution because of its cost and effectiveness. 
Exhibits low viscosity, high proportion of solids. At high con-
centrations, they are odorless, colorless, and also allow the for-
mation of free-flowing powders without masking the original 
taste. They are commercially available at different molecular 
weights and are widely used in the food industry (Madene 
et al., 2006; Saénz et al., 2009).

•	 Proteins:	 Several	 proteins	 have	 been	 widely	 used	 as	 micro-
encapsulating agents, including highlights sodium caseinate, 
whey protein, soy protein isolates (Madene et al., 2006; Murúa 
et al., 2009), waxes (Fuchs et al., 2006), gluten, gelatin (Yañez 
et al., 2002), casein, soy, wheat (Saénz et al., 2009) and gelatin, 
the latter used their good emulsifying, film formation, water 
solubility, and biodegradability.

•	 Gums:	Obtained	by	chemical	modification	of	native	polysac-
charides, high molecular weight, hydrophilic and hydrophobic 
characteristics, have colloidal properties, form gels or viscous 
solutions when combined with the appropriate solvent. They 
possess characteristics of thickening agents, gelling agents, 
emulsifiers, and emulsion stabilizers. Natural gums, are 
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defined as carbohydrate polymers, highly hydrophilic, insolu-
ble in alcohol and other organic solvents, and are very versatile 
for most encapsulation methods (Madene et al., 2006; Murúa 
et al., 2009). Among them are locust bean gum, gum arabic, 
guar gum, tamarind gum, gellan, and xanthan gum; applicabil-
ity has been seen to immobilize bacterial cells, for which were 
used alginates and carrageenan.
Among the most widely used encapsulating materials in the 

food industry is gum arabic (Alishahi and Alder, 2012). This has 
been considered the quintessential emulsifying agent. It is a prod-
uct obtained from the acacia tree and is defined as a complex and 
slightly acidic polysaccharide, belonging to the group of natural 
hydrocolloids. It stands out for its versatile functional properties 
as filmogenic agent colloidal achieving maximum protection, and 
as an encapsulating agent of essential oils (Fuchs et al., 2006). It 
has also been used as an emulsifier and stabilizing agent in emul-
sions (O/W, W/O) and within a wide range of pH.

Its multimolecular structure consists of three fractions 
(Fig. 11.3). The first fraction consists of arabinogalactan (AG) poly-
saccharide chains, low molecular weight, and low protein content 
(0.5%), this fraction representing 90% of the molecule. The second 
fraction corresponds to arabinogalactan protein (AGP) complex 
of low molecular weight and higher protein content (10%), repre-
senting 10% of the molecule, and the third fraction is a glycopro-
tein (GP) of low molecular weight and high protein (50%) content, 
representing 1% of the molecule. Its structure corresponds to 
polysaccharide arabinogalactan is highly branched acids, con-
sisting of: D-galactose (44%), L-arabinose (24%), D-glucuronic 
acid (14.5%), L-rhamnose (13%), acid-4-O-methyl-D-glucuronide 
(1.5%). Major brands are formed by units β-D-galactopyranosyl 
units attached by glycosidic linkages (1 → 3), with side chains of 

Figure 11.3. Molecular structure of the gum arabic. Mirhosseini and bahareh, 2012.
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two to four units of the same sugar and link type, connected there-
to by glycosidic linkages (1 → 6).

Fractions containing a high content of protein (AGP and 
GP), give this polymer the emulsifying property and acting at 
the interface between the oil droplets and the water, where it is 
believed that the predominant amino acids in the polypeptide 
(hydroxyproline and serine), hydrophobic character of the mol-
ecule attached to the surface of the droplets. The ability to form a 
protective film is given by the AG fraction, which has low viscosity 
and high solubility in water by its highly branched structure, de-
creasing interchain interactions and facilitating solvation, while 
it blocks arabinogalactan hydrophilic character extending in the 
aqueous phase, providing stability to the emulsion (Chanamai 
and McClements, 2002).

Also, glucuronic acids of the molecule are partially filled, 
developing negative charges around the oil droplets in the emul-
sion. The fraction of higher viscosity AGP delivery system slows 
the attraction of the droplets in the emulsion and thus may help 
prevent agglomeration of the droplets.

2.5 characterization of the Microcapsules
The microcapsules obtained by any of the procedures described 

above must be characterized according to various tests to ensure 
quality, uniformity, and bioavailable behavior. The characteristic 
tests that are usually performed are: morphology, particle size 
and internal structure, production yield, encapsulation efficiency 
and active ingredient content, study drug release, and fitness and 
polymer-active substance interactions

Depending on the conformation there are different types of 
microcapsules, which have a wide variety of structures: spherical 
or irregular, simple, one wall with a cover membrane, a multiwall 
structure with walls of some or several or numerous compositions 
cores inside a wall structure, which gives differentiated properties 
and applicability.

Moreover they can be of the matrix type, that is, the active ma-
terial is highly dispersed in the polymer matrix. These may have 
a foamed structure in which the active material is distributed 
throughout the microcapsule and the cover, which either remains 
intact or in an open netlike structure. Microcapsules can be found 
with active material dispersed in the matrix covering the entire 
sphere and the periphery.

The morphological characteristics of microcapsules are ana-
lyzed by optical microscopy and scanning electron microscopy 
(SEM). The latter allows to detect the possible aggregation, of 
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particles, characterize the internal structure, determine the inter-
nal compaction and size of the microcapsules.

The size distribution of the microcapsules is determined by 
 using microscopic techniques, sieving, sedimentation, by laser 
diffraction or Coulter Counter equipment.

2.6 release Mechanisms of encapsulated 
compounds

The release behavior of bioactive agents is the result of the 
phenomenon of diffusion and the polymer mass transfer restric-
tions at the interface polymer/liquid. Thus, modifying or design-
ing a controlled release system requires prior knowledge of the 
mechanism of solute diffusion through the polymer material 
(Champagne and Fustier, 2007).

The release mechanisms of the active agents of the microcap-
sules can be carried out by different methods, such as dissolution 
in water, application of shear, temperature, chemical, or enzymat-
ic reactions, and changes in osmotic pressure. The release of com-
ponents of a capsule can be controlled by diffusion of the capsule 
wall or membrane that covers the wall (Betz et al., 2012). Permea-
bility through the matrix and the solubility of component capsule 
wall influence the diffusion rate. The compound to be spread must 
be soluble in the matrix. Although the vapor pressure of volatile 
substances on either side of the matrix can be determined by the 
spreading force. Selecting a matrix or membrane is important, so 
their chemical nature, morphology and the glass transition tem-
perature, the degree of swelling and cross-linking also influence 
the diffusion of the active agent through the membrane.

The release of active ingredient from within the microcap-
sules is governed by a number of factors that are dependent of  
the polymer (solubility pH-dependent, molecular weight, crys-
talline state), the active ingredient (solubility, molecular weight) 
of the microparticle itself (type internal structure, theoretical 
content of the active ingredient to polymer).

For the study of release, researchers can use the procedure 
specified by the USP (United States Pharmacopeial) and methods 
of flow, agitation vial, and dialysis membranes, among others.

The release rate is a more abrupt rupture of the microcapsule 
cover by applying a force. The force required to rupture the cap-
sule wall is determined by the material forming the wall and by the 
thickness thereof, and both parameters can be controlled during 
the microencapsulation process. Another method of release is the 
dissolution of the microcapsule coating in between. This can oc-
cur by melting, action of a solvent, enzymatic attack, hydrolysis, 
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slow or disintegration chemical or photochemical reaction. Both 
the breakdown and dissolution of cover systems are immediate re-
lease of the microencapsulated agent.

If, however, it is desired to obtain a gradual and sustained re-
lease thereof, in which the internal phase is to be released over 
time, the mechanism of diffusion through a porous coating is 
the best choice. The encapsulated ingredient will slowly diffuse 
through the cover. The rate of diffusion is controlled by the per-
meability of the same, as well as the size and shape of the encap-
sulated substance.

Another alternative for sustained release over time is the use 
of coatings able to change their morphology to certain stimuli, 
such as changes in pH, ionic strength, temperature, and light. In 
this case, control over the release profile can be accomplished by 
modifying the environmental conditions.

Regardless of the delivery system, the diffusion coefficient of the 
bioactive agent through the polymer depends on the structural and 
morphological parameters thereof, as well as the solute concentra-
tion. With this in mind, it can be said that one of the most laborious 
tasks in the field of technology of controlled release, is the develop-
ment of formulations of polymers (matrix type) able to release active 
substances at a constant speed for a predetermined time. One ap-
proach is the use of hydrophilic polymers having the ability to swell 
in aqueous media without dissolving and releasing the dissolved or 
dispersed active principle, providing a substantially constant speed.

Migration of the active ingredient to the aqueous medium in-
volves a process of absorption of water or biological fluid, and a 
simultaneous process of desorption active ingredient, by a diffu-
sion mechanism, controlled by swelling the polymeric material 
presented.

The analysis of the dynamic behavior of polymer swelling and 
its effect on solute diffusion, therefore requires a knowledge of the 
thermodynamics of polymer medium/solution system and the 
system solute/polymer/dissolution medium. The solvent into a 
polymer is in a glassy state that produces a considerable increase 
in the macromolecular mobility, which implies a decrease in 
glass transition temperature, T

g
. If the solvent is very compatible 

with the polymer, the decrease in T
g
 is not enough for the poly-

mer reaches its rubbery state. Therefore, when the system reaches 
thermodynamic equilibrium, the polymer is in the glassy state 
and, under these conditions, the release of any active ingredient 
becomes very slow and has limited application. Conversely, if the 
solvent is thermodynamically good, the probability of reaching 
the elastomeric state is high and the solute is capable of smoothly 
spreading the swollen regions from the external environment.
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3 Antioxidant Properties of Phenolic 
Compounds

Since the scientific and agribusiness view the antioxidant prop-
erties of phenolic compounds, has generated great interest for 
its abundance in the diet, and its preventive role associated with 
oxidative stress (Robert et al., 2010; Munin and Edwards, 2011).

Polyphenols are major classes of secondary metabolites of 
plants, where they play different physiological functions in-
volved in growth, reproduction, and defense against pathogenic 
processes, predators, or ultraviolet radiation. The levels of these 
compounds may vary considerably within the same plant species, 
and even between varieties due to genetic and environmental 
factors influencing the germination, growth, and quality of crops 
(Ordoñez et al., 2006).

In foods, the phenolic compounds are typically present con-
jugated to sugars such as glucose, galactose, arabinose, rham-
nose, xylose, and glucuronic or galacturonic acids. They can also 
join carboxylic acids, organic acids, amines, and lipids (Manach 
et al., 2004).

The antioxidant activity of the phenolic compounds is attrib-
uted to their ease to yield hydrogen atoms of an aromatic hydroxyl 
group to a free radical and the possibility of relocation of loads 
(resonant effect) in the system of double bonds of the aromatic 
ring (Apak et al., 2007).

Phenolic compounds also possess a chemical structure ideal 
for capturing metal ions (mainly iron and copper) and inhibit free 
radical formation through the Fenton reaction. The type of com-
pound, the degree of methoxylation, and the number of hydroxyl 
groups are among the parameters that determine the antioxidant 
activity.

Many of these phenolic compounds are also responsible for 
the organoleptic properties of plant foods and therefore directly 
affect the quality of some of them. Phenolic compounds are pig-
ments such as anthocyanins, responsible for the red, blue, and 
purple characteristics of many fruits, vegetables, and red wine 
tones; or flavonols, present mainly in fruits and vegetables, that 
give a creamy-yellow color. Some polyphenols such as citrus flava-
nones (naringin) provide a bitter taste, whereas other fruits confer 
astringency as hydrolysable tannins.

Depending on their structure, polyphenols can be classified 
into two groups: flavonoids (flavanones, flavones, isoflavones, 
flavonols, flavan-3-ols, proanthocyanidins, and anthocyanins) 
and nonflavonoids (hydroxycinnamic acids, hydrolysable tannins, 
hydroxybenzoic acids, and stilbenes) (Heinonen, 2007; Gaysinsky 
et al., 2008).
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The proposed explanations of the beneficial health effects 
exerted by flavonoids’ mechanisms are antioxidant effect, metal 
chelation, enzyme inhibition, and gene regulation (Neto, 2007).

Flavonoids can exert their antioxidant activity in many bio-
logical systems, but their distribution depends on their relative 
hydrophilicity/hydrophobicity and their interactions with certain 
macromolecules (Koksal et al., 2011). These factors determine the 
local concentration of flavonoids, which affects their ability to reg-
ulate certain cellular phenomena. The protective effect exerted by 
flavonoids such as catechins present in tea, has been attributed to its 
ability to neutralize or sequester free radicals. Several studies have 
shown the importance of these compounds with special emphasis 
on structure-activity relationships and mechanisms underlying the 
biological activity of flavonoids, which regulate the activity of cer-
tain cellular enzymes and that part of this regulation, it would be 
related to the flavonoids ability to alter the structure of the plasma 
membrane (Lu et al., 2010). In this effect, flavonoids would act on 
various cellular processes closely related to the plasma membrane, 
as cell signaling, cell cycle, arachidonic acid metabolism, cell pro-
liferation, apoptosis, and mitochondrial functionality (Fuentealba 
et al., 2012). This sorts the pharmacological actions of flavonoids 
into the following groups: vasoprotectors modify levels of choles-
terol and lipids, antiplatelet agents, enzyme modifiers, estrogenic 
activity, anticancer activity, antibacterial and antifungal activity, 
antiurémica activity, spasmolytic activity, antiallergic activity, anti-
inflammatory, and antiviral activity (Schreckinger et al., 2010).

Free radicals and reactive oxygen species are generated during 
normal metabolism of oxygen or are induced by exogenous fac-
tors, and represent a potential risk to cells and tissues. Flavonoids 
exert a protective effect, as part of exogenous antioxidant defense 
systems of the body, that is, those defenses that are generated 
through diet. Three types of mechanisms that may account for the 
antioxidant activity of these defenses are as follows: (1) electron 
transfer determines that the antioxidant becomes a radical active 
molecule, (2) electron transfer causes the formation of an antioxi-
dant molecule to be stable or inactive, (3) small molecules act as 
antioxidant enzymes (Nohynek et al., 2006).

It is believed that the mechanism by which flavonoids exert 
their antioxidant activity is based on electron transfer, which in-
volves the emergence of a radical active molecule and the ability 
of these compounds to chelate metals. But flavonoids must meet 
two additional requirements to be considered antioxidant mol-
ecules: (1) at low concentrations must protect the compounds 
from oxidation or damage induced by free radicals, and (2) formed 
flavonoid radical (radical call aroxilo) It must be stable enough to 
be effective antioxidant function. The unstable nature of aroxilo 
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radical can cause prooxidant effect as shown by some flavonoids, 
however collaboration antioxidant molecules, promotes recov-
ery aroxilo radical by other antioxidants, such as ascorbate. Fla-
vonoids have antioxidant capacity that varies depending on the 
number and position of their hydroxyl groups attached to the ring 
structures (Pastene, 2009).

The nature of flavonoid compounds present a series of struc-
tural features that allow us to assess its possible antioxidant prop-
erties: (1) the presence of a catechol group (3’, 4’-dihydroxy) in ring 
B; (2) the presence of an unsaturated double bond between C2 and 
C3 in the C ring; (3) the presence of a hydroxyl group at C3 in ring 
C. Phenols with a catechol structure in the B ring, despite having 
increased antioxidant potential are metabolized more easily.

To understand the potential of flavonoids to act as antioxidants 
in vivo, it is necessary to consider other factors such as bioavail-
ability and interactions in the gastrointestinal tract, as well as the 
influence of conjugation and metabolism. Polyphenols have a 
rather low bioavailability—that is, can be easily destroyed during 
digestion—and can have unpleasant flavors or cause astringency. 
Astringency is a feeling of dryness or constriction in the mouth 
that develops and dissipates slowly.

The molecular basis of this phenomenon are interactions be-
tween polyphenols and glycoproteins and mucopolysaccharides 
forming saliva, resulting in insoluble aggregates that precipitate 
and clog palate lubrication, giving the rough feeling of the par-
ticular astringency. Both astringency and bitter taste are generally 
perceived as negative attributes in beverages and soy products, 
milk, and juices. Because of this, the food industry continually 
removes polyphenols and other compounds present in plant 
products. However, these bioactive phytochemicals or phytonu-
trients remain promising for the creation of designer foods for the 
prevention of chronic diseases (Howell et al., 2005; Puupponen 
et al., 2005). These competing demands for taste and health pose 
a dilemma for the food industry.

One solution to this problem is to try to mask the astringency 
of such compounds. Satisfactory results have been reported us-
ing food-grade polysaccharides (guar, xanthan gum, and carboxy-
methyl cellulose and rubber) because the increasing viscosity may 
change the perception of astringency and the release of volatile 
and nonvolatile compounds (Troszynska et al., 2010).

Therefore, the application of phenolic compounds requires the 
development of a protection matrix capable of maintaining the 
structural integrity of the polyphenol during consumption or ad-
ministration, masking taste, improving water solubility and bio-
availability, and transporting it to a physiological target precisely.
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Among existing methods of stabilization, microencapsula-
tion technology is significantly positioned (Pasin et al., 2012; 
Onwulata, 2013) to permit stabilization and/or protection of active 
ingredients or substances against oxidation (Parra, 2010), photo-
sensitivity, volatility, or reaction with other compounds present in 
the food; allowing in turn an improvement in dosage; masking the 
disagreeable tastes and odors of some of these compounds; con-
trolling the release of active substances to a determined location 
or at a certain speed; and improvement in the bioavailability of 
certain nutrients.

Therefore, in this research it is proposed to encapsulate poly-
phenols derived from an extract of the leaves of Maqui—A. chilen-
sis (Mol.) Stuntz. (Elaecarpaceae)—to obtain microcapsules with 
the antioxidant activity of A. chilensis and to evaluate the effect of 
the concentrations of the encapsulating agent and surfactant in 
maintaining the antioxidant capacity, to avoid the astringent per-
ception and low bioavailability in the stomach deglycosylated, 
affecting the effectiveness of polyphenols. The microencapsules 
thus obtained will safeguard the extraction of antioxidants from 
natural and native sources, masking its astringent and bitter taste, 
which limits its use in food. These compounds will be protected 
by the microencapsulation process and thus be incorporated as 
active ingredients in different food products, which will contribute 
to creating foods with high added value, since their production by 
chemical synthesis is difficult because of its structural complexity.

3.1 phenolic compounds
Polyphenols are secondary metabolites present in all vascular 

plants, and constitute a large family of substances ubiquitous 
and varied, from simple molecules to complex structures. These 
natural substances have in common the presence of one or 
more benzene rings that support one or more hydroxyl groups 
and are derived from the metabolism of shikimic acid and/or 
polyacetal (Xiong et al., 2006). To date, numerous plant-derived 
polyphenolic compounds have been characterized and classi-
fied, with differences in the chemical structure affecting essen-
tially the oxidation, hydroxylation, methylation, glycosylation, 
and possible connections to other molecules (such as primary 
metabolites carbohydrates, lipids, proteins, or phenolic second-
ary metabolites, etc.).

In the adaptive evolution of living species, oxygen was 
achieved by enzyme systems that not only facilitated consump-
tion but also detoxification of highly reactive metabolites, reac-
tive oxygen species (ROS). When the capacity of an organism is 
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exceeded for detoxifying ROS occurs, oxidative stress as a result of 
a pronounced imbalance between pro-oxidants and antioxidants. 
(Heinonen, 2007). Today, it has amply demonstrated the impli-
cation of this phenomenon of cellular aggression in numerous 
pathologies.

Free radical damage seems to be partially limited by the action 
of natural antioxidants present in food compounds called poly-
phenols. In addition to the specific properties of some kinds, two 
fundamental properties are involved in the antioxidant capacity: 
protein interaction or ions, and free radical scavenging activity. 
Polyphenols can act using different modes of action, such as for-
mation of molecular complexes with pro-oxidant proteins, che-
lation of potentially pro-oxidant metal ions (Fe3+, Al3+, Cu2+), or 
direct impingement of ROS (Leopoldini et al., 2011).

Among its properties, the antioxidant power of polyphenols 
is probably the most documented (Velioglu	 et	 al.,	 2006;	 Ruiz	
et al., 2010; Koksal et al., 2011). Numerous in vitro studies have 
shown that polyphenolic compounds can sequester directly mo-
lecular active oxygen species such as superoxide radical (O

2
•), 

hydrogen peroxide (H
2
O

2
), hydroxyl radical (HO•), singlet oxygen 

(1O
2
) or peroxyl radicals (RO

2
•). Polyphenols have structural char-

acteristics ideal for its antioxidant action, mainly due to its ability 
to donate hydrogen atoms (11.1) or electron (11.2).

→• •H-atom transfer (HAT) X + ArOH XH + ArO (11.1)

→• •Singlet electron transfer (SET) X + ArOH X + ArOH +-
 (11.2)

In the transfer mechanism of the hydrogen atom (HAT), the 
phenolic antioxidant (ArOH) reacts with the free radical (X•) and 
becomes a free radical (ArO•) by transfer of a hydrogen atom by 
cleavage homolytic O-H bond. The formation and stability of ArO• 
is dependent on the structural characteristics of the compound 
ArOH. Determinant factors imply the presence, number, and rela-
tive position of additional phenolic hydroxyl, groups participat-
ing in the formation of intramolecular hydrogen bonds, and the 
dependent conformation the possibility of electron delocalization 
of most of the molecule. All these factors affect the dissociation 
energy (BDE) of phenolic OH bond: the weaker the OH bond is, 
the easier the transfer of atom H.

The second mechanism is the singlet electron transfer (SET) 
from ArOH of the free radical X• with formation of a stable radical 
cation ArOH•+. The ionization potential (IP) of physicochemical 
ArOH is an important parameter for evaluating the effectiveness 
of antioxidant plant polyphenols: IP decreased, facilitates the 
transfer of an electron. Basic physicochemical parameters IP and 
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BDE polyphenols can be used to determine the potential effective-
ness of each mechanism. Stabilizing the resulting phenoxy radi-
cal, ArOH•+ and ArO, is due to the delocalization of the unpaired 
electron on the aromatic ring by resonance or hyperconjugation 
effects.

The high tendency of polyphenols to chelate metal ions may 
contribute to their antioxidant activity to prevent redox active 
transition metal from the catalytic formation of free radicals 
(Leopoldini et al., 2011). Polyphenols may be inactivated by che-
lating iron ions and consequently suppress the Fenton reaction 
that produces superoxide release, which gives rise to harmful ROS. 
It has been widely reported that flavonoids can chelate metals and 
possible metal binding sites have been identified. Polyphenolic 
compounds include hydroxyl and carboxyl groups capable of 
binding metal ions having strong positive, such as iron (III) and 
copper (II) loads. In the chelating bidentate ligands are powerful 
sequestrants of metal cations compared with monodentate 
ligands. Phenolic groups protonated ligands are poor metal cat-
ions, because once deprotonated, a central oxygen having a high 
charge density is generated. Furthermore, the metal chelating 
ability of polyphenols could be related to the high nucleophilicity 
of the aromatic rings instead of specific chelating groups within 
the molecule.

However, many health benefits reported in the scientific litera-
ture also result from the ability of the polyphenols to interact with 
proteins (enzymes, membrane receptors, tissue proteins), spe-
cifically allowing protection or modulatation of proteins’ activity 
(Howell et al., 2005; Nohynek et al., 2006; Neto, 2007; Céspedes 
et al., 2008).

Polyphenols act as potent inhibitors of ROS generated by en-
zymes such as xanthine oxidase, cyclooxygenase, and lipoxygen-
ase, by complexation of the protein. Polyphenolic complexation 
process is directly influenced by the characteristics of the proteins 
(solubility, molecular weight, hydrodynamic volume, isoelectric 
point, and amino acid composition) and polyphenol characteris-
tics (molecular weight, structure conformational flexibility, water 
solubility) (Richard et al., 2006). The physico-chemical conditions 
(pH, nature of the solvent, temperature, ionic strength, presence 
of other organic molecules, such as polysaccharides) are also con-
sidered. The main types of interactions involved in the complex-
ation mechanism correspond to the noncovalent bonding and 
hydrophobic interactions.

The literature shows that, in vitro and/or in vivo, polyphenols 
are able to reduce the inflammation by inhibiting edema, stop-
ping tumor growth, presenting proapoptotic and antiangiogenic 
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actions, modulating the immune system, preventing bone dis-
turbances incriminated in osteoporosis, increasing capillary 
resistance, by actions on the components of the blood vessels, 
protecting the cardiovascular system, protecting the retina, and 
limiting overweight.

The chemical criterion for the antioxidant capacity of flavo-
noids is as follows:
•	 Presence	of	o-dihydroxy	structure	in	the	B	ring;	this	gives	more	

stability to the form of the radical and participates in the delo-
calization of the electrons.

•	 Double	link	in	conjunction	with	function	4-oxo	ring	C.
•	 Groups	3-	and	5-	OH	with	4-oxo	function	in	rings	A	and	C	are	

required to exert maximum antioxidant potential.
Among the major phenolic compounds present in berries 

(Fig. 11.4), it is common to find derivatives of hydroxybenzoic and 
hydroxycinnamic acids, anthocyanins, flavanols, catechin, and 
condensed and hydrolyzable tannins, which are mainly charac-
terized by the number of carbon atoms of basic molecular skele-
ton, represented mainly by: cinnamic acids (C6-C3), benzoic acids 
(C6-C1-C6 or C2), flavonoids (C6-C3-C6), proanthocyanidins or 
condensed tannins ((C6-C3-C6 ) n), stilbenes (C6-C2-C6), couma-
rin (C6-C3), lignans (C3-C6-C3-C6), and lignin ((C6-C3) n).

3.2 native species as potential sources 
of antioxidants

The A. chilensis (Mol.) Stuntz. (Elaecarpaceae) Chilean native 
species is a small tree (up to 4 m), evergreen, which is distributed 
from	the	IV	to	the	XI	region	of	Chile.	The	leaves	of	the	species	have	
been used by the Mapuche Indians as an infusion to treat inflam-
mation of the throat. Its fruits (maqui) are edible and are used as 
antidiarrheal. This is supported by findings of phytochemicals 
describing the presence of polyphenols, such as flavonoids in A. 
chilensis sheets (Suwalsky et al., 2008).

Phenolic compounds constitute a large family of secondary 
metabolites with different chemical characteristics and biological 
properties, however, share some of them, being one of the most 
important to neutralize the action of free radicals, preventing or 
delaying lipoperoxidation processes, and consequently cell dam-
age (Delporte, 2007; Céspedes et al., 2010). Why, for some time it 
has been studying the impact on the health of the population, the 
consumption of foods and supplements that contain them, with 
a decrease in mortality and morbidity due to degenerative dis-
eases, especially cardiovascular level (Howell et al., 2005; Nohynek 
et al., 2006; Neto, 2007; Céspedes et al., 2008).
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Figure 11.4. Chemical structure of berries’ main phenolics. puupponen et al., 2005.
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These observations are based on records that indicate that a 
decrease in plasma antioxidants promotes lipid peroxidation, 
contributing to this endothelial dysfunction in hypertension and 
hypercholesterolemia, this being the first step of atherosclerotic 
disease, and studies that show the correlation between the inci-
dence of degenerative diseases and low concentrations of plasma 
antioxidants (Manach et al., 2005).

It has been estimated that about 2% of the oxygen consumed 
by a normal body goes to the formation of reactive oxygen species 
(ROS) of which several are free radicals. When the generation of 
ROS exceeds the antioxidant defenses of the body, whatever the 
mechanism	 (UV	 radiation,	 pollution,	 strenuous	 physical	 exer-
cise or other) damage is caused by chemical injury of biological 
structures, a process called oxidative stress, which is involved in 
the development of many diseases such as atherosclerosis and 
cancer (Seeram, 2008). In quantity, the major reactive oxygen 
species generated during cell respiration are superoxide anion 
(O2•-) and hydrogen peroxide (H

2
O

2
), which gives rise to hydroxyl 

radical (OH•). Superoxide anion and hydroxyl radical species are 
highly reactive because they possess one or more unpaired elec-
trons being able to set off chain reactions and cause damage to 
cell membranes that may be irreversible, reaching even to cell 
death (Nohynek et al., 2006). The hydroxyl radical is perhaps most 
harmful, due to its high reactivity and short half life, so it is capa-
ble of reacting with all types of biomolecules, the most vulnerable 
polyunsaturated fatty acids (PUFAs), suffering the loss of hydro-
gen atoms from its methylene groups, also becoming lipoperox-
ides radicals, which, if not neutralized, will continue the damage. 
The production of hydroxyl radicals by the Fenton reaction is 
facilitated by transition metals such as Cu+2 and Fe+2, which cata-
lyze this reaction.

Because of this, it is of particular interest to determine the con-
tribution that regular consumption of these products may repre-
sent, and their potential for obtaining standardized applications 
in the phyto-pharmaceutical, cosmetic, and food extracts.

The determination of the antioxidant capacity of native 
Chilean berries was performed using different methods: 
FRAP (ferric reducing activity power), TRAP (radical-trapping 
antioxidant parameter Total), TAR (total antioxidant reactivity), 
TBARS (thiobarbituric acid reactive substances), radical DPPH 
(2,2-diphenyl-1-picrilhidracil) radical ABTS (2,2’-azino-bis- 
(3-ethylbenzothiazoline) -6-sulfonic acid), ORAC (Oxygen radical 
absorbance capacity). The FRAP method measures the reduction 
of ferric ion (Fe+3) to ferrous (Fe+2) in the presence of antioxidants, 
while TRAP methods, TAR, TBARS, radical DPPH, radical ABTS, 
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and ORAC measure the ability of antioxidants to catch differ-
ent types of free radicals (Kuskoski et al., 2005; Apak et al., 2007; 
Céspedes et al., 2008).

Preliminary studies by Miranda-Rottmann et al. (2002) com-
pared the total polyphenol content and antioxidant capacity 
(TRAP and TAR methods) of different juice concentrates (blueber-
ry, raspberry, strawberry, cranberry, blackberry, and maqui) and 
red wine. The antioxidant capacity was directly proportional to 
the total polyphenol content of the juice of maqui standing in LDL 
protective effect exerted on the plasma and intracellular oxida-
tive stress of endothelial cells, suggesting that the antiatherogenic 
properties of A. chilensis presents the rest of concentrated juice 
and red wine analyzed.

Early studies (Céspedes et al., 2008) performed on this species 
show that the leaves have a hydrocarbon of 29 carbon atoms n-
nonacosane, a steroid β-sitosterol, the flavonoid quercetin, and 
a complex mixture of alkaloids. It has also been determined that 
the fruits are anthocyanins (Escribano-Bailón et al., 2005), which 
would be responsible for the characteristic purple pigmentation 
of the fruits of maqui. Escribano-Bailón et al. (2005) determined 
the presence of nine of these compounds: 3,5-diglucoside of cyan-
idin; 3,7-diglucoside delphinidin; Delphinidin 3-glucoside acyl-
ated with p-coumaric acid; 3 delphinidin glucoside; 3,5-malvidin 
diglucoside; 3,5-diglucoside malvidinaacilada with p-coumaric 
acid; 3,5-diglucoside petunidin, and petunidin 3-glucoside. Sub-
sequent work with stems and leaves of A. chilensis allowed re-
searchers to isolate and identify indole alkaloids type: aristotelina, 
aristotelona, aristotelinina, and sadder, all in very small quantities.

Araya et al. (2006) determined antioxidant capacity (FRAP 
method) of a number of fruits and vegetables consumed in Chile. 
The maqui results were highlighted significantly over the rest of 
the species analyzed. Fruits values were between 0.02 mMFe/100 g 
for cucumber to 12.32 mM Fe/100 g for maqui; the value of oth-
er berries such as strawberry and blackberry (3.10 and 3.55 mM 
Fe/100 g). In the intermediate zone were fruits like lemon (0.25 
and 0.23 mM Fe/100 g), and the lowest values were apple (var. 
Fuji) and peaches. Given these results, the maqui stands out for its 
specific antioxidant capacity in vitro.

Céspedes et al. (2008) determined that the methanol extract of 
fruits maqui presented antioxidant and cardioprotective activity 
on ischemia/reperfusion in acute heart disease of rats in vivo. 
Moreover, this extract was able to prevent these adverse events in 
the heart of the animal, by decreasing lipid oxidation and reduc-
ing the concentration of TBARS. In addition, these authors deter-
mined the antioxidant capacity of methanol extract of maqui by 
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DPPH* (IC50), ORAC, FRAP, and TBARS. The methanol extract ex-
hibited an IC50 of 1.62 ug/mL and TBARS a value of 2.51 mg/mL, 
compared with maqui juice, which submitted an IC50 of 12.1 mg/
mL and TBARS a value of 9.58 mg/mL. The antioxidant capacity 
of the methanol extract of maqui was strongly correlated with the 
total polyphenol content (12.97 PM at EC/g), which was observed 
by higher ORAC values (29.69 PM at EC/g) and FRAP (EC at 25 
PM/g). These results demonstrated that these fruits may be useful 
as sources of antioxidants, cardioprotectors, and nutraceuticals.

Avello et al. (2008) evaluated the antioxidant capacity (BARS 
method) plasma before and after intake of infusions of ma-
qui sheet (1%). The content of total phenols was 0.074 infusion 
mMEAG. In this study, volunteers with healthy nonsmoking habit 
and body mass index within the normal range drank this tea twice 
a day for three days. The results showed an average increase of an-
tioxidant capacity observed at 24 h through TBARS (30.27%).

The A.chilensis species has an exceptionally high phenolic con-
tent with high antioxidant capacity, which has a protective effect 
against oxidation in human low-density lipoprotein, and also pro-
tects endothelial cells from intracellular oxidative stress, suggest-
ing that A. chilensis could be regarded as having the property of 
being atherogenic (Céspedes et al., 2008).

Recently, Schreckinger et al. (2010) presented in vitro evidence 
suggesting an antiinflammatory and inhibitory adipogenesis of 
polyphenols maqui activity. In addition, the polyphenols in ma-
qui could also promote action on digestive enzymes of interest. 
Indeed, recent in vitro studies by Rubilar et al. (2011) report that 
crude extracts of maqui may be capable of inhibiting the activity 
of alpha-glucosidase and alpha-amylase enzymes responsible for 
breakdown of carbohydrates into glucose. Such activity could be a 
potential of some polyphenols in maqui for “modular” postpran-
dial glycemia.

4 Microencapsulation via Emulsion 
of Chilean Blackberry
4.1 Aristotelia Chilensis (elaeocarpaceae), 
Maqui leaf extracts

Chile’s economy has been increased in the agro-food field by 
the production of berries, with these crops being valued in world 
markets for quality, value, and opportunity in innovation. The 
progress of production, purification, and extraction technolo-
gies must be compatible with the economic and technical aspects 
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of the product, to increase scientific and commercial interest 
(Onwulata, 2013).

Though, to settle their productive principles, it is very im-
portant to transfer the production of the products in the market 
(Parra, 2010; Pasin et al., 2012). An alternative method is to en-
sure the quality of food additives or ingredients and bioactive 
principles is microencapsulation. The matrices protect these 
compounds and increase the functionality and life span of foods 
(Banjare and Ghillare, 2012). Nowadays, people demand healthy 
foods, which do not contain any synthetic preservatives that can 
damage their physiological functions (Manach et al., 2005; Ah-Hen 
et al., 2012). To protect the production of food, an alternative  
can be the inclusion of natural active agents, like antimicrobials 
or antioxidants, which can also have an effect on human health 
(Burris et al., 2012). Thus, interest developed in natural com-
pounds, which possess antimicrobial and antioxidant capaci-
ties. Phenolic compounds present important antimicrobial and 
antioxidant properties, making them a good candidate in agro-
industry. They are able to avoid or delay lipid peroxidation pro-
cess, to neutralize the action exercised by free radicals, and to 
prevent cell damage (Delporte, 2007; Céspedes et al., 2010). It is 
estimated that only 2% of the total amount of oxygen consumed 
by an organism helps in the formation of reactive oxygen species 
(ROS), or free radicals. In the moment when ROS generation can 
surpass the protection of an organism’s antioxidant, in a manner 
independent	of	the	mechanism	(environmental	pollution,	UV	ra-
diations, intense physical activity, etc.), biological structures sup-
port damages caused by chemical injuries in an oxidative stress 
process, implicated in reduced plasmatic antioxidant concentra-
tions and degenerative pathologies (Seeram, 2008). Red fruits and 
berries are important antioxidants, possessing a high concentra-
tion of phenolic compounds, especially flavonoids, characterized 
by their significant properties, like antiatherogenic, antioxidant, 
anticarcinogenic, antimicrobial, and antiinflamatory activities 
(Howell et al., 2005; Nohynek et al., 2006).

Aristotelia chilensis ([Molina] Stuntz, Elaecarpaceae), known 
as maqui, is a plant famous for its fruit, and can be found in the 
southern regions of Chile. The residents of this area use its leaves to 
mace an infusion tea, which have beneficial effects against mouth 
sores, diarrhea, pharyngitis or tonsillitis, acting as an febrifuge 
and analgesic. Their use is upholded by its phytochemical prop-
erties, which describe the presence of polyphenols (flavonoids) 
in the leaves. Therefore, a growing interest is granted to natural 
maqui products, in which can be found increased concentrations 
of phenolic compounds, carrying antimicrobial and antioxidant 
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activities (Delporte, 2007; Avello et al., 2009; Céspedes et al., 2010). 
Through the encapsulation method (Cartes et al., 2009), these 
properties can be conserved over time, and can be used as active 
ingredients in the agro-food chain. The aim of this study was  
the investigation of conditions suitable in the obtaining process 
of microcapsules with antioxidant properties, extracted from 
maqui leaves by emulsification and subsequent retention after 
microencapsulation.

4.2 phenolic characterization and extraction
Maqui leaves were collected in April 2007 from Universidad de 

Concepción, Biobío Region, Chile, and were dried at 35°C. 50 g of 
sifted (EasySieve Retsch, Haan, Germany) leaves powder (Ultra 
Centrifugal Mill ZM 200 Retsch, Haan, Germany) were macerated 
in a mortar and crumbled at room temperature for 30 minutes with 
an ethanol and water solution (40% v/v) in a 6:1 solvent solid ratio. 
Afterward, the extract was concentrated in a rotary evaporator at 
the temperature of 35°C and lyophilized for 24 h. The total amount 
of flavonoid could be determined by the method described by 
Kumazawa et al. (2004), and the results were titled as quercetin 
equivalent. Folin-Ciocalteu method (Rubilar et al., 2011) helped 
in the obtaining of polyphenols, and the results were expressed as 
gallic acid equivalents (GAE). Total tannins were determined by 
the Folin-Ciocalteu technique (Velioglu	et	al.,	2006). The amount 
of alkaloids from the maqui leaves extract were calculated by alka-
line titration (Ordoñez et al., 2006), the results being expressed as 
milligrams of hyoscyamine.

4.3 antioxidant capacity and extract stability
The antioxidant capability was determined by two methods: by 

inhibiting the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS) free radical (Kuskoski et al., 2005), and by inhibit-
ing 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical (Koksal 
et al., 2011). The oxidation processes are prevented by the use of 
chromogenic compounds (DPPH and ABTS), which can capture 
free radicals. Quantifying the total phenols for 5 mo at 30-d inter-
vals in refrigerated samples, the stability of the maqui leaf extract 
could be determined.

4.4 identification and Quantification of phenolic 
compounds in the extract

The determination of phenolic components were identified 
with a high performance liquid chromatography (HPLC) (Series 
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1050, Hewlett-Packard, Hopkins, Minnesota, USA) with a LiChro-
spher 100 RP-18 (5 µm, 125-4 mm) column, and elution solvent 
mixtures A (96% ultrapure water; 3% acetic acid, and 1% aceto-
nitrile) and B (72% ultrapure water; 3% acetic acid, and 25% ace-
tonitrile). The gradient was realized beginning with 100% A, and 
ending with 100% B (0–10 min), and maintained for 40 min at 
100% B, after which the column was set up at the initial 100% A. 
The flow was 0.8 mL min−1	detected	in	UV	at	280	nm,	by	absor-
bance. The standards corresponded to flavonoids phenolic acids 
and grade HPLC (Merck, Darmstadt, Germany).

4.5 Microencapsulation by extract emulsion
The maqui leaf extract microcapsules were obtained using 

the water-in-oil emulsions (W/O) (Fig. 11.5). The aqueous phase 
emulsion was prepared by dissolving 0.25% maqui leaf extract in 
ethanol solution and 5 and 15% gum arabic in distilled water. After 
10–15 min, when the gum arabic was dissolved, the extract was 
added. The oil phase consisted of 1 and 2% nonionic surfactant 
(Tween®	80)	and	pure	liquid	Vaseline.	Both	phases	were	homog-
enized at 60°C in a thermostatic bath, and then stirred for 5 min. 
Water-in-oil emulsions were prepared by dissolving 20% aqueous 
phase with 80% oil phase. The emulsification process was per-
formed by progressively dispersing aqueous phase into oil phase 
in a magnetic stirrer agitator at the temperature of 60°C for 5 min. 
After that, an Ultra-Turrax T18 homogenizer (Fisher Scientific, 
Waltham, Massachusetts, USA) was used to mix them, increasing 
the speed from 0 to 10,000 rpm every 20 s for 3 min. Subsequent-
ly, emulsions were cooled to room temperature (∼23°C) for later 
analysis.

Figure 11.5. Aqueous and oil phase concentrations used to obtain microcapsules.
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4.6 determination of Microcapsule Yield, size, 
and Morphology

The overall percentage yield (OY%) was counted by the ratio 
of microcapsule mass as a function of the mass of dry solids to 
encapsulate. From the total microcapsule mass could be calculat-
ed the microencapsulation yield (MY%), as a function of the total 
emulsion mass. Using an optical microscope (Carl Zeiss Standard 
25 ICS) with a 100× objective, the microcapsules could be directly 
observed. In order to find the average size, the microcapsules’ di-
ameter was measured on two fields of 20 randomly selected units. 
Both the external and internal structural particularities were ob-
served with a scanning electron microscope (SEM, JEOL JSM-6380 
LV,	Tachikawa,	Tokyo,	Japan).	The	microcapsules	were	then	dried	
at ambiental temperature for 1 mo. After that, the microcapsules 
were sprinkled in samples of 10 × 10 mm, and a double-sided ad-
hesive tape was added on the surface, to provide adhesion. After 
this process, they were put into a sputter coater (Edwards S150, 
England)	metallizer	and	covered	with	gold,	and	viewed	at	30	kV	
on a Scanning Electron Microscope, at 3,700× magnification. The 
images were provided using a digital camera, with the microscope 
operative system, in order to obtain the micrographs.

4.7 determination of Microcapsule 
antioxidant capacity

About 1 g of microcapsules was washed in 10 mL water-
isopropanol (6:1) solution and stirred in a regulated vortex mixer 
(ZX3,	Velp	Scientifica,	Usmate,	Italy)	for	5	min.	The	microcapsules	
were then frozen for 90 min at –18°C, and thawed at room tem-
perature. The probes were stirred for 2 min in a vortex mixer, and 
centrifuged for 15 min at 6000 rpm, at room temperature. After 
consecutive washings with isopropanol-water (1:6), the aqueous 
phase was extracted with syringes, evaluating the antioxidant 
capacity using the ABTS method.

4.8 statistical analysis
The influence of gum arabic concentrations (5 and 15%) were 

performed at 5% significance level, in the aqueous phase of the W/O 
emulsion. With the Duncan’s test (P < 0.05), there could be com-
parison with the means. The normality was checked in accordance 
with Modified Shapiro Wilks and the homogeneity of variances 
in conformity with Bartlett. There was performed Kruskal-Wallis 
nonparametric	ANOVA	and	a	Conover (1999) contrast test in order 
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to establish the surfactant influence on the antioxidant activity 
of the extract released from the microcapsules. Using an InfoStat 
Professional version 2008 software (Di Rienzo et al., 2008), there 
were achieved the statistical analyses.

4.9 characterization of Maqui leaf extract
The qualitative screening and chemical characterization of ma-

qui leaf ethanolic extract at 1% mostly shows flavonoids at a con-
centration of 0.061 ± 0.01 mg mL–1, phenolic compounds acting as 
colorings, antioxidants, and providing flavor to the species that con-
tain them. Tannins and alkaloids were also identified with concen-
trations of 0.615± 0.02 mg mL–1 and 1.447 ± 0.01 mg mL–1, respectively.

The general phytochemical analysis of A. chilensis coincides 
with Pastene (2009) regarding the presence of flavonoids. These 
authors point out that flavonoids would be present as heterosides 
since genins are mostly soluble in nonpolar solvents, while tan-
nins have a lower degree of polymerization. Extracts of the fla-
vor to the species that contain them. Tannins and alkaloids were 
also identified with concentrations of 0.615 ± 0.02 mg mL–1 and 
1.447 ± 0.01 mg mL–1, respectively.

The general phytochemical analysis of A. chilensis coincides 
with Pastene (2009) regarding the presence of flavonoids. These 
authors point out that flavonoids would be present as heterosides 
since genins are mostly soluble in nonpolar solvents, while tan-
nins have a lower degree of polymerization. Extracts of the Chil-
ean A. chilensis species have shown interesting results both for 
antioxidant action and antibacterial capacity due to the phenolic 
composition of leaves (Suwalsky et al., 2008; Rubilar et al., 2011).

Flavonols and phenolic components of flavonols found in the 
analyzed extract coincide with those reported by Céspedes et al. 
(2010), who determined the presence of ferulic acid, rutin, quer-
cetin, and mirecetin by HPLC in the A. chilensis methanolic extract 
and aqueous extract, as well as isoquercetin and α-catechin in the 
above fractions.

Quantifying maqui leaf extract phenolic components by HPLC 
(Table 11.1) confirmed the preponderance of phenolic acids 
(54.36%), flavonoids (42.10%), and stilbenes (3.55%). Identifying 
the components (Fig. 11.6) and their relative quantities (%) in the 
maqui leaf ethanolic extract showed higher percentages of pheno-
lic acids (47.55% gallic acid), flavonols (21.75% catechin), and an-
thocyanins (14.45% pelargonidin). These have a general structure 
consisting of two aromatic rings linked by three carbons forming 
an oxygenated heterocyclic ring substituted with hydroxyl groups 
whose basic structural formula is made up of anthocyanidins.
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4.10 determination of extract antioxidant capacity
The DPPH method determined that the antioxidant capacity 

of maqui leaves ethanolic extract is 158.15 ± 3.36 mM EAG (extract 
at 0.1%) and 189.50 ± 10.25 mM EAG in the case of 1% extract. For 
0.1%, the ABTS method showed 165.08 ± 7.12 mM EAG, while for 
1% extract, the results were 165.650 ± 9.94. The results obtained 
are higher than those obtained by Rubilar et al. (2011), who got val-
ues of 47.03 ± 0.1 mM. EAG using the DPPH method, where a total 
polyphenols content in crude maqui leafs extracts of 69.0 ± 0.9 mg 
EAG g−1. The increased antioxidant capacity obtained in the pres-
ent study is the result of working with a hydroalcoholic solution 
(60:40), with a 1:6 solid-solvent ratio, being previously studied in 
comparison with the quantification of total phenols (40 ± 0.57 mM 
EAG) in different solvents.

Rubilar et al. (2011), demonstrated that in comparison with the 
myrtle leaf extract, the maqui leaf extract has a higher antioxidant 
capacity. Using ethanol water (50:50) as a solvent and a 1:5 solid-
solvent ratio, the polyphenol contents were 32.5 ± 3.1 mg EAG g−1. 
This fact confirms the correction in extraction capacity, in the case 
when the percentage of ethanol is higher. During refrigerated stor-
age for 5 months, the stability of the extract antioxidant capacity was 
100% inhibition of DPPH radical at 1% and 95% inhibition at 0.1%. 

Table 11.1 Phenolic Compounds of Maqui (Aristotelia 
chilensis) Leaf Extract

Phenolic Compounds µM %
Phenolic acids

Hydroxybenzoic acid 
Hydroxybenzoic acid

399.18 
57.14

47.55
6.81

Flavonoids

Flavonols Quercetin
isoquercetin
mirecetin
rutin

10.92
2.91
18.95
15.05

1.30
0.35
2.26
1.79

Anthocyanins Pelargonidin
peonidin

121.29 1.71 14.45 
0.20

Flavonols
Stilbenes

catechin
resveratrol

182.59
29.79

21.75
3.55
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Figure 11.6. HPLC chromatogram of maqui leaf extract (detection in nanometers). (1) Flavonoid; (2) Gallic acid; (3) Catechin; (4) Rutin; (5) Unknown 
Flavonoid; (6) Isoquercetin; (7) Peonidin; (8) Pelargonidin ; (9) Coumaric acid; (10) Mirecetin; (11) Resveratrol; (12) Quercetin.
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Using the Folin-Ciocalteu technique, the total amount of polyphe-
nol of the maqui leaf extract was 78.5 ± 0.43 mM EAG, decreasing 
with only 10% after 5-mo storage. The results are similar with those 
obtained by Avello et al. (2009), who obtain a high value of phenol 
content in the A. chilensis hydroalcoholic extract, of 40.00 ± 0.1 mM 
EAG. In a similar manner, the research on maqui leaf hydroalcoholic 
extract (60:40) at 1%, shows 100% inhibition of the DPPH radical, 
and an increased antioxidant capacity, between 6.0 and 0.6 µM EAG.

4.11 encapsulation of Maqui (Aristotelia Chilensis) 
leaf extract

Because the maqui leaf extract is soluble in water, there was se-
lected a W/O emulsion. By combining the gum arabic which pos-
sess important properties like low viscosity, high solubility in water, 
mild flavor, and also good superficial activity, with the extract, there 
was obtained the aqueous phase. The oil phase was realized using 
liquid	Vaseline	and	1%	and	2%	concentrations	of	surfactant	(Tween	
80) with a reduced hydrophilic-lipophilic balance (HLB 3.3), select-
ed	for	the	capacity	of	forming	stable	W/O	emulsions.	Vaseline	type	
Tween	80	(HLB	15)	was	soluble	in	liquid	Vaseline	(HLB	4).

The emulsion stability increases with the decreases of the size, 
against gravitational separation. There was not observed a creaming 
process in time; this fact suggests that there are resistant interfacial 
forces which, due to the repulsive forces occurred between the mi-
crocapsules for steric stabilization mechanisms, prevent the coales-
cence process and produce a stable emulsion (Marcuzzo et al., 2010).

An important advantage was the small diameter with dimensions 
less than 100 µm, preventing the side effects on the sensorial char-
acteristics when they are used as ingredients in incorporations.

4.12 emulsion Yield
The best microcapsule yields were obtained with emulsions 

containing 5 and 15% gum arabic. An increase in gum arabic 
concentration provoked a significant decrease in encapsulation 
yield since gum arabic viscosity increases when its concentration 
increases; at 20°C, a 30% gum arabic solution has a viscosity of 
361.5 cP, 16.7 cP at 15%, and only 7.6 cP at 5% (Table 11.2). Guarda 
et al. (2011) used gum arabic concentrations of 15 and 30% to 
obtain microcapsules of active compounds with antimicrobial ca-
pacity, for O/W emulsions; this reaffirms that gum arabic viscosity 
prevented good solubility of maqui leaf extract at concentrations 
higher than 15%.
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4.13 characterization of Microcapsules
Table 11.3 shows the overall and microcapsule yields with the 

mean droplet size diameter. Yields are within the range reported 
by Saénz et al. (2009) for phenolic compounds with variations be-
tween 20% and 80%.

Size was expressed as the mean diameter value of a total of 30 
droplets observed with an optical microscope (Fig. 11.7). Emul-
sion mean droplet diameter was 2.73 ± 0.37 and 2.91 ± 0.47 µm for 

Table 11.2 Gum Arabic Viscosity as a Function of 
Temperature

Viscosity Concentration

5% 10% 15% 20% 30%

Temperature (˚C) GA GA GA GA GA
cP

20.0 7.6 12.3 16.7 195.3 361.5

29.5 6.2 10.3 14.6 128.3 238.6

39.2 5.3 8.73 13.7 95.9 159.2

50.0 4.5 7.62 12.2 68.7 108.4

60.0 4.2 6.82 10.3 48.6 76.6

Ga, Gum arabic

Table 11.3 Mean Size and Yield of Microcapsules 
Prepared with Maqui Leaf Extract

Relationship Gumr: 
Tween 80 Microcapsule Yield Overall Yield Mean Size

% µm

5:1 37.69 ± 6.7 43.44 ± 8.0 2.93 ± 0.4

5:2 48.05 ± 16.8 55.38 ± 15.5 2.56 ± 0.3

15:1 39.15 ± 3.7 45.13 ± 4.3 2.80 ± 0.7

15:2 39.10 ± 0.6 45.07 ± 0.6 3.36 ± 0.2
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microcapsules with 5 and 15% gum arabic, respectively. Size dis-
tribution varied in accordance with the percentage of gum arabic.

Microcapsules with 5% gum arabic resulted in a bimodal size 
distribution with two maxima, the first at 2 µm and the second at 
approximately 5 µm, while microcapsules with 15% gum arabic 
resulted in a monodisperse size distribution with a maximum of 
approximately 2 µm. The values are consistent with the range of 
0.2–5 µm defined by Medonça et al. (2009). The droplet size nor-
mal distribution is shown in (Fig. 11.8). The interval of droplet size 
is between 1 and 10 µm with a distribution between 2 and 6 µm. As 
size decreases, emulsion stability increases against gravitational 
separation. A creaming process was not observed over time; this 
suggests that resistant interfacial forces occur, which produce a 
stable emulsion over time and prevent the coalescence process 
due to the repulsive forces between the microcapsules for steric 
stabilization mechanisms (Marcuzzo et al., 2010). The microcap-
sules diameters were less than 100 µm, which is an advantage to 
prevent adverse effects on the sensory characteristics when they 
are incorporated as ingredients.

Figure 11.7. Optical microscopy (100×) of microcapsules prepared in w/o emulsion 
containing 0.25% maqui leaf extract, gum arabic (GA), and Tween 80 (T80). (a) 5% 
Ga, 1% t80, (b) 5% Ga, 2% t80; (c) 15% Ga, 1% t80; (d) 15% Ga, 2% t80



 Chapter 11 Microencapsulated bioactive coMponents as a source of health  493

4.14 Morphology of Microcapsules with seM
The morphology of microcapsules can be studied using the 

scanning electron microscope, showing that the emulsions con-
tain a microcapsule population forming droplets with a spherical 
shape, which doesn’t present any damage or pores on their surface 
(Fig. 11.9), an increased degree of integrity, and also a reduced 
presence of nicks on the surface structure (McClements, 2012). 
This is due to the method used, in accordance with the results ob-
tained by Saénz et al. (2009), who used the spray-drying process, 
showing a patchy morphology of the surface, because it shrinks 
during the process of drying. Fig. 11.9 (1–8) illustrates the external 
topography of the microcapsules, with a concentration of 5% and 
15% of gum arabic. In both concentration of surfactant (1% and 
2%), there can be observed spherical capsules having with dis-
tinct compaction in the oil phase. The properties of gum arabic, 
the concentration of the surfactant, and the cross-linking from 
the water-in-oil emulsion give the size distribution. The agglom-
erates appear in a higher number when the concentration of the 
surfactant increases, the dilution in an aqueous medium being 
necessary. The choice of surfactant concentrations under study is 
therefore validated.

4.15 study of Microencapsulated Maqui leaf extract
The protective capacity of maqui leaves ethanolic extract is 

99.66%, of the radicals determined through ABTS technique, and 

Figure 11.8. Mean normal distribution of W/o droplet particle size measured by optical microscopy in samples of 5% 
(a) and 15% (b) gum arabic.
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96.68% in the case of using the DPPH method, the extract being 
considered a mixture of compounds that possess a high antioxi-
dant capacity. Another effect produced by the incorporation of 
gum arabic is the decreasing of the antioxidant capacity of the 

Figure 11.9. Micrographs (3700×) of microcapsules from W/O emulsion with 
0.25% maqui leaf extract, gum arabic (GA), and Tween 80 (T80). (a–b) 5% Ga, 
1%t80, (c–d) 5% Ga, 2%t80; (e,f) 15% Ga, 1% t80; (g–h) 15% Ga, 2%t80.
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extract, the inhibition being 94% using 5% gum arabic, and 93% 
in the case of 15% gum arabic. This fact can be attributed to the 
complex formed by gum arabic protein with the extract, this be-
ing also shown in other research study (Su et al., 2008), in which 
it was demonstrated that the aminoacid composition of gum ara-
bic manages the high molecular weight protein fraction to absorb 
the oil-water interface. The emulsifying property of gum arabic is 
dependent by the absorption capacity of the protein component, 
a distribution of the low and high molecular weight parts of the 
protein and the N content. Thereby, the complex formed by gum 
arabic microparticles with maqui leaf extract may produce a pow-
erful cross-linking effect by forming a three-dimensional network 
bonded by various polymer chains, reducing the capacity of swell-
ing of the cross-linked microparticles, and also the mobility of the 
macromolecular chains.

The type and content of aminoacid can be affected by the ad-
dition of gum arabic protein, defining the interfacial cross-linking 
(McClements, 2012) If the treatment means for the percentage an-
tioxidant capacity of the maqui extract is compared with the gum 
arabic concentration (5% and 15%) and surfactant (1% and 2%) 
(Table 11.4), it will be shown that the extract presents a high per-
centage of antioxidant capacity 165.08 mM EAG because it is dis-
solved in the aqueous phase.

The antioxidant capacity varies from the liberated microcapsule 
antioxidant capacity, decreasing from 94% to 30%. This decrease 
implies the liberation of the active principle from the internal 
aqueous phase by the external oil phase. Isopropanol:water 
solution was used to wash this phase, to reduce the phenolic 

Table 11.4 Mean Antioxidant Capacity of Prepared 
Microcapsules Compared with Maqui Leaf Extract

Samples

Variables Extract
5%
GA/l%T80

5%
GA/2%T80

15%
GA/l%T80

15% 
GA/2%T80

ABTS radical 
inhibition, %

99.66e 30.49 a 30.42 a 35.62 c 31.24b

Antioxidant 
capacity, mM EAG

165.08d 50.26 a 50.07 a 59.59 c 51.63 b

nonparametric Kruskal Wallis anova. different letters in the rows indicate differences: (P < 0.05) according to conover. Ga, Gum arabic
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compound polarity from the initial extract, in comparison with 
those kept in the microcapsule aqueous phase (Surh et al., 2007). 
Studies are oriented to avoid flavonoid deterioration, and try to 
find effective methods to prevent its degradation. This new tech-
nology of microencapsulation is proposed as an alternative for 
applying, using, and conserving bioactive agents. The gum arabic 
used as an encapsulating agent in the aqueous phase, develops a 
protective matrix of the phenolic components found in the maqui 
leaves extract. In order to obtain microcapsules (Onwulata, 2013), 
the W/O emulsion is stabilized by the surfactant action (Tween 80) 
in the droplet interface.

5 Conclusions
According to the properties of the component that will be en-

capsulated, the surfactant concentration, microcapsule size, and 
the composition of gum arabic, the encapsulation technology by 
water-oil (W/O) emulsion can be applied to maqui leaf extract 
in a ratio of 80% oil phase and 20% aqueous phase. Maqui leaf 
extract antioxidant activity was 99.66% and the results for the 
aqueous phase of the emulsion were 94.38% for 5% gum arabic 
and 93.06% for 15% gum arabic. This verifies the capacity of gum 
arabic concentrations as an encapsulating material to reach the 
highest antioxidant capacity of the extract in the aqueous phase 
of the emulsion. The average antioxidant activity of the maqui 
leaves extract microcapsules was 30% compared to 94% in the 
aqueous phase of the emulsion. This gradient is given by the loss 
of polarity of the extract’s phenolic components in the aqueous 
phase after the external oil phase was removed by washing it in 
an isopropanol-water mixture. This study determined the influ-
ence of 80% concentration of the external oil phase as an impor-
tant factor in the measuring of antioxidant capacity in the internal 
aqueous phase of the microcapsule. The obtained results show 
that W/O microcapsules are an alternative for the natural preser-
vative systems, alongside with their synthetic counterparts.
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1 Introduction
Oil/water (O/W), bicontinuous, and water/oil (W/O) microemul-

sions are at least three-component (oil, water, surfactant) systems 
that form spontaneously provided the adequate temperature and 
proportions of the ingredients for their formation are met. However, 
frequently a cosurfactant such as a low-molecular weight alcohol is 
used in O/W microemulsions. These isotropic, optically transparent 
and thermodynamically stable systems can be used to incorporate 
lipophilic water-insoluble materials (O/W microemulsions), such 
as beta-carotene, into food and beverage compositions, whereas 
W/O microemulsions are used to incorporate water-soluble ma-
terials. Because of their small droplet size (5–100 nm in diameter), 
the visible light is not scattered and thus microemulsions appear as 
clear or transparent solutions. To our knowledge, microemulsions 
were first introduced by Hoar and Schulman (1943) at Cambridge 
University. Hoar and Schulman came up with a transparent homo-
geneous solution by titrating a turbid emulsion with hexanol. They 
prepared the first reported microemulsion by dispersing oil in an 
aqueous amphiphiles solution and incorporating an alcohol as co-
surfactant, to produce a transparent stable formulation. Schulman 
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and coworkers subsequently termed these systems as microemul-
sions (Schulman et al., 1959). Alternative names for these systems 
are often used, such as transparent emulsion, swollen micelle, mi-
cellar solution, and solubilized oil. However, some of these terms are 
misleading and the term microemulsion is preferred, even though 
characteristic dimensions of microemulsions are in the nanometer 
scale (micro- means 10−6 and nano- means 10−9). Since their in-
troduction, microemulsions have been used in many fields: fuels, 
detergents, agrochemicals, soil remediation, foods, pharmaceutics, 
and cosmetics (Eccleston, 1988; Paul and Moulik, 1997, 2001; Law-
rence and Rees, 2000; Zheng et al., 2011; Peltola et al., 2003; Valenta 
and Schultz, 2004), and have been reviewed many times (Sharma 
and Shah, 1985; Paul and Moulik, 2001; Salager et al., 2005; Flana-
gan and Singh, 2006; Boonme, 2007; Garti and Yuli-Amar, 2008; Li 
et al., 2014). Additionally, a number of books have been published 
on microemulsions, some of the most recent are the books by Najjar 
(2012); Fanun (2008), and Stubenrauch (2008).

Attractive characteristics of microemulsions for food, pharma-
ceutical, and cosmeceutical applications are their ultra-low in-
terfacial tension (close to water) between the immiscible phases, 
their simplicity of manufacture (mixing of components with gentle 
agitation), and their capacity to solubilize hydrophobic and hy-
drophilic compounds (Fanun, 2012). Further, microemulsions are 
nonviscous liquids and possess the not shear-dependent flow be-
havior of Newtonian type and they have been found to be suitable 
for applications in beverages and drug solubilization (Spernath 
and Aserin, 2006). An interesting type of microemulsions are the 
U-type, which consist of a single isotropic region which upon di-
lution shows a continuous transition from W/O microemulsion to 
an O/W microemulsion with no phase separation. In general, most 
microemulsions for pharmaceutical and cosmetic applications are 
prepared with nonfood grade surfactants and oils. Health concerns 
in the development of food systems for human consumption are 
stricter than for pharmaceutical and cosmetic uses, regarding the 
type of surfactant and oil. Thus, it is more difficult the formulation 
of U-type, or any other class, microemulsions for food applications 
(Garti et al., 2003). As an example of a successful formulation of a 
microemulsion, Spernath et al. (2003) demonstrated the use of U-
type food-grade microemulsions as vehicles for solubilizing phytos-
terols in amounts up to 12 times more than their solubility in R-(+)-
limonene. Phytosterols are steroid alcohols naturally occurring in 
plants (plant sterols): administration of phytosterols to human sub-
jects reduces the total plasma cholesterol and LDL (low-density li-
poprotein) cholesterol levels (Pelletier et al., 1995; Jones et al., 1997).

Some food and beverage products need to have an appear-
ance that is either transparent or slightly cloudy, such as fortified 
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waters and beverages. Thus, flavor or aroma delivery systems must 
not affect these optical attributes so that consumer attraction for 
these goods is unaffected. Microemulsion systems are ideally suit-
ed to carry out this function by encapsulating aromas and flavors 
 (Sanguansri and Augustin, 2006; Garti, 2003). Aromas and flavors 
have already been encapsulated in microemulsions, for instance, 
Rao and McClements (2011b) demonstrated the preparation of 
flavor oil (lemon oil) microemulsions using the GRAS surfactant 
Tween 80. Their research provides useful information into the 
preparation and stability of different types of food grade colloid 
dispersions (emulsions, nanoemulsions, and microemulsions) 
containing flavor oils. Lin et al. (2014) report microemulsions pre-
pared with completely food grade components (surfactants: soy-
bean lecithin and Tween 80; soybean oil as oil phase) for the en-
capsulation of curcumin and pinpoint that their results have the 
capability to provide cutting-edge applied techniques in the area 
of nutraceuticals and functional foods. Food applications of nano-
encapsulation for targeted delivery of bioactives (eg, vitamins, car-
otenes, polyphenols, omega-3 fatty acids, coenzyme Q10, etc.) are 
just appearing. A basic strategy to deliver nutrients, proteins, and 
antioxidants to the body more effectively through food products 
is nanoencapsulation (Sanguansri and Augustin, 2006). Encap-
sulation can also reduce the evaporation rate of volatile species 
such as flavors and aromas. However, there is still need in the area 
of target release of bioactives in the body via encapsulation tech-
nologies using exclusively food-grade encapsulants. Further, as 
pointed out by Sanguansri and Augustin (2006), in the near future, 
food will not only need to be a good source of nutrients with good 
sensory appeal, but also contribute to the well-being and health of 
individuals. Almost a decade after this statement, nanoencapsula-
tion of food ingredients is still a pending issue for development.

Self-microemulsifying delivery systems (SMEDS) represent an 
alternate approach to nanoencapsulation of flavors, aromas, drugs, 
nutraceuticals, and cosmeceuticals. In a recent paper, Chu et al. 
(2014) report the use of SMEDS and SEDS (self-emulsifying delivery 
systems) to enhance the absorption of lipophilic drugs. SEDS and 
SMEDS are mixtures of oils and surfactants, ideally isotropic and 
sometimes containing cosolvents, which emulsify spontaneously 
to produce fine O/W emulsions or microemulsions when intro-
duced into an aqueous phase under gentle agitation (Gursoy and 
Benita, 2004; Ritesh et al., 2008). The advantages of some formula-
tions using the SMEDS and SEDS approach as well as commercial 
products are summarized by Patel et al. (2008). These systems are 
well suited for encapsulation of essential oils and nutraceuticals. 
To our knowledge there are no reports on the use of the SMEDS 
techniques for encapsulation of food components.
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1.1 Surfactants
The term surfactant (surface-active-agent) designates a sub-

stance which exhibits some superficial or interfacial activity. Sur-
factants are amphiphiles although not all of them display surface 
activity; in effect, only the amphiphiles with more or less equili-
brated hydrophilic and lipophilic tendencies are likely to migrate 
to the surface or interface. All surfactants have a polar or ionic 
portion, hydrophilic head, attached to a nonpolar hydrophobic 
tail (a hydrocarbon or fluorocarbon chain containing 8–18 carbon 
atoms) (Tadros, 2005). Depending on the nature of the hydrophil-
ic head, surfactants can be classified as cationic, anionic, zwitter-
ionic, and nonionic. Cationic surfactants have a positive charge 
on their polar group (linear alkyl-amines and alkyl-ammoniums, 
etc.), whereas anionic surfactants have a negative charge (car-
boxylates, sulfates, sulfonates, etc.). Zwitterionic surfactants have 
both positive and negative charges (eg, trimethylammonium car-
boxylates, commonly known as betaines), depending on the en-
vironment in which they are placed. Nonionic surfactants have 
no charge on their hydrophilic group (ethoxylated alcohols and 
alkylphenols, fatty acid esters, etc.) (Sekhon, 2013). Fig. 12.1 shows 
a schematic representation of this classification.

Surfactant chains may be saturated or unsaturated, linear or 
branched, aliphatic and/or aromatic, but most food grade surfac-
tants have either one or two linear aliphatic chains, which may 
be saturated or unsaturated. Not all surfactants perform the same 
and care should be taken in their selection. To select a surfactant 
for a given application, the molecular structure and conditions 
in which it will be used have to be accounted for. The chosen 

Figure 12.1. Different types of surfactants.
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surfactant must meet besides technical aspects (physicochemical 
performance, usage levels, ingredient compatibility, stability, 
and ease of utilization), legal status, and costs (McClements 
et al., 2009).

Kralova and Sjöblom (2009) review the surfactants used in the 
food industry and critically analyze the main parameters for the 
hazard assessment of food surfactants: acute toxicity, subacute 
repeated studies, allergy, reproductive toxicity, long-term studies, 
and mutagenicity tests. They also include a detailed discussion 
of biosurfactants and point to the potential applications of these 
surfactants as multipurpose ingredients or additives because of 
their combination of specific features such as emulsifying, antiad-
hesives, and antimicrobial activities.

The role of surfactants in microemulsion formulation is to low-
er the interfacial tension which facilitates the dispersion process 
and provides the flexibility of the droplets. The surfactant should 
have the appropriate lipophilic character to give the correct cur-
vature at the interfacial region. The emulsifying capability of an 
agent may be classified according to the hydrophile-lipophile 
balance (HLB) in its molecules. This is a function of the weight 
percentage of hydrophilic groups in the molecule (Kralova and 
Sjöblom, 2009). HLB values for commercial emulsifying agents 
range from 1 to 20. Generally, low HLB surfactants form W/O mi-
croemulsions (HLB < 12), high HLB (> 12) are suitable for O/W 
microemulsions. Commonly used surfactants are aerosol OT, and 
mainly, nonionic surfactants, such as polysorbates, alkyl poly-
ethers, and sorbitan monoesters (Salager, 2002).

In general, microemulsions require higher surfactants/
cosurfactant concentration than their counterparts, emulsions 
and nanoemulsions, to reduce the surface tension between oil 
phase and water phase which leads to increased toxicity (Lin 
et al., 2014). Several surfactants are used in food and pharma-
ceutical applications. In food applications surfactants have been 
used as dispersing agents, emulsifiers, foamers, stabilizers, and 
so forth. (Kralova and Sjöblom, 2009), while in pharmaceutical 
applications, for solubilization of hydrophobic drugs in aqueous 
media, as components of emulsions, as surfactant self-assembly 
vehicles for oral and transdermal drug delivery, as plasticizers in 
semisolid delivery systems, and as agents to improve drug ab-
sorption and penetration (Sekhon, 2013; Kumar et al., 2011). Two 
series of commercial nonionic surfactants widely used in foods 
and pharmaceutics formulations are sorbitan esters (Span brand 
or equivalent) and their ethoxylated derivatives (Tween brand or 
equivalent). The lipophilic group in these surfactants ranges from 
one monolaureate unit (C12) to three oleate units (three C18). 
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These molecules although of some complexity, are easy to prepare 
from commonly available natural raw materials (eg, fat), which 
make them biologically compatible for food and pharmaceutical 
applications (Salager, 2002). In the case of cosmeceuticals, mild 
surfactants in the vehicle have been selected, typically anionic 
surfactants, although more recently nonionic and amphoteric 
surfactants, which are now considered milder than anionic types, 
are preferred (Epstein, 2009). Table 12.1 shows a compilation of 
biocompatible surfactants that have been used in food, nutraceu-
tical, and pharmaceutical applications. Table 12.1 is not exhaus-
tive but gives an idea of the surfactants available to the food tech-
nologist to formulate products. Among all, nonionic surfactants 
predominate, mainly the sorbitan oleates (Span series) and the 
polyoxyethylene sorbitan oleates (Tween series).

1.1.1 Synthetic Surfactants
The demand for synthetic surfactants is one of the highest 

and more widespread among all chemicals (Kulapina et al., 2013) 
because of their many industrial applications. The use of surfac-
tants in food manufacture goes back to the decade of 1930: the 
margarine industry introduced the use of mono- and diglycerides 
(Csáki, 2011). However, the breakthrough in the use of surfac-
tants in the food industry occurred during the 1960s in the United 
Kingdom with the invention of a process to reduce the fermenta-
tion periods in breadmaking by the use of a dough preparation 
and maturation high-speed mixing machine (Cauvain, 2003). 
This process makes use of chemical improvers, including surfac-
tants. In 2008 the worldwide production of 20 different types of 
food surfactants was close to 500,000 tons, and 50% of these were 
used by the baked foods industry. In the food products industry, 
six groups of synthetic surfactants are more widely used as follows 
(Csáki, 2011).

1.1.1.1 Mono- and Diglycerides of Fatty Acids
These surfactants are the most popularly used emulsifiers in 

the food industry. They are nonionic surfactants made from natu-
ral raw materials. Their use is in bakery products, frozen desserts, 
icings toppings, and peanut butter.

1.1.1.2 Diacetyltartaric Acid Esters of Mono- and Diglycerides
Anionic surfactants are more hydrophilic than its constituents 

(mono- and diglycerides). The use of these surfactants is as dough 
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Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications

Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Synthetic surfactants

Sorbiton monolaurate 
(Span 20), sorbitan 
monooleate (Span 80), 
sorbitan sesquioleate 
(Span 83), and sorbitan 
trioleate (Span 85)

Nonionic Span 20: 8.6, 
Span 80: 4.3, 
Span 83: 3.7, 
Span 85: 1.8

Suspension aerosols Mishra et al. (2009)

Sorbitan monopalmitate 
(Span 40), sorbitan 
trioleate (Span 85), cetyl 
trimethyl ammonium 
bromide (CTAB)

Nonionic and 
cationic

Span 40: 6.7, 
Span 85: 1.8, 
CTAB: 10

Transdermal drug 
delivery systems as 
permeation enhancers

Pang and Han (2014)

Polysorbate 20 (Tween 20) Nonionic 16.7 Clove bud oil and 
eugenol microemulsions 
were used as 
antioxidant and 
antimicrobial activities

Hamed et al. (2012), 
cited by Xue (2015)

Transdermal penetration 
drug

Mishra et al. (2009)

Stabilizer in 
poly(alkylcyanoacrylate)
nanoparticles 
(biodegradable 
polymer). Tissue 
adhesives in surgery 
(well tolerated in vivo)

Couvreur et al. 
(1979), cited by 
Soppimath et al. 
(2001)

Polysorbate 60 (Tween 60) Nonionic 14.9 Stabilizer in order to 
study the solubilization 
of phytosterols and 
cholesterol in R(+)-
limonene as oil phase

Spernath et al. 
(2003), cited by 
Spernath and Aserin 
(2006)

(Continued)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Preparation of essential 
oil microemulsions

Ma and Zhong (2015)

Elaboration of 
nanoemulsion using 
cinnamon oil as 
antimicrobial agent

Ghosh et al. (2013b)

Polysorbate 80 or 
polyoxyethylene sorbitan 
monooleate (Tween 80)

Nonionic 15 Parenteral phospholipid-
based microemulsion 
containing etoposide as 
anticancer drug

Jain et al. (2010)

Parenteral products 
(polysorbates) to 
prevent aggregation; 
intramuscular 
administration

Broadhead and 
Gibson (2009)

Ophthalmic suspension Gibson (2009)

U-type microemulsion 
systems used for 
the solubilization of 
nutraceuticals

Garti et al. (2006), 
cited by Spernath 
and Aserin (2006)

U-type microemulsion 
systems using R(+)-
limonene/ethanol 
(1:2 w/w) as oil phase 
for the solubilization of 
lutein

Garti (2003), cited by 
Spernath and Aserin 
(2006)

Tweens 20, 40, 60, and 80 Nonionic Tween 20: 16.7, 
Tween 40: 15.6, 
Tween 60: 14.9, 
Tween 80: 15

Stabilizer and 
solubilization of 
lycopene (essential oil) 
via microemulsions

Spernath et al. 
(2002), cited by 
Spernath and Aserin 
(2006)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Polyoxyethylene sorbitan 
monolaurate (Tween 20) 
and polyoxyethylene 
sorbitan monopalmitate 
(Tween 40)

Nonionic Tween 20: 16.7, 
Tween 40: 15.6

Highly aqueous 
dilutable 
microemulsions 
using R-(+)-limonene 
(essential oil), ethanol, 
water, and propylene 
glycol

Kalaitzaki et al. 
(2015)

Polyoxyethylene sorbitan 
monostearate (Tween 
60) and polyoxyethylene 
sorbitan monooleate 
(Tween 80)

Nonionic Tween 60: 14.9, 
Tween 80: 15

Microemulsions using 
R(+)-limonene as oil 
phase

Garti and Yuli-Amar 
(2008)

Tween 20 (Polysorbate 
20) and/or Cremophor EL 
(polyoxyl 35 castor oil)

Nonionic Tween 20: 16.7, 
Cremophor EL: 
12–14

U-type microemulsion 
systems; oil phase: 
Capmul PG8 (propylene 
glycol monocaprylate) 
containing flurbiprofen 
as active ingredient

Li et al. (2005), cited 
by Spernath and 
Aserin (2006)

Polysorbates 20 and 80, 
tyloxapol, glyceryl diolate, 
and glyceryl monoleate

Nonionic, 
zwitterionic, 
cationic

Tween 20: 16.7, 
Tween 80: 15, 
Tyloxapol: 13

Nasal spray products 
that contain 
therapeutically active 
ingredients

Day (2009)

Tween 80 and Cremophore 
EL

Nonionic Tween 80: 15, 
Cremophore EL: 
12–14

Intravenous 
formulations using 
docetaxel and 
cyclosporin as drugs

Siddalingappa et al. 
(2013)

Sorbitan monolaurate 
(Span 20) and 
polyoxyethylene sorbitan 
monooleate (Tween 80)

Nonionic Span 20: 8.6, 
Tween 80: 15

Increase solubility of 
tricaprylin as oil phase

Kim et al. (2005), 
cited by Spernath 
and Aserin (2006)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)

(Continued)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Nonionics: sorbitan 
esters (Spans) and the 
polyoxtetylene derivatives 
(Tweens), anionics: 
triethanolamine oleate and 
sodium lauryl sulfate (SLS, 
same as SDS)

Nonionic and 
anionic

Emulsifying agents Mishra et al. (2009)

Polyethylene 
glycol/polysorbate 
(Tween 80) and 
carboxymethylcellulose/
polysorbate (Tween 80)

Nonionic Tween 80: 15 Aqueous suspensions 
using leuprolide acetate 
and dexamethasone 
acetate as drugs

Strickley (1999), 
cited by Broadhead 
and Gibson (2009)

Sorbitan ester (Spans), 
polysorbates (Tweens), 
poloxamers (Pluronics), 
quaternary ammonium and 
pyridinium, sodium SDS

Nonionic 
(Spans, Tweens, 
Pluronics), 
cationic, and 
anionic (SDS)

Pharmaceutical 
formulation or 
emulsifying agents for 
oil-in-water or water-
in-oil emulsions and 
wetting agents

Attwood and 
Florence (2012)

Polyoxyethylene sorbitan 
fatty acid esters (Tween), 
polyoxyethylene stearates 
(Myrj), and the sorbitan 
fatty acid esters (Span 
and Arlacel), dioctyl 
sodium sulfosuccinate 
(Aerosol OT)

Nonionic Aerosol OT: 10.5 Suppository 
formulations

Mishra et al. (2009)

Polyoxyethylene 
ethers, SLS, quaternary 
ammonium compounds

Nonionic, 
anionic, cationic

Enhancers to drug 
absortion from the 
gastrointerstinal tract

Ungell and 
Abrahamsson (2009)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Sodium lauryl sulfate (SLS) Anionic 40 Surfactant that could 
be added to the test 
medium to solibilize 
the drug

Shah et al. 
(1989), cited by 
Abrahamsson and 
Ungell (2009)

Tween (unspecified), 
sodium lauryl sulfate, 
cetyltrimethylamonium 
bromide (CTAB)

Nonionic, 
anionic, and 
cationic

SLS: 40, CTAB: 
10

Different hydrophilic 
matrix extended-release 
tablets using felodipine 
as drug

Abrahamsson et al. 
(1994), cited by 
Abrahamsson and 
Ungell (2009)

Cremophor EL (surfactant) 
and carbitol (cosurfantant)

Nonionic Cremophor EL: 
12–14, carbitol: 
4.2 (estimated 
from Zainol 
et al., 2015) 

Improved drug loading 
capabilities using 
Capryol 90 as oil phase 
and simvastatin as drug

Kang et al. (2004), 
cited by Spernath 
and Aserin (2006)

Labrasol or Tween 80 Nonionic Labrasol: 14, 
Tween 80: 15

Labrasol increases 
gentamicin (drug) 
solubilization in 
saline microemulsion, 
facilitates the 
transmucosal delivery 
of Gentamicin from the 
rat colon by forming 
microemulsions

Hu et al. (2001), 
cited by Spernath 
and Aserin (2006)

Labrasol Nonionic 14 As surfactant for the 
delivery of coenzyme 
Q10

Kommuru et al. 
(2001), cited by 
Spernath and Aserin 
(2006)

Surfynol 465 and 485W Nonionic Surfynol 465: 13, 
Surfynol 485W: 
17

Formation of micelles 
to inhibit the growth 
of Escherichia coli 
O157:H7 and Listeria 
monocytogenes using 
carvacrol and eugenol 
as essential oils

Gaysinsky et al. 
(2005), cited by Xue 
(2015)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)

(Continued)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Natural surfactants

Proteins and 
polysaccharides (natural 
polymers)

Natural emulsifiers/
stabilizers in the 
food industry; in the 
pharmaceutical field: 
capsule formation 
(gelatin), tablet binder 
(gum arabic, chitosan, 
hypromellose), 
suspending agent (gum 
arabic, hypromellose), 
mucoadhesive 
formulations (chitosan), 
matrix for extended 
release tablets 
(hypromellose), etc.

Rowe et al. (2006), 
cited by Bouyer et al. 
(2012)

Proteins: whey protein, 
casein (as sodium 
caseinate), soy protein, 
and gelatin

Whey protein: 
13–18

Improve the stability of 
food emulsions

McClements (2004), 
cited by Xue (2015)

Casein and whey protein 
from milk, gelatin, and 
myosin from meat or fish, 
and corn-zein, wheat 
gluten, soy protein, peanut 
protein, and cottonseed 
protein from plant sources

Whey protein: 
13–18, gelatin: 
9.8

Food-grade proteins 
for utilization as 
building blocks to form 
structured delivery 
systems

McClements et al. 
(2009)

Caseins, whey protein, 
pectin, or xanthan

Whey protein: 
13–18

Prepare multiple 
emulsions in order to 
obtain better stability

McClements et al. 
(2009)

Casein micelles Nanocapsules as 
delivery system 
using vitamin D2 as 
nutraceutical

Semo et al. (2007), 
cited by Quintanilla-
Carvajal et al. (2010)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Zein Protein found in maize 
used as emulsifier in 
food

Cabra et al. (2007), 
cited by Wu et al. 
(2012)

Food-grade 
polysaccharides: starch 
and its derivates, cellulose 
derivates, chitosan, 
alginate, carrageenan, 
pectin, xanthan gum, guar 
gum, locust bean gum, and 
so forth

Chitosan: 36.7 Food-grade 
polysaccharides that 
can be used to form 
structured delivery 
systems

Cui (2005), cited by 
McClements et al. 
(2009)

Polysaccharides: 
gum arabic, modified 
starches and celluloses, 
and some pectin and 
galactomannans and

Gum arabic: 8 Exhibit emulsifying or 
stabilizing properties in 
food applications

Dickinson (2009), 
cited by Xue (2015)

Gum arabic, lecithins (from 
soybean and egg yolk)

Gum arabic: 8, 
lecithin: 4, 7, 9

Pharmaceutical 
formulations

Hadi et al. (2011)

Carbohydrate polymer: 
derivatives cellulose, 
derivatives plant exudates, 
gum arabic, gum karaya, 
mesquite gum, soluble 
soybean, polysaccatide, 
carrageenan, alginate, 
xanthan, dextran and 
chitosan; protein: gluten 
(corn), isolates (pea, 
soy), caseins, whey 
proteins, and gelatin; lipid: 
glycerides, waxes, and 
phospholipids

Gum arabic: 8, 
whey protein: 
13–18, chitosan: 
36.7, gelatin: 9.8

Materials suited for 
microencapsulation in 
food industry

Zuidam and Nedović 
(2010)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)

(Continued)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Phospholipid: 
phosphatidylcholine, 
phosphatidylethanolamine, 
phosphatidylinositol, and 
phosphatidic acid

Natural emulsifying 
agents to prepare food 
emulsions

Bergenståhl (2008), 
cited by Xue (2015)

Phospholipids Elaboration of 
liposomes to 
encapsulate essential 
oil

McClements (2012a)

Egg lecithin 3 Parenteral emulsion 
(injectable) using 
propofol as drug and 
soybean as nature oil

Broadhead and 
Gibson (2009)

Proteins, polysaccharides, 
lipoproteins, glycolipids, 
polar lipids

Dispersing agents, 
emulsifiers, foamers, 
and stabilizers in food 
industry

Garti (1999), cited by 
Kralova and Sjöblom 
(2009)

Synthetic and natural surfactants

Nonionic: sorbitan esters 
(Span), polysorbates, 
polyoxyethylene alkyl 
ethers, polyoxyethylene 
alkyl esters, 
polyoxyethylene aryl 
ethers, glycerol esters, 
cholesterol; anionic: 
sodium dodecyl sulfate 
(SDS); cationic: cetrimide, 
benzalkonium chloride

Nonionic, 
anionic, cationic

SDS: 40 Surfactants in topical 
and transdermal 
delivery systems using 
different oil phases, 
for example, mineral 
oil, white soft paraffin, 
yellow soft paraffin, 
beeswax, stearyl 
alcohol, cetyl alcohol, 
cetostearyl alcohol, 
stearic acid; isopropyl 
palmitate, castrol oil, 
canola oil, cottonseed 
oil, jojoba oil, arachis 
(peanut) oil, lanolin 
(and derivates) 
silicone oils

Walters and Brain 
(2009)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)
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Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Nonionic: fatty acid esters 
of sorbitan (spans: 20, 40, 
60, 65, 80) and ethoxylated 
derivatives (Tweens: 20, 
40, 60, 65, 80, and 85) and 
poloxamer 188 more used; 
zwitterionic: phospholipids 
as phosphatidylcholine 
(lecithin); cationic: 
quaternary ammonium 
chloride also known as 
quats; anionic: sodium 
lauryl sulfate (SDS), dioctyl 
sodium sulfosuccinate, 
alkyl benzene sulfonates, 
alkyl ether phosphates, 
sodium lauryl sulfate

Nonionic, 
zwitterionic, 
cationic, and 
anionic

Span 20: 8.6, 
Span 40: 6.7, 
Span 60: 4.7, 
Span 65: 2.1, 
Span 80: 4.3, 
Tween 20: 16.7, 
Tween 40: 15.6, 
Tween 60: 14.9, 
Tween 65: 10.5, 
Tween: 80: 15, 
Tween 85: 11, 
SDS: 40

Nonionic: emulsifier, 
wetter, solubilizer 
and dispersant in 
pharmaceutical 
industry; zwitterionic: 
excellent 
dermatological 
properties; cationic: 
bactericidal activity; 
anionic: sodium 
lauryl sulfate is used 
pharmaceutically 
as a preoperative 
skin cleaner, having 
bacteriostatic action 
against gram-positive 
bacteria, and also in 
medicated shampoos

Sekhon (2013)

Polyoxyethylene sorbitan 
monooleate (Tween 80) 
and mixture of sucrose 
monopalmitate (SMP)

Nonionic Tween 80: 15 Lemon oil 
nanoemulsions using 
these stabilizers in 
order to improve the 
acidity stability of oil

Rao and 
McClements (2012), 
cited by Xue (2015)

Tween 80, egg yolk 
phospholipid, and 
cholesterol

Nonionic and 
zwitterionic

Tween 80: 15 Nanoliposomes as 
delivery system using 
coenzyme Q10 as 
nutraceutical

Xia et al. (2007), 
cited by Quintanilla-
Carvajal et al. (2010)

Poloxamers and lecithin Nonionic and 
zwitterionic

Lecithin: 4–9 Surfactants/emulsifying 
agents used as 
amphiphilic excipients 
in the elaboration of 
gelatin capsules

Davies (2009)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)

(Continued)
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conditioners for yeast-leavened baked products (eg, white bread, 
flour mixes for convenience foods). They also find applications in 
dairy products and are approved to be used in special infant formulae.

1.1.1.3 Sodium Stearoyl-2-Lactylate (SSL) and Calcium 
Stearoyl-2-Lactylate

The sodium and calcium stearoyllactylates are obtained from 
reacting fatty acids, lactic acid, with a suitable sodium or calcium 
source (Lauridsen, 1976). These anionic surfactants are used pri-
marily to prepare bread for better dough gas retention and dough 
stability; they also produce a finer cell structure in the product.

1.1.1.4 Sucrose Esters of Fatty Acids
Nonionic surfactants obtained by esterification of fatty acids 

with sucrose. Depending on the ester composition sucrose esters 

Generic, Chemical, or 
Trademark Name

Surfactant 
Type HLB Uses References

Methylcellulose 
(MC), hydroxypropyl 
methylcellulose (HPMC), 
carboxymethylcellulose 
sodium, polyvinyl alcohol, 
povidone, polyethylene 
glycol 400 (PEG-400), and 
poloxamer 407

MC: 10–12, 
HPMC: 10–12, 
poloxamer 407: 
18–23
PEG-400: 11.6

Surfactants/emulsifiers 
used as ophthalmic 
viscosity-enhancing 
agents

Gibson (2009)

β-Dodecyl maltoside 
(β-C12G2), an alkyl 
polyglycoside (APG), 
sucrose 6-monolaurin, 
saccharide-fatty acid ester, 
polysorbate (ethoxylated 
sorbitan-oleic acid 
ester), 1-monolaurin (a 
monoacylglycerol, or 
MAG), α-tocopheryl 
polyethylene glycol 
succinate (TPGS)

Nonionic TPGS: 13 Pharmaceutical 
preparation

Sandeep et al. (2013)

Table 12.1 Biocompatible Surfactants: Characteristics 
and Some Applications (cont.)
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can have a very wide HLB range (1–18) and consequently a wide 
variety of applications (dressing sauces, light mayonnaise, infant 
foods, dairy products, and ice creams). Sucrose fatty acid esters 
(SEs) are recognized as very functional emulsifiers. Otomo (2009) 
reports on the basic properties and applications of a group of 
SEs commercialized under the trade name of Ryoto Sugar Ester® 
(Mitsubishi–Kagaku Foods Corporation, Tokyo). The HLB values 
of Ryoto’s stearic series of SEs is from 1 to 16, that is, cover a wide 
range of needs in the food and nonfood industries to prepare O/W 
to W/O emulsion systems (emulsions, nanoemulsions, and micro-
emulsions).

1.1.1.5 Polyglycerol Esters of Fatty Acids (PGE)
This is another series of nonionic surfactants obtained by 

the esterification of vegetable long aliphatic chain acids (even 
number of carbon atoms, C10–C18) and polyglycerol. The HLB 
range of these surfactants can be between 3 and 18, and depends 
on the degree of glycerol polymerization (typically, 2–10 units 
long) (Hepworth, 2006), and the fatty acid/polyglycerol ratio 
(Csáki, 2011). Polyglycerol esters are applied in the formulation 
of low-fat margarines, spreads, butter creams, and breakfast 
cereals.

1.1.1.6 Sorbitan Esters of Fatty Acids (Span Series, HLB = 2–9) and Their 
Ethoxylated Derivatives Polysorbates (Tween Series, HLB = 10–17)

These chemicals are nonionic surfactants widely used in the 
food industry because of their excellent emulsifying proper-
ties, and also find applications as aerating agents and lubricants 
in cakes, toppings, cookies, and crackers. As an example, poly-
sorbate 60 (a Tween surfactant) is used as dough strengthener 
coemulsifier in bakery products. Sorbitan esters of fatty acids and 
polysorbates have been and are used in surfactant mixtures. As 
far back as 1980, the use of mixtures of Span 20/Tween 80 or Span 
60/Tween 60 to enhance physical stability of aqueous emulsions 
of the essential oil of hops was reported (Chilton and Laws, 1980). 
More recently, Losada-Barreiro et al. (2013) evaluated the effects 
of the HLB of mixtures of four nonionic amphiphiles (Tween 
20, 40, 80, and Span 20) on the partition, between the aqueous  
and oil phases, plus the interface, of gallic acid, propyl gallate, and 
alpha-tocopherol (antioxidants) in edible emulsions formulated 
with corn oil, acidic water, and a mixture. These antioxidants are 
frequently added in the industry to retard or inhibit lipid oxida-
tion in food products (an important chemical reaction that may 
occur during food processing and storage) causing loss of food 
quality.
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1.1.2 Natural Surfactants (Biopolymers)
Functional macromolecules such as polar lipids, proteins, gly-

colipids, polysaccharides, and phospholipids, have been known as 
good emulsifying agents and stabilizers in natural food colloids and 
in man-made food products ( Bouyer et al., 2012; Garti, 1999). These 
natural polymers are already used for pharmaceutical applications 
(Rowe et al., 2006). In the case of proteins, they are used as emulsi-
fiers in the formation and stabilization of fat emulsions, typically, 
sausages, bologna, soup, and cakes (Cabra et al., 2008).

1.1.2.1 Proteins
Many proteins can act as emulsifiers because of their ability 

to adsorb at the oil–water interface (Bouyer et al., 2012) increas-
ing emulsion stability. Many proteins are too hydrophobic, or too 
hydrophilic, and thus it is convenient to modify them by either 
chemical or enzymatic routes so that they become more surface 
active (Kralova and Sjöblom, 2009). Examples of native emulsifi-
ers used in dairy products like milk, ice cream are lactoglobulins, 
lysozymes, and ovalbumins (Kralova and Sjöblom, 2009). Chemi-
cally modified products, in some cases, perform even better than 
the native proteins; they appear in the market as modified soy 
proteins, egg proteins, and whey proteins.

1.1.2.2 Polysaccharides
Polysaccharides are rigid, water-soluble, and they are not 

considered as classical emulsifiers. Polysaccharides make good 
emulsion stabilizing agents because of their hydrophilicity, high 
molecular weight and oil–water interfaces forming an extended 
network in the continuous phase which becomes highly viscous 
and can even form a gel (Bouyer et al., 2012). Only few polysac-
charide derivatives possess surface properties that enable their 
adsorption at the oil–water interface (Laplante et al., 2005; Dick-
inson, 2009; Benna-Zayani et al., 2008; Dickinson, 2003).

1.1.2.3 Phospholipids
Phospholipids are natural, highly surface-active compounds 

widely used to prepare food emulsions (Garti, 1999). Frequently 
used phospholipid emulsifiers include phosphatidylcholine, 
phosphatidylethanolamine, phosphatidylinositol, and phospha-
tidic acid (Bergenståhl, 2008). Lecithin is a very common natural 
emulsifier with many health benefits that is widely accepted by 
consumers and legislators (Oke et al., 2010). The main source of 
vegetable lecithin is soybeans: soy lecithin is extracted from the 
by-product of soybean oil (Wu and Wang, 2003).
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1.1.3 Mixtures of Surfactants
Small molecule surfactants and polysaccharides are two groups 

of amphiphilic materials that have been studied for the stabiliza-
tion of emulsions in food and pharmaceutical applications (Yang 
et al., 2013). Commonly employed polysaccharides include xan-
than, alginate, chitosan, carrageenan, pectin, rhamsan, and dex-
tran, while small molecule surfactants frequently used are sodium 
dodecyl sulfate (SDS), mono- and diglycerides, sorbitan esters, 
and phospholipids (Bais et al., 2005).

Proteins and polysaccharides can be combined under the 
proper proportions, temperature, pH, and ionic strength for im-
proving the stability of emulsions (Bouyer et al., 2012). Biopoly-
mer particles, which may be soluble complexes, fluid droplets, 
or hydrogel particles, can be formed from a biopolymer solution 
(polysaccharides and proteins used either individually or in com-
bination) and used to encapsulate and deliver nutraceuticals and 
functional food components (McClements et al., 2009). Nonionic 
small molecule surfactants of the sorbitan esters series (monolau-
rate, monooleate, or triooleate) and chitosan were combined and 
studied by Grant et al. (2006) for preparation of emulsions. The 
chitosan-sorbitan monooleate complex produced a cream that 
may be used for the development of stable emulsions for applica-
tions in the food and pharmaceuticals industries.

1.1.4 Biosurfactants
A recent development in surfactants for biological applica-

tions (foods, pharmaceutics, cosmetics) is the use of microbial 
surfactants, so-called biosurfactants (Banat et al., 2010). Biosur-
factants are produced by a variety of microorganisms from dif-
ferent renewable resources like vegetable oils and carbohydrates 
(Kitamoto et al., 2009). The term biosurfactant refers to any usable 
and isolated compound obtained from microorganisms that has 
some influence on interfaces (Kralova and Sjöblom, 2009). Some 
examples of biosurfactants are rhamnolipids (from Pseudomonas 
aeruginosa), sophorolipids (obtained from Candida bombicola), 
emulsan (from Acinetobacter calcoaceticus), and surfactin (from 
Bacillus subtilis) (Nitschke and Costa, 2007). Rodrigues (2015) re-
views the fundamentals and applications of microbial surfactants 
in the formulation of drug delivery nanodevices. Microbial surfac-
tants are synthesized by microorganisms and are generally classi-
fied by their chemical composition and molecular weight, as low 
(eg, glycolipids and lipopeptides) and high molecular weight (eg, 
polysaccharides, proteins, and lipoproteins) surfactants. High-
molecular-weight biosurfactants, also called bioemulsifiers, are 
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more effective in stabilizing O/W emulsions (Banat et al., 2010). 
Microbial surfactants are considered as possessing advantages 
over their chemical counterparts and their application in the food, 
cosmetics, and bioremediation industries is very promising.

Most work on biosurfactants applications has been focusing 
on bioremediation of pollutants (Mulligan, 2005); however, these 
diverse microbial compounds (biodegradable, low toxicity) exhib-
it a variety of useful properties for the food industry, especially as 
emulsifiers, foaming, wetting, solubilizers (Banat et al., 2000), an-
tiadhesive, and antimicrobial agents (Singh and Cameotra, 2004). 
For example, biosurfactants have been used to control consisten-
cy, retard staling and solubilize flavor oils in bakery and ice cream 
formulations; also, they have been used as fat stabilizers and an-
tispattering agents during cooking of oil and fats (Kosaric, 2001). 
Another potential application in food industry is as antiadhesive 
agents that could be used to protect against bacterial biofilms on 
food surfaces (Kralova and Sjöblom, 2009). Biosurfactants have 
also been used to prepare microemulsions, as reported by Kita-
moto et al. (2009) and Nguyen and Sabatini (2011).

1.2 Nutraceuticals
Nutraceuticals are diet supplements that deliver a concen-

trated form of a presumed bioactive agent from a food, present-
ed in a nonfood matrix, and used with the purpose of enhancing 
health in dosages that exceed those that could be obtained from 
normal foods (Zeisel, 1999). This isolated component concept of 
nutraceuticals clearly distinguishes them from functional foods, 
defined by the American Dietetic Association as “...whole, forti-
fied, enriched, or enhanced foods which have a potentially ben-
eficial effect on health when consumed as part of a varied diet on 
a regular basis at effective levels.” (Hasler and Brown, 2009; Hasler, 
2003). The hybrid term between nutrients and pharmaceuticals, 
nutraceuticals, has been coined to designate phytochemicals that 
are present in the diet and have been associated with health ben-
efits (Gul et al., 2015). It is common to use the terms nutraceu-
tical and functional foods interchangeably. In their recent review 
(Gul et al., 2015) and in a recent book (Boye, 2015), details and ex-
amples of the differences between these two concepts are given. 
The emergence of nutraceuticals with health benefits provides an 
excellent opportunity to improve public health. Nutraceuticals 
are sold in presentations similar to drugs: pills, extracts, tablets, 
and so forth. The Food and Drug Administration (FDA; http://
vm.cfsan.fda.gov) regulates dietary supplements under a differ-
ent set of regulations than those covering conventional foods and 

http://vm.cfsan.fda.gov
http://vm.cfsan.fda.gov
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drug products. In Europe, no specific regulation exists to control 
nutraceuticals. In this chapter, nutraceuticals will be considered 
in line with Gul et al. (2015) based on Zeisel’s approach (1999) as 
dietary supplements. The importance of nutraceuticals and other 
natural health products has been well recognized in connection 
with health promotion, disease risk reduction, and reduction in 
health care costs (Shahidi, 2009).

1.3 Cosmeceuticals
Although the purpose of this review is on the use of microemul-

sions for nanoencapsulation of flavors and aromas for food and 
nutraceuticals applications, it is considered convenient to give a 
brief account on the use of microemulsions in cosmeceuticals. The 
composite term cosmeceuticals was originally created by R.E. Reed 
in 1962, and A.M. Kligman repopularized the term in 1993 (Saint-
Leger, 2012). The word cosmeceuticals represents a linguistic fusion 
of cosmetics and pharmaceutics, and indicates the expected bio-
activity of the cosmetic product (Magdassi, 1997). In a few words, 
cosmeceuticals are cosmetics formulated with pharmaceutical-
type ingredients (Patravale and Mandawgade, 2008). These au-
thors, further state that nutraceutical ingredients formulated in 
cosmetic delivery systems constitute nutracosmetics. Some ingre-
dients, for example, vitamins, can be used in either nutraceuticals, 
nutracosmetics, and in cosmeceuticals applications, although the 
end function is generally different. Microemulsions formulated 
for food applications could also be directed for nutraceuticals and 
cosmeceuticals uses. The application of microemulsions to encap-
sulate active ingredients in cosmeceuticals has been reviewed by 
several authors and the interested reader is addressed to the refer-
ences (Edris and Malone, 2012; Patravale and Mandawgade, 2008; 
Magdassi, 1997; Higgins and Wesley, 2015; Newburger, 2009).

1.4 Oil Phase (Essential Oils, Vitamin E, Trans-
anethole, Cinnamon Oil, Thyme Oil, Peppermint Oil)

In antiquity, the Greeks used spices for their perfume, medici-
nal and preservative properties and to impart aroma and flavor 
to food. The first distillation of essential oils (EO) appeared in the 
East (India and Persia) more than 2000 years ago and was im-
proved in the 9th century by the Arabs (Bilia et al., 2014). Since 
the middle ages, EOs have been widely used for bactericidal, vi-
rucidal, fungicidal, antiparasitical, insecticidal, medicinal, and 
cosmetic applications, and nowadays in pharmaceutical, sanitary, 
cosmetic, agricultural, and food industries. Because of the mode 
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of extraction, mostly by distillation from aromatic plants, EOs con-
tain volatile molecules such as terpenes and terpenoids, phenol-
derived aromatic components, and aliphatic components (Bak-
kali et al., 2008). At present, around 3000 essential oils are known, 
300 of which have commercial importance (Bilia et al., 2014) for 
the pharmaceutical, agronomic, food, sanitary, cosmetic, and per-
fume industries. EOs that have found applications in foods are, for 
example, mint (Mentha spicata L., Lamiaceae), ginger (Zingiber 
officinale Rosc., Zingiberaceae), lemon (Citrus limon Burm.f., Ru-
taceae), grapefruit (Citrus paradisi Macf., Rutaceae), chamomile 
(Matricaria chamomilla L., Compositae), thyme (Thymus vulgaris 
L., Lamiaceae), cinnamon (Cinnamomum zeylanicum N. Laura-
ceae), and many others.

Vitamin E is a fat and oil-soluble vitamin that protects hu-
man cells against damage from free radicals. Further, it can also 
be used in cancer treatment, although its efficacy is questioned 
and additional research is needed (http://www.mayoclinic.org/
drugs-supplements/vitamin-e/evidence/hrb-20060476). Never-
theless, vitamin E is administered to patients with deficiencies 
to compensate this nutrient. Vitamin E supplementation is car-
ried out with capsules that have the disadvantage of low bioavail-
ability. Thus, microemulsions with vitamin E as the oil phase in 
an O/W system represents a viable and convenient alternative to 
capsules. Feng et al. (2009) report a study on food-grade vitamin 
E microemulsions formulated with poloxyl 35 (EL-35, Cremophor 
EL) noninonic surfactant and as food-grade cosurfactants, etha-
nol (EtOH) and propylene glycol (PG). Food-grade oils used were 
ethyl butyrate, ethyl caprylate, ethyl oleate, and n-octane. Feng 
et al. concluded that the microemulsion of water/vitamin E/ethyl 
butyrate/EL-35/ethanol can form a large microemulsion region 
and this system behaves as a U-type microemulsion, that is, upon 
dilution of a W/O microemulsion it can transform into an O/W 
microemulsion without separating into phases. Further, they also 
conclude that this system may further be used in the food indus-
try. A major drawback of this study is the use of the Cremophor EL 
surfactant that has been associated with undesirable side effects 
when used as a vehicle for poorly water-soluble drugs (Gelderb-
lom et al., 2001).

Trans-anethole is an alkoxy-propenylbenzene derivative with 
important use and great commercial interest as a flavoring sub-
stance in baked goods, candy, ice cream, chewing gum, and al-
coholic beverages. Trans-anethole [1-methoxy-4-(1-propenyl) 
benzene] is found in spices and herbs such as anise, sweet and 
bitter fennel, anise myrtle, lemon balm, coriander, and so forth. 
(Zafeiropoulou et al., 2010). Additionally, trans-anethole inhibits 

http://www.mayoclinic.org/drugs-supplements/vitamin-e/evidence/hrb-20060476
http://www.mayoclinic.org/drugs-supplements/vitamin-e/evidence/hrb-20060476
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pathogens that contaminate food and therefore can be used for 
food preservation (Kfoury et al., 2014). In spite of these beneficial 
properties, the use of trans-anethole in foods has been limited be-
cause of its volatility and very low aqueous solubility that hinder 
the contact with pathogens in high moisture foods. In as much 
as trans-anethole can be easily oxidized, decomposed, or isomer-
ized when exposed to air, light, or heat during food processing and 
storage (Elgendy and Khayyat, 2008), it is imperative to enhance 
its solubility and stability. This represents an important challenge 
and nanoencapsulation in microemulsions could be used to alle-
viate these problems. Newberne et al. (1999) report that based on 
results of extensive studies, and under conditions of its intended 
use as a flavoring agent, trans-anethole is considered as nongeno-
toxic, noncarcinogenic and generally recognized as safe (GRAS).

Cinnamon, which has the scientific name Cinnamomum 
zeylanicum, originated in tropical Asia. used nowadays for the 
treatment of a variety of health disorders including respiratory 
problems, skin infections, blood impurity, menstrual problems, 
and various heart disorders. Cinnamon oil has been proven to 
show several biological functions such as analgesic, antithrom-
botic, antioxidant, antimicrobial, antidiabetic, antipyretic, anti-
spastic, antiulcerogenic, anxiolytic, antiulcerous, and antiallergic 
effects (Ghosh et al., 2013a; https://www.organicfacts.net/health-
benefits/essential-oils/health-benefits-of-cinnamon-oil.html). 
The most important part of cinnamon is its bark, which can be 
used in a variety of ways. Cinnamon has the ability to control blood 
sugar (Ghosh et al., 2013b), so diabetics find it very useful because 
cinnamon aids them in using less insulin helping patients with di-
abetes type 2. The health benefits of cinnamon can be attributed 
to its antibacterial, antifungal, antimicrobial, astringent, anticlot-
ting, and antioxidant properties (https://www.organicfacts.net/
health-benefits/essential-oils/health-benefits-of-cinnamon-oil.
html; Perdones et al., 2014).

Cinnamon is rich in essential minerals such as manganese, iron, 
and calcium, while also having a high content of fiber (https://www.
organicfacts.net/health-benefits/essential-oils/health- benefits-
of-cinnamon-oil.html). The main compound of  cinnamon leaf es-
sential oil is eugenol (70–95%), followed by cinnamaldehyde (an 
excellent flavoring agent) which can be present in a proportion of 
1–5% (Vangalapati et al., 2012; Perdones et al., 2014).

Essential oil of cinnamon (CM) has been widely studied for 
biological activity in several fields. Lu et al. (2010) reported the 
bacterial-inhibiting effect of CM in alginate–calcium coating. 
Maqbool et al. (2011) revealed that 0.4% CM combined with 10% 
gum arabic was efficient in controlling postharvest anthracnose 

https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
https://www.organicfacts.net/health-benefits/essential-oils/health-benefits-of-cinnamon-oil.html
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of banana and papaya Wang et al. (2014). Also, Özcan and Arslan 
(2011) found that 2.5 and 5.0 g/kg CM showed a strong antioxi-
dant effect. Although CM is a GRAS material, the main disadvan-
tages center on the balance between antifungal activity and odor 
acceptability. In other works, Bullerman et al. (1977), Montes-
Belmont and Carvajal (1998), and Sinha et al. (1993) found that 
cinnamon and clove oils inhibited the growth of Aspergillus flavus 
and the production of aflatoxin. Velluti et al. (2003) reported that 
cinnamon, clove, lemongrass, oregano, and palmarose essential 
oils have inhibitory effect on the growth and Fumonisin B1 (FB1) 
production by F. proliferatum in maize grains. According to Mara-
sas et al. (2004), FB1 is the most frequent toxic fumonisin affecting 
living organisms (humans and animals). FB1 is teratogenic and 
carcinogenic (Gelderblom et al., 2001). Further, epidemiological 
studies have demonstrated that human exposure to FB1 causes 
esophageal cancer (Marasas et al., 1988; Voss et al., 2002) and neu-
ral tube defects in newborn infants (Hendricks et al., 1999; Moore 
et al., 1997; Sydenham et al., 1990).

Thyme essential oil is extracted from an aromatic plant in 
North America, Europe, and North Africa (Thymus vulgaris) by 
hydrodistillation (Ziani et al., 2011; Martins et al., 2011). This oil 
is widely used in the manufacture of cosmetics, perfumes, and in 
the flavorings in food. (Martins et al., 2011). This oil is a mixture 
of many compounds, but the antimicrobial activity against vari-
ous bacteria and yeasts is primarily attributed to carvacrol, cin-
namaldehyde. Thymol [5-methyl-2-(1-methylethyl) phenol] is 
a monoterpene present in certain Lamiaceae families (oreganos 
and screws) and exhibit antimicrobial activity against several bac-
teria and fungi (Ponce et al., 2010).

Peppermint is one of the many flavors currently used widely 
within the food industry. It is a GRAS essential oil and very popu-
lar flavor used in a wide range of foods (chocolate fillings, chew-
ing gums, sugar confectioneries, etc.), personal care (toothpastes, 
mouthwashes), pharmaceuticals (antacids), and liqueur products; 
it is also used in the fragrance, and cleaning industries (Gañán 
et al., 2015; Roy et al., 1996; Andersen and Jensen, 1984; Carretto 
et al., 2010). Additionally, peppermint oil is employed as an antisep-
tic, stimulant, carminative agent throughout the world (Mahboubi 
and Kazempour, 2014; Alankar, 2009; Hussain et al., 2010; Işcan et al., 
2002). Peppermint oil (yellowish color, intense agreeable odor, and 
taste followed by a cool feeling) is obtained from the leaves of the pe-
rennial herb Mentha x piperita L., originated in the Mediterranean 
region (now cultivated worldwide) and of a group of plants belonging 
to the Labiateae family. This plant is a perennial smooth leaves herb 
with strong, pepper-like, pungent odor. The oil is generally extracted 
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by steam distillation and also by supercritical CO
2
 extraction with 

advantage of the latter since the degradation of temperature-sensi-
tive products is avoided. Distillation could be followed by rectifica-
tion and fractionation before use (Mahboubi and Kazempour, 2014; 
 Alankar, 2009). The major constituents of the oil include the terpenes 
(−)-menthol (30–55%) and (−)-menthone (14–32%) (Grigoleit and 
Grigoleit, 2005). Fiocco et al. (2011) investigated the use of pepper-
mint oil as an antimelanogenic agent as an alternative, natural ty-
rosinase inhibitor for applications in foods (antifood-browning) and 
cosmetics (skin-whitening). Ingredients from natural origin have 
better acceptance by consumers because they are usually consid-
ered safer than synthetic ones. Fiocco et al. concluded that pepper-
mint essential oil has a potential for these intended uses.

1.5 Emulsions, Microemulsions, 
and Nanoemulsions
1.5.1 Nanotechnology in Food and Nutraceuticals Industries

Nanotechnology is defined as the study of manipulating mat-
ter on an atomic and molecular scale which allows the creation of 
new techniques and devices with sizes of 1–100 nm in scale, and 
their applications range from mechanics to medicine. Specifi-
cally, in the food industry, nanotechnology was born in the pas-
teurization process introduced by Pasteur in an effort to eliminate 
spoilage bacteria, which have a size close to 1000 nm. With this 
event, food processing was revolutionized, improving the qual-
ity of the products. In later years, the model of DNA (2.5 nm in 
size) introduced by Watson and Crick generated new research and 
improvements in biotechnological, biomedical, agricultural, and 
productive processes (Chellarama et al., 2014).

1.5.2 Food Processing
Technological advances have made possible better food 

processing operations since important aspects such as the 
elimination of toxins, prevention of pathogens, preservation, 
and improved consistency can be accounted for in more detail, 
generating processed foods that are less susceptible to decay 
than fresh foods, an important point for transportation and 
storage. All these aspects of food processing are more effectively 
achieved by the incorporation of nanotechnology. Nanocapsules 
delivery systems play an important role in the food process-
ing sector, maintaining functional properties by encapsulating 
simple solutions, colloids, emulsions, and other biopolymers 
(Chellarama et al., 2014).
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The use of colloidal dispersions has become of great interest in 
various industries such as foods, because they contain very small 
particles (radius, r < 100 nm), enhancing their use in applications 
such as encapsulation, systems protection, and delivery of bioac-
tive lipophilic components as nutraceuticals, pharmaceuticals, 
vitamins, antifungal agents, antioxidants, and others (McClements, 
2012a). One of the advantages offered by the colloidal emul-
sion systems (emulsion, microemulsion, nanoemulsion) is easy 
processing (mixing, cutting, and homogenization) (Rao and 
McClements, 2011a).

1.5.3 Differences Between Emulsions, Nano and Microemulsions
1.5.3.1 Emulsions

Emulsions are dispersions of one liquid phase in fine droplets 
in the immiscible liquid phase (eg, oil in water), thermodynami-
cally unstable systems, consisting of oil, surfactant, and water. Par-
ticle size is greater than 300 nm, and their appearance tends to be 
cloudy or opaque (Rao and McClements, 2011b). Some typical food 
emulsions are soft cream, ice cream, butter, margarine, salad dress-
ings, and meat emulsions (Barbosa-Cánovas et al., 1996; Rao and 
McClements, 2011a; Tabilo-Munizaga and Barbosa-Cánovas, 2005).

1.5.3.2 Nanoemulsions
Nanoemulsions are thermodynamically unstable systems that 

typically consist of oil, surfactant, and water (Mason et al., 2006; 
Sonneville-Aubrun et al., 2004; Tadros et al., 2004) with small 
particle sizes (r < 100 nm), and so they tend to be either trans-
parent or slightly turbid (Rao and McClements, 2011b). Like con-
ventional emulsions (with sizes > µm), nanoemulsions are in a 
nonequilibrium thermodynamic state. However, the kinetics of 
destabilization of nanoemulsions is so slow (months) that they 
are considered kinetically stable. This is mainly due to their very 
small size, resulting in the prevention of droplet flocculation and 
coalescence: Ostwald ripening, Brownian motion, applied shear 
or gravitational forces govern the destabilizing process (Anton 
and Vandamme, 2011; McClements, 2012b).

Nanoemulsions are generally formulated through the high-
energy methods, using specific devices (ultrasound generators or 
high pressure homogenizers) able to supply enough energy to in-
crease the W/O interfacial area for generating submicronic drop-
lets (Anton and Vandamme, 2011). This low-energy emulsification 
is in fact an efficient method enabling the formation of kinetically 
stable and potentially concentrated emulsion droplets ranging in 
size from 10 to 100 nm (Rao and McClements, 2011b).
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1.5.3.3 Microemulsions
Microemulsions are thermodynamically stable systems pre-

pared from three basic ingredients: oil, surfactant (sometimes 
cosurfactant/cosolvent), and water (Flanagan and Singh, 2006; 
Garti et al., 2001; Leser et al., 2006; Spernath and Aserin, 2006). 
Microemulsions can be of three types: O/W (oil: dispersed phase; 
water: continuous phase); W/O (water: dispersed phase; oil: con-
tinuous phase); and bicontinuous (oil and water as continuous 
phases). O/W and W/O microemulsions consist of small spherical 
particles with sizes lower than 100 nm presenting transparent or 
slightly turbid apparancies (Lesmes and McClements, 2009; Rao 
and  McClements, 2011b).

The formation of microemulsions is spontaneous, but depends 
mainly on temperature and composition. They can exhibit many 
kinds of structures involving the formation of one, two or three 
phases in equilibrium such as wormlike, bicontinuous spongelike, 
liquid crystalline, or hexagonal, spherical swollen micelles (An-
ton and Vandamme, 2011; McClements, 2012b). Microemulsions 
are usually easier to prepare than nanoemulsions and emulsions, 
but they generally require much higher surfactant concentrations 
(Rao and McClements, 2011b). As this chapter is directed to micro-
emulsions, in section 1.6 they will be addressed more thoroughly.

1.5.4 Nano Versus Microemulsions
Microemulsions and nanoemulsions have similar size and 

geometric structures that are exclusively in the nanometer range, 
giving them a bluish and translucent appearance (Anton and Van-
damme, 2011). However, they are clearly distinct types of colloidal 
dispersions: a microemulsion is thermodynamically stable, while 
a nanoemulsion is not. A recent review by McClements (2012b) 
gives detailed aspects of differences and similarities between 
these two systems and only a few features will be discussed here.

An important confusion between microemulsion and nano-
emulsion is due to the prefix used, as micro refers to 10−6 m, while 
nano means 10−9 m, so being strict and following the same, a na-
noemulsion contains smaller particles than a microemulsion, 
which is totally contrary to what occurs in practice, as the particles 
found in the microemulsions are lower than those found in the 
nanoemulsions. This confusion of terms is due to the historical 
development in the science of colloids (McClements, 2012b).

1.5.4.1 Terminology
Microemulsions The term microemulsion is generally used to 

refer to thermodynamically stable isotropic liquids formed by 



530  Chapter 12 BIOCOMPATIBLE MICROEMULSIONS

mixing oil, water, and surfactants together. Mixtures of oil, water, 
and surfactant can form a variety of different systems depending 
on their composition and the environmental conditions (particu-
larly temperature) (McClements, 2012b).

Nanoemulsions A nanoemulsion is a thermodynamically unsta-
ble colloidal dispersion consisting of two immiscible liquids, using 
water, surfactant, oil and, in some cases cosurfactant, one of the 
liquids being dispersed as small spherical droplets (d < 200 nm) 
in the other liquid and could be considered to be a conventional 
emulsion that contains very small particles (McClements, 2012b).

1.5.4.2 Composition
Generally microemulsions and nanoemulsions require the 

same ingredients for processing, that is, water, oil, surfactant, and 
cosurfactant (in some cases). The big difference between these col-
loidal systems is the surfactant-oil ratios used, being greater in the 
microemulsions than in the nanoemulsions (McClements, 2012b).

1.5.4.3 Optical Properties
Usually the physical appearance of nanoemulsion and micro-

emulsion colloidal systems tends to be translucent and/or trans-
parent as long as the particle size is less than 60 nm, so it becomes 
a little more difficult to distinguish when the optical properties are 
only analyzed, but all is not lost, as one of the possible means to 
distinguish them is the shape of the distribution of particle sizes: 
in microemulsions a single narrow peak is generally observed, 
while nanoemulsions can have several peaks that may be broad or 
narrow (McClements, 2012b).

1.5.4.4 Particle Structure
The particles in microemulsions can be both spherical (S) and 

nonspherical (NS), and also they could form sponge-like structures 
in bicontinuous systems. The shape, S or NS, is a function of the op-
timum curvature that the surfactant monolayer can acquire and the 
amount of oil incorporated into the system. For nanoemulsions, 
the particles are generally spherical because the interfacial tension 
(γ, dynes/centimeter) is relatively high and the radius (r, cm) of the 
particle is relatively low, so it has high Laplace pressure (∆P

L
 = 2γ/r) 

favoring the reduction of interfacial area (McClements, 2012b).

1.5.4.5 Practical Methods of Distinguishing Nanoemulsions 
and Microemulsions

One of the practical methods for distinguishing the two 
systems is the fact that a microemulsion can be subjected to 
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cooling, heating and mechanical agitation but when the per-
turbation is removed, the microemulsion returns to its original 
condition; in nanoemulsions, that is not the case, when they 
are subjected to similar perturbations and then returned to the 
original condition, their properties may change from its original 
condition. All the differences described earlier are summarized 
in Table 12.2.

1.6 Microemulsions
In 1943, Hoar and Schulman reported that addition of medi-

um chain alcohols to soap emulsions produced microemulsion 
phases (Hoar and Schulman, 1943). The term microemulsion first 
entered the scientific literature in 1959, through the work of Jack 
H. Schulman and others (Schulman et al., 1959) at Columbia 
University (Acharya and Hartley, 2012). In the decade of 1970, be-
cause of the oil crisis, research and application of microemulsions 
presented a significant growth with their use for the enhanced oil 
recovery (Eastoe, 2010). These colloidal systems are of particular 
interest in food, medicine, pharmaceutical, and other industries 
because they can be easily fabricated using relatively simple pro-
cessing operations such as mixing (McClements, 2012a).

Table 12.2 Principal Differences Between Emulsion, 
Microemulsion, and Nanoemulsion

System Composition Stability

Droplet 
Diameter 
(nm) Formation Appearance

Droplet 
Shape

Emulsion Water, oil, 
surfactant

Kinetic >500 High energy 
process

Turbid Spherical

Miniemulsion Water, oil, 
surfactant, 
hydrophobe

Kinetic 30–500 High energy 
process

Turbid Spherical

Microemulsion Water, oil, 
surfactant, 
cosurfactant

Thermody-
namic

<100 Spontaneous Transparent Spherical, 
lamellar, 
cylindrical

Nanoemulsion Water, oil, 
surfactant, 
cosurfactant

Kinetic <200 High energy 
process

Transparent 
(Dp < 30 nm),turbid 
(Dp > 30 nm)

Spherical
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Microemulsions are very simply to prepare, they present small-
er diameter sizes (<100 nm) than emulsions (>100 nm) or nano-
emulsions (<200 nm) (Rao and McClements, 2011b). Nowadays, 
the application of microemulsions in food and beverage products 
is limited because of the low number of food-grade surfactants 
available for preparing and stabilizing these systems (Kralova and 
Sjöblom, 2009; Rao and McClements, 2011b).

Depending on the ratios between the components there 
are three main types of microemulsions: at high water content, 
microemulsions consist of small oil droplets surrounded by an 
interfacial film comprised of both surfactant and cosurfactant 
molecules dispersed in the aqueous phase (O/W microemul-
sions), whereas at lower water concentrations the situation is 
reversed and the system consists of water droplets dispersed in 
oil (W/O microemulsions) (McClements, 2012b), when a gradual 
transition from O/W to W/O microemulsion exists the systems are 
known as bicontinuous microemulsions.

Microemulsions can be formed by two different methods; the 
first one is named phase titration method. In this method, the ob-
jective is to construct a ternary or pseudoternary diagram in which 
each corner represents 100% of a particular component, as shown 
in Fig. 12.1. The region can be separated into W/O or O/W micro-
emulsion by simply considering the composition that whether it 
is oil rich or water rich. The other method used for microemul-
sion preparation is the phase inversion method (Saito, 1969) and 
consists in increasing temperature to cause loss of water of the 
headgroups shrinking the head group area of the nonionic sur-
factant causing a phase inversion from O/W to W/O microemul-
sions in two-phase mixtures with either excess oil or excess water. 
The temperature at which phase inversion takes place is known as 
the phase inversion temperature (PIT) (Robb, 1997). Alternatively,  
the addition of excess of the dispersed phase will cause the 
inversion of the system. During phase inversion drastic physical 
changes occur including particle sizes.

1.6.1 Thermodynamics of Microemulsion Formation
The free energy of microemulsion formation can be consid-

ered to depend on the extent to which surfactant lowers the sur-
face tension of the oil-water system and change in entropy of the 
system such that

G A T S=∆ ϒ∆ − ∆ (12.1)

where ∆G, is the free energy of formation, ϒ is the surface tension 
of the oil–water interface, ∆S is the change in entropy of the sys-
tem, and T is the temperature (McClements, 2012b).
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This explains the thermodynamic stability of the microemul-
sions. Thus, the main driving force for microemulsion formation 
is the ultra low interfacial tension, which is usually achieved by the 
use of two or more emulsifiers, one predominantly water soluble 
and other predominantly oil soluble called cosurfactant, which 
reduce the interfacial tension (γ ) to the order of <10−2 mN/m gen-
erally required for microemulsion formation (Khar et al., 2010). 
The thermodynamics and physicochemical characteristics of 
microemulsion formation are discussed elsewhere (Rosano 
et al., 1988; Moulik and Rakshit, 2006) and the interested reader is 
referred to these and other publications.

1.6.2 Characterization
The characterization of microemulsions is a difficult task due 

to their complexity, variety of structures, and components in-
volved in these systems. The starting point for the characteriza-
tion of microemulsions is the ternary phase diagram, which is 
made up of oil, water, and surfactant-cosurfactant mixtures to 
identify the compositions which form a single phase (Acharya and 
Hartley, 2012). The basic components in a physcochemical char-
acterization of microemulsion systems are (Sajal et al., 2011):
•	 Phase	stability	and	phase	behavior.
•	 Microstructure,	dimension.
•	 Shape,	surface,	and	distribution.
•	 Interaction	and	dynamics.

The points mentioned earlier can be evaluated by different 
techniques, as follows.

1.6.2.1 Electronic Microscopy
Transmission electronic microscopy (TEM) is the most impor-

tant technique for the study of microstructure of microemulsions 
because it directly produces images at high resolution (<5 nm) 
and it captures any coexistent contrasting structures and micro-
structural transitions generated due to the passage of electrons 
through the sample (Sajal et al., 2011; Acharya and Hartley, 2012).

Scanning electron microscopy (SEM) allows the direct mapping 
of surface features of microemulsions, but, due to the problems in 
sample preparation, this technique has been used less frequently 
than TEM (Sajal et al., 2011; Acharya and Hartley, 2012).

1.6.2.2 Scattering Techniques
Scattering techniques such as dynamic light scattering (DLS), 

small angle X-ray scattering (SAXS) and small angle neutron 
scattering (SANS) are used to study microemulsions structure, 
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specially size, shape and dynamics of their components (Sajal 
et al., 2011; Acharya and Hartley, 2012). The basic principle of 
these techniques involves applying an incident beam of radia-
tion to the sample, and recording the intensity and angle of the 
scattered beam. The scattering arises from the interaction of the 
radiation with regions of different refractive index (DLS), elec-
tron density (SAXS) or nuclear composition (SANS). In SAXS 
to reach the scale of interest for microemulsios (>10 nm) scat-
tering angles smaller than 1 degree must be used (Acharya and 
Hartley, 2012).

1.6.2.3 Rheology
The rheological properties of microemulsions depend on the 

composition, type, shape, and number density of aggregates pres-
ent, as well as the interactions between these aggregates. Bicon-
tinous microemulsions exhibit a Newtonian behavior (constant 
viscosity) at low to medium shear rates, probably due to fragmen-
tation of the bicontinous structure (Sharma et al., 2010; Acharya 
and Hartley, 2012).

1.6.2.4 Conductivity
The conductivity in microemulsions reveals whether an aque-

ous or oil phase or both phases are continuous. This technique 
has been used to determine the type of microemulsion and to es-
timate the phase boundaries resulting from changes in composi-
tion or temperature (Lutz et al., 2007; Li et al., 2010; Acharya and 
Hartley, 2012).

1.6.3 Applications
Microemulsions have many applications for example in fuels, 

cosmetics, detergency, food, agrochemicals, analytical applica-
tions, lubricating, and recently as pharmaceutical devices due to 
their easy of formation, thermodynamic stability, transparency, 
nanometric size, and other properties Flores et al. (2016).

2 Examples of Components and 
Characterization Procedures
2.1 Chemicals

The following oils are examples that can be used in food 
applications: (±) tocopherol (vitamin E), trans-anethole (from anis 
essential oil), thyme oil, cinnamon bark oil, and commercial pep-
permint oil. An example of a surfactant–cosurfactant system could 
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be d-α-tocopherol polyethylenglycol 1000 succinate (TPGS-1000) 
and 2-methyl-1-butanol; also Tween 80/PEG-400 are included as 
another example using a common surfactant in foods, Tween 80, 
combined with the cosurfactant PEG-400. Bidistillated water is 
commonly used in microemulsion preparation.

2.2 Microemulsion Formation
The water tritation method is a common procedure to locate 

microemulsion zones and pseudoternary diagrams are usually 
constructed to examine the formation of O/W microemulsions 
using four components (water, surfactant, cosurfactant, oil). A 
weight ratio of surfactant to cosurfactant varies but it is frequent 
to use 50/50 in weight. In the examples that follow the ratio was 
51/49% w/w and the ratios of water to surfactant-cosurfactant 
were from 99/1 to 75/25% W/W. The oil phase is added drop to 
drop under constant stirring at selected temperatures (eg, 25 and 
37°C). Transparent liquids are recorded as microemulsions. The 
data acquired are plotted in phase diagrams with appropriate 
software. Selected microemulsion compositions are then used for 
the rest of the investigation.

2.3 Stability Testing
The stability of microemulsions can be determined by differ-

ent methods, three of them are briefly described. The first method 
consists in thermally stressing the microemulsion: heating and 
freezing cycles where the microemulsions undergo +40°C during 
24 h (average diameter, D

p
 is determined) followed by freezing 

to –40°C for 24 h (D
p
 is determined) during more or less, 21 days. 

The second method used is centrifugation at, for example, 1000 g 
during 15 min; in this test the turbidity index can be determined 
before and after centrifugation. The third method is dilution, the 
microemulsion is diluted within a given interval, for example, 
from 1:100 to 1:1000 v/v and D

p
 is determined at each dilution. 

In all methods the physical appearance is also monitored (visual 
changes, phase separation, etc.).

2.4 Characterization Techniques
2.4.1 Particle Size Measurements

The droplet size (D
p
) of microemulsions can be determined by 

several commonly available techniques. A very used technique is 
dynamic light scattering (DLS). Additionally, D

p
 and shape of drop-

lets of microemulsions can be analyzed by the SAXS technique.
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2.4.2 pH Measurement
The pH of microemulsions can be measured easily and is usu-

ally available in any laboratory. Usually, the pH is determined at 
25°C and could also be desirable to have these values recorded at 
higher temperatures, for example at 40°C. This is a nondestructive 
measurement and is carried out in undiluted samples.

2.4.3 Viscosity and Rheological Behavior
The microemulsions viscosity is preferably evaluated in a rhe-

ometer, since this technique not only provides the viscosity value 
at the selected temperature(s) but also the rheological behavior. 
The measurements require small amounts of samples, as low as 
5 mL, without any dilution.

2.4.4 Conductivity
The measurements of conductivity of microemulsions are a 

complementary tool to effectively elucidate the microstructural 
changes. It can be used to obtain important information concern-
ing the phase transition upon changes in different parameters af-
fecting microemulsions, such as ionic strength, pH, temperature, 
dilution, and composition (Zhang et al., 2013).

2.4.5 Transmission Electronic Microscopy (TEM)
The TEM analysis of microemulsions provides information on 

the shape and size of the samples. Samples are usually stained 
with phosphotungstic acid at 2%.

2.4.6 Density
Density of microemulsions is useful from the point of view of pro-

cessing and it is usually determined at 25°C and any other convenient 
temperature. It is an easy to carry out technique and there are simple 
and sophisticated apparatuses to realize the measurements. The ap-
paratus has to be calibrated with distilled, deionized, and degassed 
water before use (Buchacher and Herbst, 1999).

2.4.7 Zeta Potential
The zeta potential of a dispersed system indicates the surface 

charge in the particles. It is also an indication of the contribution 
of each component to the net surface charge. For nonionic micro-
emulsions it is expected to find a zeta potential close to zero. There 
are different commercial apparatuses that measure zeta potential 
as well as particle diameter.
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3 Discussions
3.1 Physical Properties of Surfactants

A very important component in microemulsions is the surfac-
tant. It is thus convenient to know several characteristics of sur-
factants used for microemulsion formation. The critical micelle 
concentration (CMC), aggregation number (N

agg
), and hydro-

philic–lipophilic balance (HLB) values of several surfactants and 
cosurfactants that have been used in our group to prepare mi-
croemulsions, are reported in Table 12.3. For isobutanol, the HLB 
was calculated according to Griffin (1954) and assuming that the 
alcohol is a surfactant. For the mixed surfactants systems (TPGS-
1000 + iso-BuOH and Tween 80 + PEG-400), the CMC values were 
calculated from,

y yCMC = CMC + CMCM 1 1 2 2 
(12.2)

Assuming an ideal mixture (activity coefficients of free surfac-
tant monomers for each surfactant type in the mixture are equal 
to unity), where y

1
 and y

2
 are the mole fraction of surfactants 1 and 

2 in solution on a surfactant base, and CMC
1
 and CMC

2
 are the 

critical micelle concentrations of pure surfactants 1 and 2, respec-
tively. The HLB was calculated from a similar equation:

x xHLB = HLB + HLBM 1 1 2 2 (12.3)

where HLB
1
 and HLB

2
 are the HLB values of surfactants 1 and 2, x

1
, 

and x
2
 the weight fractions in the mixture, and HLB

M
, the HLB of 

the surfactant mixture.
The reported data shown in Table 12.3 for TPGS-1000 differ con-

siderably from the results determined by surface tension measure-
ments in a rising bubble tensiometer found by our group. Further, 
although in one case the temperatures are similar (25 vs 22°C) and 
in the other there is a difference of 15°C, temperature alone does 
not explain the substantial differences between the values. Anoth-
er source of variation when comparing results of CMC is the tech-
nique used in the determination. Sadoqi et al. (2009) determined 
the CMC of TPGS-1000 using the technique of steady-state fluores-
cence and found the value reported in Table 12.3 (equivalent to ∼0. 
003% W/W), and compared with literature values: surface tension 
and solubility; the values found by these techniques were 0.02% 
and 0.1–0.2 mg/mL, respectively. Moreover, the continuous me-
dium also influences the value of CMC. Contradictory CMC values 
for the same surfactant are frequent in the literature. For instance, 
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for sodium dodecyl sulfate (SDS), Fuguet et al. (2005) measured 
the CMC of this anionic surfactant at 25°C by four different meth-
odologies and varied the electrolyte concentration (phosphate 
buffer, pH 7). In one technique, conductometric measurements, 
these authors found that the CMC of SDS varied from 8.08 mM 
(0 mM electrolyte concentration) to 1.99 mM (50 mM electrolyte 
concentration). Thus, when reporting values of CMC for a surfac-
tant, medium composition, and temperature must be specified as 
well as the technique used for the determinations.

3.2 Partial Phase Diagrams
It is well known that the solubilization capability of a nonionic 

surfactant reaches its maximum at a particular temperature called 
the HLB temperature, at which a microemulsion phase coexists with 
excess water and oil. The HLB temperature is fixed and different in 
each system depending on the types of surfactants and/or oils. Since 
microemulsions have a bicontinuous structure at the HLB tempera-
ture, surfactant molecules are distributed among water domains, oil 
domains, and the water-oil interfaces inside micro emulsion (Kuni-
eda et al., 1995). It’s very important to know this distribution in order 
to estimate the net solubilization capability of a given surfactant. The 

Table 12.3 Properties of TPGS-1000, 
Mixture of TPGS-1000 With Isobutanol, 
Tween 80, and Tween 80 with PEG-400

CMC (mM)

Nagg HLBSurfactant T (°C) Reported Experimental
TPGS-1000 25 0.02 0.7730 10 13

40 0.5790

iso-BuOH — — — — 4.6

TPGS-1000 + 
iso-BuOH

25 — 1.558 — 8.9

40 1.426

Tween 80 25 0.02 0.0197 60 15

40 0.0206

Tween 80 + 
PEG-400

25 — 0.0233 — 13.3 

11.640 0.0209
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hydrophile-lipophile property of nonionic surfactants, especially 
polyoxyethylene type, is dramatically changed with increasing tem-
perature due to the conformation change of the hydrophilic chain 
becoming more lipophilic at high temperature (Kunieda et al., 1995; 
Mitra and Paul, 2005; Warisnoicharoen et al., 2000).

The phase diagrams constructed by the titration method for 
the oils and surfactants reviewed here at 25 and 40°C are pre-
sented in Fig. 12.2. The area outside the frame indicates a turbid 
region. It could be noted that the area of microemulsion region 

Figure 12.2. Partial phase diagrams for the oil in water microemulsions prepared with TPGS-1000/isobutanol (a–f) 
and with Tween 80/PEG-400 (g–l) using different oils. Full lines correspond to diagrams at 25°C and dotted lines to 
diagrams at 40°C. The dot marked in the diagrams corresponds to the composition of the microemulsion used.
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was smaller when Tween 80/PEG-400 was used than for the com-
bination TPGS-1000/isobutanol. The dots shown in each dia-
gram correspond to the microemulsions compositions that were 
selected and are summarized in Table 12.4.

In the partial phase diagrams two different behaviors were ob-
served: the first one was that for the peppermint, trans-anethole, 
vitamin E and thyme oils systems using TPGS-1000 as surfactant 
and isobutanol as cosurfactant: a reduction was noted in the mi-
croemulsion region, which coincides with reports in the literature 
and it is mainly attributable to the fact that nonionic surfactants 
become lipophilic at elevated temperatures due to the dehydra-
tion of the oxyethylene group of the chains thus causing a reduc-
tion in the amount of oil incorporated at a temperature of 40°C 
(Mitra and Paul, 2005; Kunieda et al., 1995). The second observed 
behavior was that opposite to the TPGS-1000 systems described 
earlier, when Tween 80 was the surfactant and PEG-400 the co-
surfactant, it can be said that this surfactant mixture has an HLB 
value less sensible to temperature since no significant changes in 
the microemulsion region were observed (Mitra and Paul, 2005).

3.3 Microemulsions
Twelve microemulsion systems were considered to determine 

the adequability to produce o/w microemulsion regions. The sys-
tems and their compositions are described in Table 12.4.

The physicochemical data of selected microemulsions pre-
pared by our group are presented in Table 12.5. Jojoba oil micro-
emulsions were not considered in the following discussions.

Variation in pH influences microemulsions stabilized with pH 
sensitive amphiphiles and it is more pronounced when acidic or 
alkaline surfactants are the stabilizers. An important point in the 
case of carboxylic acids and amines is the change in the phase 
behavior from W/O to O/W by increasing the pH. It can be no-
ticed that all microemulsions presented an acid pH that changed 
little as the temperature rose from 25 to 40°C. At 25°C the pH of 
microemulsions varied between 4.06 (M2CL-4, trans-anethole) 
and 5.61 (M2CL-2, thyme oil) whereas at 40°C the range was 
4.06 (M2CL-8, thyme oil, Tween 80 + PEG-400) to 5.16 (M2CL-2, 
thyme oil, TPGS-1000 + iso-BuOH). Anjali et al. (2010), reported 
pH values for sunflower oil microemulsions stabilized with Tween 
20 determined at 20°C and they vary from 4.53 to 4.93; they ob-
served that when oil and surfactant concentration was increased, 
the pH of the system decreased. Liu and Chang (2011) investi-
gated eucalyptol (10–40 wt%), water (10–40 wt%), polysorbate 
80 (12.5 wt%), and ethanol (37.5 wt%) microemulsions unloaded 
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and loaded with curcumin (diferuloylmethane, a phenolic com-
pound), the major pigment in turmeric (extracted from the pow-
dered rhizome of Curcuma longa Linn) that has been used for im-
parting color and flavor to foods, for transdermal topic delivery of 
curcumin. These microemulsions were characterized by pH, con-
ductivity, viscosity, size, and surface tension. The pH value remained 
at 7.7 for both unloaded and curcumin-loaded microemulsions.

The zeta potential of liquid-liquid and solid-liquid dispersed 
systems is a measure of the surface charge of the particles. Knowl-
edge of the values of this parameter could be useful in food formu-
lation as a guide to expected stability of the finished product. Most 
values were positive (trans-anethole, cinnamon bark oil, vitamin 
E) and a few of them negative (peppermint and thyme essen-
tial oils). Absolute values of zeta potential were between 0.3 and 
0.8 mV and reflect the nature of the nonionic surfactants used to 
stabilize these microemulsions, as well as the oil phase, that is, the 
surface charge is expected to be zero. Basheer et al. (2013) report 
values of pH between 6.76 and 7.80 and zeta potential between –32 
and –75 mV in O/W microemulsions of Tween 80 and n-butanol in 

Table 12.4 Identification and Composition 
of Microemulsion Systems*

Sample Identification Surfactant Co-surfactant Oil
TPGS-1000 Isobutanol

MET 8.90 8.55 2.03 (Transanethole)

MEM 9.03 8.67 0.70 (Peppermint oil)

MEV 8.88 8.53 2.24 (Vitamin E)

MEJ 9.05 8.70 0.035 (Jojoba oil)

M2CL-1 9.05 8.87 0.660 (Cinnamon bark oil)

M2CL-2 9.05 8.87 0.660 (Thyme oil)

Tween 80 PEG-400

M2CL-3 9.10 8.91 0.110 (Peppermint oil)

M2CL-4 9.09 8.90 0.240 (Transanethole)

M2CL-5 9.09 8.91 0.210 (Vitamin E)

M2CL-6 9.10 8.92 0.060 (Jojoba oil)

M2CL-7 9.08 8.90 0.026 (Cinnamon bark oil)

M2CL-8 8.87 8.69 2.65 (Thyme oil)
*Composition in weight percent, balance is water



542  Chapter 12 BIOCOMPATIBLE MICROEMULSIONS

a weight ratio of 3:1 using isopropyl palmitate as the oil phase. In 
a recent study, Roohinejad et al. (2015) prepared microemulsions 
with different amounts of Tween 80 as surfactant, medium chain 
monoglycerides (Capmul MCM) as the oil phase and phosphate 
buffer (0.01 M, pH 6.8) as the aqueous phase. The microemulsions 
were loaded with β-carotene. pH values for unloaded microemul-
sions ranged from 5.1 to 7.1 and for loaded microemulsions the 
values were 5.3–7.1. Zeta potentials were all negative and ranged 
from −13.1 to −36.7 mV in unloaded microemulsions and from 
−16.1 to −39.9 mV in loaded microemulsions. In another recent 
research, Ariviani et al. (2015) prepared also β-carotene-loaded 
microemulsions by spontaneous emulsification method using 
different oil phases (virgin coconut oil, VCO, and palm oil) and β-
carotene levels. The pH values reported did not show significant 
difference and varied from 6.63 to 6.70. The results of Ariviani et al. 
for zeta potential also were all negative and ranged from −11.9 to 
−14.9 mV for the 0.05% and 0.025% β-carotene loaded microemul-
sions in VCO. For palm-oil microemulsions with similar β-carotene 
loads the values were −17.0 and −25.0 mV, respectively. In the 
pharmaceutical area, Biruss and Valenta (2008) report values of 
zeta potential for tributyrin microemulsions stabilized with the 
nonionic surfactant polyoxyethylene-10-dodecyl ether (commer-
cialized as Brij(R) 35, and Laureth-10 and others), and found a val-
ue of −9.34 ± 0.19 mV. On the other hand, Paolino et al. (2002), in a 
study of lecithin microemulsions for the topical administration of 
ketoprofen, found a value of −19.7 ± 1.2 mV for an unloaded mi-
croemulsion stabilized with soybean lecithin; for a lecithin micro-
emulsion containing oleic acid as penetration enhancer, the value 
was −39.5 ± 2.7 mV. When both microemulsions were loaded with 
ketoprofen, the values were −24.1 ± 1.6 mV and −38.4 ± 1.9 mV, 
respectively. Thus, from the values of zeta potentials found in our 
group and other researchers, it is evident that the surface charge 
of microemulsions strongly depends on the chemical nature of the 
individual components that make up the formulation.

The average diameters of microemulsions prepared with TPGS-
100 + iso-BuOH behaved differently from microemulsions stabi-
lized with the mixture of Tween 80 + PEG-400. In the first case, D

p
 

were between 6.35 and 13.49 nm at both temperatures and in the 
second case D

p
 were between 14.4 and 27.44 nm. Thus, microemul-

sions prepared with the mixture of the two nonionic surfactants 
yield bigger droplets because of the influence of the polyoxieth-
ylene chains. As an example of this behavior, the average particle 
diameter of the MEV microemulsion at 25°C was 8.81 nm versus 
16.59 nm for the M2CL-5, as can be seen in Table 12.5. Basheer et al. 
(2013) report 26 and 147 nm, Roohinejad et al. (2015) 10.9–64.7 nm 



Table 12.5 Physical Properties of Selected Biocompatible Microemulsions

Sample
Particle Size 
(nm)

Z Potential 
(mV)

Conductivity 
(mS/cm) pH

Viscosity 
(mPa•s) Density (g/cm3)

Surface Tension 
(mN/m)

Temperature (°C)

25 40 25 40 25 40 25 40 25 40 25 40 25 40

MET 10.16 12.45 0.6 0.4 12 16 4.69 4.76 4.78 6.07 0.994800 0.987050 30.73 34.07

MEM 6.35 8.65 0.6 −0.3 14 21 4.79 4.90 3.43 2.15 0.995772 0.989007 27.93 31.47

MEV 8.81 11.32 0.5 0.3 17 22 4.76 4.82 5.6 7.69 0.994152 0.987021 27.80 31.60

MEJ 6.89 9.02 0.7 0.4 16 23 4.93 5.05 3.41 2.27 0.995523 0.988707 33.47 33.60

M2CL-1 8.83 10.46 0.6 0.4 98 106 4.92 4.71 2.93 4.33 0.995885 0.989349 29.2 29.88

M2CL-2 9.77 13.49 0.8 −0.4 14 17 5.61 5.16 3.31 2.75 0.993578 0.987381 28.87 29.03

M2CL-3 14.48 16.98 0.6 −0.4 98 107 4.15 4.24 2.56 2.18 1.021466 1.014663 47.5 42.35

M2CL-4 16.4 20.4 0.6 0.4 95 100 4.06 4.10 3.04 2.53 1.020602 1.014137 44.7 42.33

M2CL-5 16.59 20.22 0.6 0.4 97 105 4.15 4.21 2.84 2.58 1.020750 1.014172 45.5 42.60

M2CL-6 15.56 16.67 −50.8 −45.2 99 107 4.19 4.06 2.87 2.19 1.023130 1.016183 46.03 41.55

M2CL-7 14.4 20.15 0.6 0.4 94 102 4.14 4.15 5.26 2.17 1.019888 1.015018 46.25 40.8

M2CL-8 14.8 27.44 0.6 −0.4 93 109 4.07 4.06 8.96 10.67 1.020753 1.014012 43.8 41.65
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for unloaded microemulsions and 12.8–101.0 nm for loaded mi-
croemulsions, and Ariviani et al. (2015) found 20 and 22.6 nm for 
VCO microemulsions loaded with β-carotene 0.025 and 0.05%wt, 
respectively, 23.0 and 22.9 nm for palm oil microemulsions loaded 
with β-carotene, 0.025 and 0.05% wt, respectively. Biruss and Valenta 
(2008) determined an average particle diameter of 5.41 ± 0.02 nm 
for their cosurfactant-free o/w microemulsion (polyoxyethylene-
10-dodecyl ether, tributyrin, distilled water). The droplet size of 
the microemulsions with various oil/water ratios reported by Liu 
and Chang (2011) remained in the 2–5-nm range. Thus, our results 
are typical of what has been reported for microemulsions. A TEM 
micrograph of the TPGS-1000/isobutanol/trans-anethole micro-
emulsion is presented in Fig. 12.3. It can be observed that micro-
emulsion droplets are spherical and of small size.

3.3.1 Electrical Conductivity
Electrical conductivity of selected microemulsions shown in Ta-

ble 12.5 could be considered high values, since they are O/W micro-
emulsions (Biruss and Valenta, 2008). Roohinejad et al. (2015) found 
values from 12.15 to 520 µS/cm whereas Ariviani et al. (2015) and Ba-
sheer et al. (2013) do not report these determinations. However, Bi-
russ and Valenta (2008) report that the electrical conductivity of their 
system was 0.33 ± 0.002 mS/cm, a very low value compared with the 

Figure 12.3. TEM micrography. TEM micrograph of microemulsion prepared with 
TPGS-1000/isobutanol/trans-anethole (MET). The microemulsion was stained with 
phosphotungstic acid at 2%.
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data in Table 12.5. This value reflects the nonconductive properties 
of the components. In their study, Liu and Chang (2011) found that 
the conductivity of the microemulsions increased from 12 to 30 µS/
cm when the water content increased from 10 to 40%. Conductivity 
is a useful technique to characterize microemulsion systems. Elec-
trical conductivity shows inflection points when the water content 
increases from a W/O microemulsion to a bicontinuous and to an 
O/W microemulsion. Kalaitzaki et al. (2015) studied the transitions 
at 25°C from an oil-rich microemulsion to a water rich microemul-
sion and detected the transitions using electrical conductivity mea-
surements. Their microemulsions were stabilized with polyoxyethyl-
ene sorbitan monolaurate (Tween 20) and polyoxyethylene sorbitan 
monopalmitate (Tween 40) and mixtures thereof. The oil phase 
was composed of (R)-(+)-limonene and 1,2-propanediol (propyl-
ene glycol). The values of electrical conductivities were up to about 
18 mS·cm−1. In general, high water content microemulsions present 
higher conductivity values than low water content ones. It is known 
that O/W and bicontinuous microemulsions present higher con-
ductivity values than W/O microemulsions (Bumajdad and Eastoe, 
2004). It is also observed that conductivity increases with tempera-
ture for all cases presented in Table 12.5. From the data presented 
here for electrical conductivity of nonionic microemulsions, it is 
clear that this property depends on the nature of the components.

3.3.2 Viscosity
Taking into account that the viscosity of water at 25°C is 

0.8902 mPa·s and at 40°C is reduced to 0.6532 mPa·s (Kestin 
et al., 1978), viscosity results observed in Table 12.5 can be con-
sidered low at both temperatures. No noticeable changes on vis-
cosity occur by the different surfactants, cosurfactants and oil 
phases. In general, viscosity decreases with increasing tempera-
ture with four exceptions: the MET, MEV, M2CL-1 and M2CL-8 
microemulsions showed increased viscosity at 40°C. Basheer 
et al. (2013) report that their microemulsions behaved as Newto-
nian fluids at 25°C. Roohinejad et al. (2015) report values from 3.9 
to 3887.8 mPa·s. Ariviani et al. found values as follows: for VCO, 
0.025% and 0.050% β-carotene loaded, 5.90 and 6.05 mPa·s, re-
spectively; for palm oil, 0.025% and 0.050% β-carotene loaded, 
6.08 and 5.98 mPa·s, respectively. The values reported by Arivi-
ani et al. (2015) are not significantly different from each other, 
according to these authors. Liu and Chang (2011) report the vis-
cosity range of their microemulsions determined at 32°C, from 
6 to 14 mPa·s with an increase in the water content from 10 to 
40%, whereas Biruss and Valenta (2008) report a viscosity of 450 
mPa·s for their polyoxyethylene-10-dodecyl ether microemulsion 



546  Chapter 12 BIOCOMPATIBLE MICROEMULSIONS

of tributyrin at 20°C. Thus, the microemulsions reported in 
Table 12.5 are low viscosity systems, which is a desirable fea-
ture in food process operations. Furthermore, when comparing 
the viscosities at 25 and 40°C, it appears that in most cases both  
the use of TPGS-1000 and of Tween 80 tend to decrease viscosity 
with increasing temperature. This effect occurs because the co-
hesive forces linking molecules diminish with temperature by in-
creasing the distance between molecules.

3.3.3 Density
The density of the microemulsions is also shown in Table 12.5. It 

is evident that the properties of the two groups of microemulsions 
(different surfactant-cosurfactant combination) behave differently. 
When TPGS-1000–iso-BuOH is used, densities at 25 and 40°C remain 
below 1. This is not the case for the group in which the surfactant-
cosurfactant pair is Tween 80 and PEG-400, where density values 
are above 1. This behavior could be explained by the interactions 
between water molecules with the surfactant-cosurfactant com-
bination. For the TPGS-1000–iso-BuOH combination, repulsive 
forces between the vitamin E fraction of TPGS-1000 and the hydro-
phobic iso-BuOH with water predominate, increasing the volume 
of the mixture and thus reducing the density. On the other hand, for 
the Tween 80 and PEG-400 combination, a more hydrophilic sur-
factant-cosurfactant system, attractive forces predominate, reduc-
ing the volume and increasing the density of the system. Another 
point that can be seen in Table 12.5 is the fact that increasing the 
temperature from 25 to 40°C, in all systems, density decreased, that 
is, with more energy in the system because of the higher tempera-
ture, the distance between molecules is increased, thus the number 
of molecules per unit volume (liquid density) decreases. There are 
scarce reports in the literature on density measurements of micro-
emulsions for food applications. Ariviani et al. (2015) present spe-
cific gravity data for their β-carotene-loaded microemulsions and 
found no significant difference between their tested formulations 
with values in the range between 1.010 and 1.011, at 20°C. In terms 
of density, these values correspond to 1.0098–1.0108 g/cm3, which 
are similar to the values reported in Table 12.5.

3.3.4 Surface Tension
One of the characteristics of microemulsions is their low inter-

facial tension with values typically between 20 and 25 mN/m. The 
surface tension at air–water interfaces is usually of the order of 
72 mN/m. The interfaces oil-microemulsion could be around 10−3 
to 10−6 mN/m (Bera et al., 2014). The values of surface tension of 
the different microemulsions reported in Table 12.5 are between 
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27.80 and 34.07 mN/m for the TPGS-1000/isobutanol systems 
and from 40.80 to 47.5 mN/m for the Tween 80/PEG-400 systems. 
When Tween 80/PEG-400 was used as surfactant-cosurfactant we 
observed that there is a decrease in surface tension values when 
the temperature increases from 25 to 40°C, this tendency could be 
explained because the molecular interaction between the liquid 
molecules becomes weaker since the hydrogen bond is weak and 
it is the main factor for association between molecules. On other 
hand, when TPGS-1000/isobutanol was used as the surfactant-
cosurfactant mixture, the tendency was reversed, namely, an in-
crease of surface tension was observed when the temperature 
increased. The interfacial tension of microemulsions reported by 
Liu and Chang (2011) slightly increased from 26 to 28 mN/m with 
an increase in the water content.

3.3.5 Stability
To assess any change in stability of microemulsions (phase 

separation, phase inversion, aggregation, creaming, and cracking) 
they are subjected to freeze–thaw cycles. For this test, the MET, 
MEM, and MEV systems were subjected to thermal stress and cen-
trifugation and the results did not show any significant changes 
since only a small increase from 2 to 3 nm in particle size were ob-
served after 21 days under the freezing and heating cycles. Further, 
in terms of changes in the turbidity index, these were not observed 
given that the turbidity index before and after the centrifugation 
test at 10,000g had the same value for all systems, the transpar-
ency was not lost for any microemulsion. These tests confirm one 
of the most important properties of microemulsions, their ther-
modynamic stability.

4 Conclusions and Outlook
The 10 food-grade microemulsions exemplified here were 

clear, low viscosity (2.17–10.67 mPa·s), low surface tension (27.80–
46.25 mN·m) with densities close to water. Average particle diam-
eters were from 6.35 to 27.44 nm. The pH of these microemulsions 
was slightly acid (4.06–5.61) and conductivity was between 12 and 
109 mS/cm. Zeta potentials were near zero, reflecting the nature 
of the nonionic surfactants used to stabilize the microemulsions. 
Although the microemulsions reported here are particular cases 
of the systems considered and is not expected that any of them 
would be used in product formulation, confirm that these systems 
can be used with advantage as carriers of essential oils, nutraceu-
ticals, and other hydrophobic liquid components (oil phase) of 
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interest in foods, pharmaceuticals and cosmetics. Further, these 
oils could actually be carriers of oil-soluble substances (solid or 
liquid) with specific activities such as flavors, aromas, vitamins, 
drugs, and others.

Future work could be oriented toward the development of fully 
food-grade surfactants with no side effects and from natural origin 
as much as possible (biosurfactants). Microemulsion formulation 
must be aimed to meet very specific goals for carefully established 
applications.
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1 Introduction
Polyphenols are secondary metabolites found in all vascular 

plants, and constitute a big family of varied substances. All these 
natural compounds have one or more benzenic cycles with hy-
droxyl functions and derive from the metabolism of shikimic acid 
and/or polyacetate. In this sense, the most important character-
istic of polyphenols is their ability to scavenge reactive oxygen 
species (ROS). However, polyphenolic compounds exhibit many 
physiological properties such as anti-allergenic, antiatherogenic, 
antiinflammatory, antimicrobial, antioxidant, cardioprotective, 
and vasodilatory effects. Due to this broad bioactivity, polyphe-
nols have become very interesting functional compounds and 
great interest has developed in establishing new strategies for 
incorporation into the diet.

But these bioactivities are very short term due to rapid oxi-
dation or insufficient gastric residence time, low permeabil-
ity and/or solubility within the gut. Indeed, polyphenols are very 
unstable under typical food processing and storage conditions 
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(eg, temperature, oxygen, light exposure, etc.) or through the gas-
trointestinal tract (eg, pH, enzymes, interaction with other nutri-
ents, etc.), provoking a partial or even total loss that restricts their 
application in products for human consumption.

At this point, it is important to remind ourselves that the effec-
tiveness of nutraceutical products to prevent a disease depends on 
preserving the bioavailability of the active compound. Therefore, 
oral administration of polyphenols needs an additional protection 
to keep their structural integrity and increase their bioavailability 
and physiological target (Fang and Bhandari, 2010; Munin and 
Edwards-Lévy, 2011; Quideau et al., 2011; Đorđević et al., 2014), 
which makes encapsulation, in particular nanoencapsulation, the 
target technology.

In general terms, encapsulation may be defined as a process 
to capture one substance (active ingredient) within another sub-
stance (cover material). It is a technology in which there is a physi-
cal barrier to protect the bioactive agents of reactions against the 
environment during storage, or against other components when 
added to a food matrix. It also presents an economic advantage 
in its ability to control the rate of release of the encapsulated in-
gredient, allowing the food industry to increase the effectiveness 
of their bioactive ingredients by not having to dispense them in 
excess. As a consequence, by means of encapsulation, the food 
industry has expanded the range of available bioactive products, 
since encapsulated materials can be protected from moisture, 
heat, or other extreme conditions, thereby enhancing their stabil-
ity and maintaining viability (Gibbs et al., 1999).

The encapsulated substance is called the core, active, inter-
nal, or payload phase. The substance that is encapsulating can be 
called the coating, carrier material, capsule, membrane, shell, or 
matrix, and can be composed of different biopolymers such as sug-
ars, gums, proteins, natural and modified polysaccharides, lipids 
and synthetic polymers, and so forth. The functions of these micro 
and nanocapsules include to protect an unstable compound from 
the environment, to avoid side-effects of the encapsulated ingre-
dient in the consumer, to isolate two incompatible compounds 
that needs to coexist in the same medium, or to control the release 
of the encapsulated compound (Fang and Bhandari, 2010; Munin 
and Edwards-Lévy, 2011).

2 Encapsulation Technologies
The cost limitations for raw materials in the food industry are 

stricter than in other industries, like in the pharmaceutical or cos-
metic domains. Therefore, selection of the microencapsulation 
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procedure for food applications is governed not only by the physi-
cal and chemical characteristics of the core and wall materials and 
the intended application of the selected food compound, but also 
by economic issues. To date, different wall materials and tech-
niques have been developed and applied for food nanoencapsu-
lation applications (Desai and Jin Park, 2005).

The encapsulation technologies for delivery of bioactive com-
pounds like polyphenols are classified under chemical and me-
chanical techniques. Chemical methods include liposomes, 
coacervation, molecular inclusion, yeast encapsulation, emulsion, 
and ionic gelation. Others, like spray-drying, freeze-drying, spray-
cooling/chilling, fluidized bed drying, extrusion, and spinning 
discs, are based on mechanical principles.

2.1 Mechanical Technologies
2.1.1 Spray Drying

Spray-drying is a technique used in the food and pharmaceuti-
cal industries where the solvent evaporates quickly from the drop-
let and allows the encapsulation of bioactive materials within a 
protective matrix. This protective matrix is inert to the material 
being encapsulated through a brief exposure to high temperatures 
in a spray chamber (Mahdavi et al., 2014). Although most often 
considered a dehydration process, spray-drying is well established 
for producing dried powdered products and microencapsula-
tion of polyphenols and other heat labile compounds (Ishwarya 
et al., 2015). In the food industry, spray-drying is the most applied 
encapsulation technique. However, it is considered an immobili-
zation method rather than a true encapsulation method because 
some bioactive components may be exposed superficially on the 
microparticles (De Vos et al., 2010).

The target of this technique is the dispersion of the compo-
nent to be encapsulated in a carrier material, followed by atomi-
zation and spraying of the mixture into a hot chamber (Fig. 13.1) 
(Madene et al., 2006). The first phase consists in the elaboration of 
feed liquid (solution, dispersion, or emulsion) composed by the 
coating agent and the bioactive component. This mixture is atom-
ized with the formation of droplets. Then, droplets are dehydrated 
by hot drying medium (usually air), where the solvent (mainly 
water) is rapidly evaporated in a heated chamber. The dehydrated 
powdered particles are then transported to a cyclone separator 
for recovery. During the drying process, a layer is formed at the 
droplet surface and the concentrations of ingredients in the dry-
ing droplet amplify. This process takes a few seconds and feed liq-
uid is converted into powdered particles without any appreciable 
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loss (Gouin, 2004; Mahdavi et al., 2014; Munin and Edwards-
Lévy, 2011; Đorđević et al., 2014).

The spray-dried products have important properties, such 
as increased thermal stability, regular particle shape and size, 
and reduced moisture content. The final product will depend 
on process parameters (ie, inlet and outlet air temperatures and 
feed temperature), on formulation parameters (ie, core material/
encapsulating agent ratio, solid content, and viscosity) and equip-
ment; therefore the process can be modified to control the prop-
erties of spray-dried powders. The characterization of powders 
generally involved the determination of total phenolic com-
pounds, superficial polyphenols, encapsulation efficiency, recov-
ery of polyphenols, and powder yield (Gharsallaoui et al., 2007).

Also, the spray drying has been successfully used for the en-
capsulation of a number of polyphenols rich materials in the 
last years, including Hibiscus sabdariffa L. extract (Chiou and 
Langrish, 2007; Idham et al., 2012), Paeoniarockii extract (San-
sone et al., 2014), Cactus pear (Ruiz-Gutiérrez et al., 2014; Sáenz 

Figure 13.1. Schematic view of spray-drying process.
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et al., 2009), Gypsophila extract (Ozdikicierler et al., 2014), 
Averrhoacarambola pomace (Saikia et al., 2015), bayberry procy-
anidins (Fang and Bhandari, 2011, 2012); black currant pomace 
extract (Bakowska-Barczak and Kolodziejczyk, 2011); bilberry 
pomace extract (Baum et al., 2014; Oidtmann et al., 2012); black-
berry pulp (Ferrari et al., 2012); black mulberry fruit juice (Faza-
eli et al., 2012); blueberry extract (Flores et al., 2014); blueberry 
fruit extract (Jimenez-Aguilar et al., 2011); black carrot extract 
(Ersus and Yurdagel, 2007); Andes berry fruit extract (Villacrez 
et al., 2014); apple skin extract (Kosaraju et al., 2008), grape 
seed extract (Kosaraju et al., 2008); olive leaf extract (Kosaraju 
et al., 2008; Kosaraju, 2005); artichoke extract (Gavini et al., 2005); 
carozo fruit extract (Osorio et al., 2010); jabuticaba peel extract 
(Silva et al., 2013); kokum fruit extract (Nayak and Rastogi, 2010); 
mate tea leaf (Yatsu et al., 2011); noni fruit (Krishnaiah, 2009); 
pomegranate fruit juice (Robert et al., 2010), and white oak leaf 
infusion (Rocha-Guzmán et al., 2010).

In those works a variety of wall materials have been success-
fully used for encapsulation of polyphenols, such as: natural gums 
(arabic gum and mesquite gum), proteins (whey protein isolate, 
soybean protein isolate), carbohydrates (starch of different sourc-
es, maltodextrins of different dextrose equivalents, inulin and 
modified starches), and chitosan and carrageenan.

In this spray-drying process, the most important steps are the 
selection of wall materials, the bioactive component, and the re-
lease system. In this sense, the expected features of a good carrier 
material are appropriate dissolution characteristics, low viscos-
ity at great concentrations, and excellent emulsifying capabilities 
(unbroken emulsions, if possible) (Đorđević et al., 2014).

Carbohydrates, proteins, and new biopolymers are the most 
appropriate wall materials for spray-drying encapsulation. Gum 
arabic is the most used carbohydrate due to its low viscosity, solu-
bility, emulsification characteristics, and high capacity to withhold 
volatile compounds, developing the role of active surface agent 
and matrix dryer (Fang and Bhandari, 2010; Đorđević et al., 2014). 
However, the increasing prices of these gums limit enormously 
their applications in the food industry and they are often replaced 
by less expensive maltodextrins. Maltodextrins are frequently used 
for encapsulation of flavors and polyphenols. For example, dif-
ferent wall materials (eg, gum arabic, whey protein concentrate, 
maltodextrin egg albumin, and starch sodium octenyl succinate) 
were studied in persimmon powders obtained by spray-drying. 
Maltodextrin, gum arabic, and starch sodium octenyl succinate 
showed higher total polyphenol retention and better reconstitu-
tion. In addition, persimmon powders made with maltodextrin 
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and gum arabic showed a continuous and smooth surface and a 
more spherical physical form compared to those produced with 
starch sodium octenyl succinate, whey protein concentrate, and 
egg albumin that presented wrinkled surfaces (Jing et al., 2014).

This technique has also been applied to obtain nanocapsules. 
Bioactive compounds like folic acid have been encapsulated using 
a novel nanospray-drying device able to obtain smaller encapsu-
lation structures. The polymer used for folic acid encapsulation 
was a whey protein concentrate and a commercial resistant starch 
(Pérez-Masiá et al., 2015).

In 2011, bayberry juice was dried by spray-drying with malto-
dextrins and then stored under different temperatures and water 
activities (a w). The retention of the total phenolic content and total 
anthocyanins during the drying process was about 96% and 94%, 
respectively, implying that spray-drying was a good technique 
for drying heat sensitive polyphenols (Fang and Bhandari, 2011). 
More recently, an extract of star fruit (Averrhoa carambola) pom-
ace was encapsulated with maltodextrin by spray-drying and 
freeze-drying. The methods were compared and the highest en-
capsulating efficiency was obtained in freeze-dried encapsulates 
(78–97%) (Saikia et al., 2015).

Regarding the mixture of carriers, gum arabic and malto-
dextrins have arisen as good solid carriers. Apintanapong and 
 Noomhorm (2003) analyzed different ratios of gum arabic and 
maltodextrins as wall materials for encapsulation by spray- drying 
a flavor component from aromatic rice. Ratios 70:30 of gum 
arabic/ maltodextrin showed better results in quality capsules.

Chitosan has also been used as a carrier material for Paeonia 
rokii (PPR) extracts. The formulation 1:1 chitosan/PPR had the 
highest polyphenol content (Sansone et al., 2014). Other wall ma-
terials, such as soluble fiber for encapsulating cactus pear, have 
developed a final powder with good characteristics after encapsu-
lation at 160°C and 22.5% soluble fiber (Ruiz-Gutiérrez et al., 2014). 
The encapsulation of polyphenols obtained by the spray-drying 
method permits a good entrapping of these bioactive compounds 
and, because of that, it can be used for nutraceutical application.

The major advantages of this technique are the production of 
micro and nanocapsules in a simple and continuous operation, 
low operating cost, small size, easy handling, rapid solubility of 
the capsules, high-quality capsules in a good yield, good reten-
tion of volatiles, and good stability of the final product (Madene 
et al., 2006; Mahdavi et al., 2014; Đorđević et al., 2014). However, 
this technique has some disadvantages, such as the production 
of very fine powders that need further processing, or limitation 
in the choice of wall materials (Ishwarya et al., 2015). Due to the 
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thermosensitivity of some antioxidants, it is necessary to optimize 
the spray-drying process at lower temperatures and to make a 
good choice of cover agents to preserve the antioxidants during 
storage (Davidov-Pardo et al., 2012). The principal advantages and 
disadvantages of spray-drying encapsulation are summarized in 
Table 13.1.

2.1.2 Spray-Cooling/Spray-Chilling
Spray-cooling and spray-chilling represent encapsulation 

techniques used to reach heat stability and delay the release of 
the encapsulated compound transforming powders. The active 
ingredient might be soluble in the lipids, or be present as dry par-
ticles or flowing emulsions. These technologies have a mechanism 
similar to the spray-drying operation, but the principle of these 
methods is contrary to spray-drying, because the carrier is cooled 
instead of evaporated. The bioactive ingredients are fused with 
lipids coating and atomized in droplets. After this, the droplets are 
blended with a cooling medium and a result is achieved in pow-
der form. The choice of either method will depend on the melting 
point of the lipids used for the coating. In spray-chilling, the melt-
ing temperature is in a range of 34–42°C, while for spray-cooling, 
it is higher than spray-chilling.

Spray-chilling is generally applied to decelerate volatilization 
and increase the protection in the heated processing of sensitive 
active agents with water-soluble properties such as vitamins, min-
erals, and flavors, because the wall material is a vegetable oil with 
a melting point of 32–42°C. In this technique, the lipids coating 
is melted and atomized into a container that includes a carbon 

Table 13.1 Advantages and Disadvantages 
of Spray-Drying

Advantages Disadvantages
•	 Ease	scalability
•	 Moderate	operating	cost
•	 Capsules	of	high	quality	and	payload
•	 Capsule	solubility	can	be	modified
•	 New	approaches	make	possible	particle	sizes	up	to	

approx.	100	nm
•	 High	stability	capsules
•	 Process	easy	to	control

•	 Nonhomogeneous	microcapsules	can	arise
•	 Limitation	in	the	choice	of	wall	material
•	 Produces	very	fine	powder	which	needs	further	

processing
•	 Is	necessary	to	optimize	the	process	for	heat-

sensitive	material
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dioxide ice bath as a hot-melt fluidized bed and the droplets are 
solidified to constitute a cover layer. Spray-chilled products have 
applications in bakery products, dry soup mixes, and foods con-
taining a high level of fat (Madene et al., 2006; Onwulata, 2012).

Spray-cooling is a technique similar to spray-chilling but the 
temperature of the reactor, where the wall material is sprayed, is 
different.

The disadvantage of spray-chilling and spray-cooling is that 
they need special handling and storage conditions.

2.1.3 Freeze-Drying
Freeze-drying is a technique used for the dehydration of heat 

sensitive components. It is one of the most effective processes for 
drying thermosensitive substances that are unstable in aqueous 
solutions.

This process starts with a decrease of the sample temperature 
(freezing) of the bioactive ingredient controlling the ice crystal 
size; a subsequent reduction of pressure and increase of heat is 
needed to sublimate the water present in the extract containing 
the bioactive component. The results reach a porous form that 
preserves the nutritional properties. In the last stage, a second 
drying is applied to absorb the water attached to the porous ma-
trix, with an increasing temperature resulting in a product mois-
ture level of around 0.5% (Fig. 13.2) (Fang and Bhandari, 2010; 
Lopez-Quiroga et al., 2012; Madene et al., 2006).

Drying conditions influence the antioxidant capacity and phe-
nolic profile. Vacuum freeze-drying (VFD) decreases deteriora-
tion, but increases the cost. Atmospheric freeze-drying (AFD) can 
be used with an alternative and combined with infrared radiation. 
Reyes et al. (2011) studied the effects of particle size and type of 
freeze-drying (vacuum or atmospheric) on the antioxidant capac-
ity and total polyphenols of blueberries. This study concluded that 
the antioxidant activity of freeze-dried blueberries did not diverge 
much from that of the fresh fruits. In order to reduce the deteriora-
tion of the nutritional properties of freeze-dried blueberries, it is 

Figure 13.2. Polyphenolic capsules produced by freeze-drying.
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recommended to apply vacuum freeze-drying with infrared radia-
tion and small particle size.

This technology is applied to obtain micro and nanoparticles 
of polyphenols. Guzman-Villanueva et al. (2013) encapsulated 
curcumin in micro-nanoparticles, synthesized by ionotropic ge-
lation. The obtained microparticles were fractioned and freeze-
dried. The average particle size of the curcumin nanoparticles was 
480 ± 70 nm. In addition, the in vitro release profile showed up to 
95% release of curcumin in these nanoparticles after 9 h in PBS at 
pH 7.4.

Others encapsulation applications of polyphenols by freeze-
drying have been studied. Laine et al. (2008) evaluated storage sta-
bility, phenolic content, and antioxidant activity of phenolic-rich 
cloudberry extract capsules by freeze-drying with maltodextrin 
DE 18.5 and maltodextrin DE 5-8, and of unencapsulated cloud-
berry extract. Encapsulated cloudberry extract provided better 
phenolic protection and antioxidant capacity during storage than 
the unencapsulated sample.

In other study, a solution of Argentinian red wine and malto-
dextrin DE 10 was freeze-dried. In this process, there was very 
little loss of total polyphenols. This “wine powder” showed 3.7 
times higher content of polyphenols than red wine (Sanchez 
et al., 2013). Gurak et al. (2013) studied the freeze-drying process 
in pre-concentrated grape juice: the results reported that poly-
phenolic concentration did not vary during 120 d of storage, be-
cause the freeze-drying process increased the stability and shelf 
life of this product.

The major disadvantages of freeze-drying are high energy use 
and long processing time because of the low temperature. This 
makes for high capital and operating costs. Besides, an open 
porous structure is obtained, which is in general not a very good 
barrier between the active component and its surroundings. Com-
pared to spray-drying, freeze-drying is up to 30–50 times more 
expensive (Gharsallaoui et al., 2007).

2.1.4 Fluid Bed Drying
Fluidized bed-coating is an encapsulation method based on 

extra coating and wall material being used on powder particles in 
a continuous set-up or in a batch processor. First, the bioactive 
agents, which will be encapsulated, are suspended in a hot atmo-
sphere in a drying chamber with a predefined temperature. Then, 
the coating agent is atomized over the active particles and a film is 
created. Each particle will be progressively coated every time it is 
in the spraying zone. The water is evaporated and the wall materi-
al is united with the bioactive agent. This evaporation is controlled 
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by different ratios such as spraying rate, water content, humidity, 
and temperature, among others (Fig. 13.3).

The difference between spray-drying and fluidized bed drying 
is that the fluidized bed method can be achieve at lower tempera-
tures than spray-drying, because there is a excellent mass and heat 
transport and equal temperature distribution. In addition, the flu-
id bed core material is smooth, spherical, and in powdered form to 
minimize the amount of fluid needed to coat it and to reduce the 
likelihood of uneven coating along the jagged edges, which limits 
coating efficiency and functionality. The integrity and solubility of 
the wall material is essential to get a good fluidized bed-coating 
procedure and to obtain a controlled release of bioactive compo-
nents (Onwulata, 2012; Đorđević et al., 2014).

Therefore, Sun et al. (2013) studied different coating materials 
to get a controlled delivery of fluidized bed-coated menthol pow-
der. Gelatin coating was the best material (60% of the menthol 
powder was delivered after 11 min in water at 37°C).

Generally, the coating material is solid and it might be pro-
teins, gums, or starch derivatives. The fluid bed particles should 
be spherical and dense, and should have a narrow particle size 
distribution and good flowability. Spherical particles have the low-
est possible surface area and require less coating material for the 
same shell thickness than nonspherical ones. In general, coating 
can be used to make the powder more resistant to humidity. This 
technique may be applied to give a second coating to spray-dried 
products or alone on products with a sensitive core containing 

Figure 13.3. Schematic view of fluid bed drying process.
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aromas, flavors, polyphenols, or oils. Fluidized bed-coating has 
also been used to create an additional layer of molecules for 
targeted release in the gut (De Vos et al., 2010; Dewettinck and 
Huyghebaert, 1999; Zuidam and Shimoni, 2010). The problem in 
this technique is the coalescence of coating material and agglom-
eration of particles. After solvent evaporation, the liquid bridges 
become solidified, thus forming agglomerates. This occurs when 
the moisture content during the process is too high, due gener-
ally to insufficient drying or the use of a temperature above glass 
transition of the polymer solution (Saleh et al., 2003). Many vari-
ables such as air temperature, atomization pressure, and coating 
solution concentration should be controlled in order to diminish 
agglomerations (Jiménez et al., 2006; Prata et al., 2012).

Another disadvantage of the fluidized bed is the high cost. The 
food industry is obliged to cut production costs and should there-
fore adopt a somewhat different approach to this rather expensive 
technology. However, this technique is used in the meat industry 
and in nutritional supplements like encapsulated vitamins and 
minerals. In fact, fluid bed encapsulated salt is used in meats 
to prevent development of rancidity (Dewettinck and Huyghe-
baert, 1999).

Fluid bed technology is also applied in polyphenols coating. 
Oehme et al. (2011) encapsulated anthocyanins to obtain their 
delivery in the colon. They developed the capsules by ionotropic 
gelation and subsequent fluid bed drying to decrease the water 
content and bead size.

2.1.5 Extrusion and Spinning Disc
The extrusion technique has been widely applied in the food 

industry from 1957, when it was patented by Swisher. The fun-
dament of this method is the extrusion of a liquid combination 
of wall material and active compound through an orifice and to 
achieve the formation of droplets. This encapsulation technique 
is divided into two phases. In the first phase, an O/W emulsion is 
prepared, where the oil phase is involved in the aqueous phase. 
In the second phase, the emulsion is submitted to an extrusion 
process, which consists of small drop size formation using a 
syringe or atomization based on simple dripping, vibrating jet/
nozzle, coaxial airflow, electrostatic extrusion, jet cutting, and 
spinning disc. The drops formed fall into a gelling solution or they 
are subjected to a physical process like cooling or heating (Dima 
et al., 2015; Đorđević et al., 2014).

Melt injection and melt extrusion are techniques to encapsu-
late an active ingredient in a carbohydrate melt. In melt injection, 
the melt is pressured through a filter and then is made inactive by 
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a dehydrating dissolvent like isopropanol or liquid nitrogen. This 
involves hardening of the wall material and the active component 
is encapsulated. Melt extrusion and melt injection are very similar 
methods, but in case of melt extrusion, extrudates are not surface 
washed. In addition, melt injection uses screws in a vertical posi-
tion, while in melt extrusion, screws are in the horizontal position 
(Yanniotis and Stoforos, 2014).

Simple dripping uses low liquid velocity and extruded liquid 
sticks. When the gravitational force is higher than surface tension, 
a drop is formed. If the liquid velocity grows, droplet coalescence 
will be produced. Moreover, the size of the droplet, which depends 
on the orifice diameter, is another important parameter to con-
sider. The main disadvantages of this method are the low quantity 
of droplets produced and their large diameter.

Increasing the liquid velocity with an uninterrupted liquid jet 
in a continuous stream can result in breakage into droplets due to 
vibrations/forces and surface tension. If the used force is electro-
static force, this method is referred to as electrostatic extrusion, 
also called electrospraying. This technique is based on the high 
voltage spinning of a polymer solution to produce nanofibers/
nanowebs. The electrostatic extrusion technique permits the pro-
duction of small particles and regular size distribution. Another 
method that allows the production of particles with uniform 
shape and size is the coaxial airflow technique. In this technique, 
a stream of compressed air is applied to pull the liquid droplets 
from the nozzle at a faster rate compared to normal gravitational 
force. However, the main drawback is low production rate.

Jet cutting, vibrating jet/nozzle, and spinning or rotating disc 
are techniques that have a higher production capacity due to a 
controllable liquid jet break-up. The differences between them are 
the mechanism of the jet break-up, by cutting wire (jet cutting), by 
vibrating a nozzle (vibrating jet/nozzle), or by rotating discs (spin-
ning disc) (Đorđević et al., 2014).

In addition, rotating disc extrusion can be combined with a fa-
cility for recycling of the excess coating liquid. The active agent is 
dispersed in the carrier material; when the suspension is extruded 
through a rotating disc, the excess coating fluid is atomized and 
separated from coated particles. Excess coating fluid is then re-
cycled, while the resulting capsules are hardened by cooling or 
solvent extraction (Madene et al., 2006).

The main advantage of extrusion techniques is that they do not 
need severe conditions, either in terms of temperature or solvents. 
In addition, extruders can be manipulated to obtain the tempera-
tures and speeds desired. Thus, it is possible to control the screw 
design, feed rate, and moisture content. However, among all the 
extrusion techniques, only spinning disc atomization has been 
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shown to be easily scalable, with production capacities of tons/
day using a multidisc system. Another advantage of the spinning 
disc is the small amounts of water that are required to change the 
state of carbohydrates in the extruder, so subsequent drying is not 
necessary, making this technique more economical.

The disadvantages of this technique are the large particle 
size obtained and the narrow range of coating materials. Among 
the ingredients that can be applied, polysaccharides are one of 
the more attractive, due to their technological characteristics and 
because they are recognized as safe (GRAS). The principal polysac-
charide derivatives used in this technique are chitosan, alginate, 
kappa-carrageenan, and gellan gum. These compounds need be 
dissolved in a water o organic suspension and then electrospin-
ning is applied by adapting the procedure and/or modifying the 
suspension characteristics with the provision of proper additives 
(eg, whey protein). Another problem is the processing of viscous 
polymer solutions. When these solutions are used as coating ma-
terials, a decrease in viscosity is obtained when the temperature 
increases. Thus, an apparatus heating nozzle/pulsating head has 
been developed for control of viscosity of biopolymers through the 
controllable temperatures when they pierce the pulsation cham-
ber, before extrusion and break-up. Use of such a device should 
enable encapsulation into viscous materials like highly concen-
trated biopolymer solutions, gelatins, and gums (Guevara, 2008; 
Đorđević et al., 2014).

In a recent work, a natural extract (rich in phenolic compounds) 
obtained from a brewery waste stream was incorporated into a 
polymer film to develop an active packaging film by extrusion. 
Several nanoclays of the natural extract with different polymeric 
matrices (ethylene vinyl acetate and low-density polyethylene) 
were prepared with a corotating twin-screw extruder. The 
mixtures were processed at a speed of 150 rpm at 150°C for 6 min 
and the antioxidant effectiveness of these functional nanoclays 
has been verified in meat samples: the meat samples containing 
the nanoclays of the natural extract show a retarding of oxidation 
of around 60% (Barbosa-Pereira et al., 2014). Polyphenols from 
bilberry pomace extract were encapsulated by extrusion with 
amidated pectin (Baum et al., 2014; Kropat et al., 2013; Oidtmann 
et al., 2012).

2.2 Chemical Technologies
2.2.1 Emulsions and Nanoemulsions

Emulsion is a technology used to encapsulate active agents in 
aqueous solutions, which can either be used directly in their liq-
uid state or can be dried to form powders after  emulsification by 
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spray-drying, freeze-drying, or extrusion. Therefore, the  emulsions 
can be a part of the encapsulation process and have a number of 
advantages as delivery systems for nutraceutical and functional 
food components.

This technique consists of at least two immiscible liquids, with 
one liquid being dispersed as small spherical droplets in the other. 
Emulsions can be classified according to the spatial distribution of 
oil and water phases. Oil droplets dispersed in an aqueous phase 
is an oil-in-water (O/W) emulsion, whereas water droplets dis-
persed in an oil phase is a water-in-oil (W/O) emulsion. In con-
ventional emulsion (O/W), the oil droplets are surrounded by a 
thin interfacial layer consisting of emulsifier molecules. All emul-
sions are formed through a nonpolar phase (the oil), a polar phase 
(the aqueous), and an amphiphilic phase (the interfacial layer). 
It is therefore possible to incorporate active polar, nonpolar, and 
amphiphilic ingredients within the same delivery system.

In addition to the simple O/W or W/O systems, there are 
various types of multiple emulsion like oil-in-water-in-oil 
(O/W/O) or water-in-oil-in-water (W/O/W) emulsions (Fang and 
Bhandari, 2010; McClements, 2015).

Nanoemulsions and emulsions can be differentiated based on 
their particle radius: r < 100 nm for nanoemulsions, r > 100 nm 
for emulsions. Moreover, conventional emulsions are more tur-
bid because the drops have the same order dimension as the light 
wavelength, and this causes their dispersion. On the contrary, na-
noemulsions are less turbid, because they spread less light.

The instability of conventional emulsions is reached when they 
are exposed to adverse environmental conditions, such as heat-
ing, drying, freezing, high mineral concentration solutions, chill-
ing, and pH extremes. In addition, a limited number of emulsifiers 
can be used to form the interfacial layers which surround the oil 
droplets.

In the water phase of O/W emulsions, a lot of hydrophilic com-
ponents like vitamins, proteins, polysaccharides, colorings, fla-
vorings, etc.) are dissolved. These contribute to the stability and 
definition of the functional attributes of emulsions and interact 
either with solvent molecules or with molecules adsorbed to the 
O/W interface. Polysaccharides contribute to emulsion stability 
by increasing the aqueous phase viscosity or gel formation.

Currently, the emulsions are being used for encapsulation of 
polyphenols and other labile compounds. Emulsions O/W were 
reported to encapsulate polyphenols from bayberry fruit extract 
(Zheng et al., 2011) and from bilberry frit extract (Betz et al., 2012), 
in both works polymers (ethyl cellulose and whey protein isolate, 
respectively) were used in order to stabilize the emulsion.
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The emulsion’s functional characteristics can be controlled by 
monitoring the concentration and size distribution of the lipid 
particles, as well as the composition, thickness, and electric char-
acteristics of the interfacial layer (Chung and McClements, 2014; 
Davidov-Pardo et al., 2012; Dima et al., 2015).

Fig. 13.4 shows the different emulsion types that can be used in 
the food industry.

Nanoemulsions of phenolic compounds, extracted from grape 
marc by high pressure, were formulated with sunflower oil (liquid), 
or palm oil (solid) like lipid phase, as well as the combination of 
emulsifier. These nanoemulsions were produced by high-pressure 
homogenization. The results obtained with sunflower oil-based na-
noemulsions were the most stable because the droplet size had no 
significant variation. Moreover, the antioxidant activity was greater 
for the encapsulated grape marc polyphenols than for unencapsu-
lated. Therefore, the nanoemulsions improved the delivery of poly-
phenols through the biological membranes (Sessa et al., 2013).

2.2.1.1 Multiple Emulsions
In water-in-oil-in-water (W

1
/O/W

2
) emulsions, small water 

droplets contained within larger oil droplets are dispersed within 
an aqueous medium. Multiple emulsions can be used to encap-
sulate hydrophilic components like polyphenols within the inner 
water phase (W

1
), which may be useful for taste masking of bitter 

bioactive ingredients or if a system contains two hydrophilic com-
ponents that would interact with one another.

These multiple emulsions are generally obtained using two 
stages. In the first stage, a W

1
/O emulsion is formed by homoge-

nizing water, oil, and an oil-soluble emulsifier together; in the sec-
ond stage, a W

1
/O/W

2
 emulsion is obtained by homogenizing the 

W
1
/O emulsion with water containing a water-soluble emulsifier. 

The secondary homogenization step is usually carried out using 
lower energy intensity than the primary step so as not to break the 
initial W

1
/O emulsion.

Figure 13.4. Types of emulsion.
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W/O/W emulsions have several advantages over simple O/W 
emulsions, as delivery systems like water-soluble active food com-
pounds can be trapped within the inner water phase, which may 
have advantages for a number of applications like controlled rate 
or in response to specific environmental triggers, for example, 
in the mouth, stomach, or small intestine. In addition, bioactive 
agents like polyphenols could be protected from chemical degra-
dation by isolating them from other water-soluble ingredients. In 
addition, a W/O/W emulsion can be produced that has the same 
overall dispersed phase volume fraction and droplet size distri-
bution as a conventional O/W emulsion, but with a reduced fat 
content; therefore, it should be possible to obtain reduced-fat 
products with similar physicochemical and sensory character-
istics to full-fat products, including appearance, texture, mouth 
feel, and flavor.

Multiple emulsions are thermodynamically unstable systems 
that break down over time and therefore they must be carefully de-
signed to give them sufficient kinetic stability for practical applica-
tions. W

1
/O/W

2
 emulsions break down due to the same mechanisms 

as conventional emulsions, plus some additional mechanisms, 
such as water diffusion and droplet expulsion from the oil droplets 
(Chung and McClements, 2014; McClements, 2012, 2015).

Other researchers studied polyphenols encapsulation by mul-
tiple emulsions. Encapsulation of polyphenols from bilberry fruit 
extract was performed by double emulsion (W/O/W), using PGPR 
as emulsifier and pectin (calcium chloride) as emulsion stabilizing 
agent (Frank et al., 2012). Hemar et al., 2010, showed that resvera-
trol could be encapsulated in W/O/W emulsions, and that it did 
not adversely affect the physicochemical properties of the emul-
sions, and that less than 10% of it was released into the external 
aqueous phase during storage. In other study (Matos et al., 2014) 
resveratrol was encapsulated in W/O/W emulsions formed using 
polyglycerol polyricinoleate (PGPR) as an lipophilic surfactant to 
form the primary W/O emulsion, and a combination Tween 20 
and sodium carboxymethylcellulose as hydrophilic surfactants to 
form the W/O/W emulsions. The results of these multiple emul-
sions showed that they are physically stable for 30 days with <10% 
of resveratrol being released into the external aqueous phase.

Multiple nanoemulsions were formulated to encapsulate olive 
leaf extract in soybean oil. The primary W/O nanoemulsion had 
an average droplet size of 6.16 nm. Multiple emulsions were sta-
bilized by WPC alone and WPC-pectin with average droplet size 
of 675 and 1443 nm. Olive leaf extract nanocapsules showed 
more antioxidant activity than unencapsulated olive leaf extract 
(Mohammadi et al., 2016).



 Chapter 13 NANOENCAPSULATION STRATEGIES APPLIED  575

2.2.1.2 Multilayer Emulsions
O/W emulsion attributes can be modified by building laminat-

ed coatings around the oil droplets using the layer-by-layer (LbL) 
deposition technique.

This method consists of the adsorption of a charged polyelec-
trolyte onto an oppositely charged surface through an electrostatic 
attraction. Charge reversal of surface is produced because the total 
number of charges on the adsorbed polyelectrolyte molecules is 
greater than the number of charges on the surface. Multilayer emul-
sion preparations formed by the LbL method are carried out in vari-
ous steps. The first stage is the preparation of an O/W emulsion by 
homogenization. The droplets of this primary emulsion are electri-
cally charged due to the ionic hydrophilic emulsifier adsorption.

An aqueous dissolution of an oppositely charged polyelec-
trolyte is added to the primary emulsion, obtaining a secondary 
emulsion. The oil droplets in the secondary emulsion are coated 
with a polyelectrolyte layer bound through electrical interaction 
to an ionic surfactant molecule layer. Repetition of these adsorp-
tion steps leads to the formation of multilayer emulsions. These 
layers are maintained together by electrostatic attraction, and 
may therefore dissociate if pH or ionic strength is changed. Disso-
ciation can be prevented by covalently cross-linking the adsorbed 
layers after they have been produced around a lipid droplet—eg, 
using enzymes, chemicals, or heating.

Bioactive compounds like polyphenols could be incorporated 
within the oil droplet core or within the laminated shell surround-
ing the droplets. For example, a lipophilic active ingredient could 
be trapped into the oil phase prior to homogenization, whereas a 
hydrophilic ionic active ingredient could be applied to make up 
one of the layers surrounding the oil droplets. Release of a bioac-
tive compound incorporated in the core of the emulsion could be 
controlled by designing the response of the shell to the medium. 
Therefore, these systems ensure the release of bioactive ingredi-
ents in different parts of the gastrointestinal tract.

Another important advantage of this type of emulsions is that 
interfacial layers produce better emulsion stability and thus more 
protection for active ingredient incorporated within the core. 
(Chung and McClements, 2014; Dima et al., 2015).

In the work of Berendsen et al. (2015), a procyanidin-rich 
extract was encapsulated in a water-in-oil-in-water emulsion pro-
duced by premix membrane emulsification. This emulsion was 
stable for up to 14 days, where the procyanidin release was mea-
sured. A thicker interfacial WPI-Chi layer (4.2 nm versus 2.2 and 
3.9 nm for WPI-CMC and WPI-GA, respectively) resulted in a lower 
procyanidin release.
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2.2.1.3 Solid Lipid Particles
Solid lipid particle (SLP) emulsions consist of emulsified (par-

tially) coated solid lipid particles dispersed in an aqueous con-
tinuous phase. Due to crystallizing in the lipid phase, it is often 
possible to slow down molecular diffusion processes, thereby 
increasing the stability of chemically labile ingredients and con-
trolling the physical location of a lipophilic agent. SLP emulsions 
are generally formed using a “hot homogenization” process that 
involves homogenizing an oil and water phase with a hydrophilic 
surfactant at a temperature above the melting point of the lipid 
phase. The emulsion is then cooled so that some or all of the lipids 
within the droplets crystallize. Therefore, it is very important that 
the temperature of the emulsion remains substantially above the 
crystallization temperature of the highest melting lipid to prevent 
any fat solidification during homogenization.

The first process in encapsulating a bioactive agent is to dis-
solve the compound in the melted lipid carrier: this mixture is dis-
persed in a water-soluble emulsifier solution that has been heated 
to the same temperature as the melted lipid. Then, the emulsion is 
formed by a high-pressure homogenizer.

In these emulsions, the droplet size should be between 60–
120 nm approximately and all lipid droplets should be covered by 
the emulsifier. Next, the emulsion is cooled down to solidify the 
lipid droplets to form solid lipid particles. The stability of the lipid 
particles depends mainly on cooling speed. The aggregation of 
SLP due to partial coalescence may rapidly occur, in addition to 
expulsion of the bioactive ingredient from the lipid matrix if the 
cooling speed is not controlled and the size of the emulsion drop-
lets is too large. Also, a lot of lipid emulsifiers are applied to stabi-
lize the initial emulsion and the cooling conditions.

For heat labile bioactive agents that may degrade when kept at 
an elevated temperature during the process, an alternative tech-
nique exists, known as “cold homogenization.” In this method, 
the lipid is melted and mixed with the bioactive compound, but 
is then rapidly solidified using dry ice or liquid nitrogen. The high 
cooling rates favor a homogenous distribution of the functional 
component within the lipid matrix. Then, this solidified lipid mix-
ture is milled in ball or mortar mills to produce particles with a 
size of between 50 and 100 µm. Next, the milled particles are sus-
pended in a surfactant solution and homogenized at or below 
room temperature.

Solid lipid particles present more advantages than convention-
al lipid emulsions. These particles increase the chemical stability 
of the loaded active compound more than liposomes, by protect-
ing the ingredient from processes like hydrolysis, oxidation, and 
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photodegradation, while also enhancing bioavailability. There-
fore, if chemical stability of the functional ingredient is a concern, 
solid lipid particle emulsions may prove a good choice and it is 
possible to obtain more precise control over the release kinetics of 
the bioactive ingredient.

It should be noted that SLP emulsions could also be used in 
multiple emulsions (by crystallizing the oil phase in a W/O/W 
emulsion) or in multilayer emulsions (by coating the lipid droplets 
with biopolymers) (McClements, 2015; Summerlin et al., 2015).

Neves et al. (2013) developed solid lipid nanoparticle (SLN) 
and nanostructured lipid carriers (NLCs) loaded with resveratrol 
to improve resveratrol oral bioavailability. These particles were 
formed by a modified hot homogenization method. The results 
obtained demonstrated both types of lipid nanoparticle as being 
stable during two months’ storage and most of the resveratrol was 
released after incubation in simulated gastric and intestinal fluids. 
In addition, resveratrol did not change the overall physicochemi-
cal characteristics of either system, but it did cause a decrease in 
the crystalline order within the lipid phase of the nanoparticles. In 
another study, resveratrol was encapsulated by glyceryl behenate 
SLN to investigate the possibility of brain targeting. SLNs were pre-
pared by a solvent evaporation technique employing high-speed 
homogenization followed by ultrasonication. These SLNs were 
formed with varying drug-lipid ratios (1:5–1:15) and the particle 
size and the encapsulation efficiency (EE) increased when vary-
ing the drug-lipid ratio from 1:5 to 1:15. The resveratrol SLN ex-
hibited a sustained release in a phosphate buffer. In addition, the 
cytotoxicity assay showed that SLNs were as effective as free res-
veratrol as an antitumor agent. In addition, in vivo biodistribution 
was examined in rats and demonstrated that SLN significantly in-
creased brain concentrations of resveratrol when compared with 
free resveratrol, 17.3 mg/g and 3.5 mg/g (Jose et al., 2014). It is 
also possible to combine the advantages of water-in-oil-in-water 
(W/O/W) multiple emulsions and solid lipid nanoparticles (SLN) 
with multiple solid particles (MLPs). Zhao et al. (2015) synthesized 
MLPs to encapsulate both coenzyme Q10 and tea polyphenols 
(CT-MLPs). CT-MLPs were prepared using the modified two-step 
emulsification process. The obtained CT-MLPs also showed high 
encapsulation efficiency, retention ratio, and stability during a 
60-day stability study (Zhao et al., 2015).

2.2.2 Liposomes
Liposomes are spherical vesicular particles generally formed of 

concentric phospholipid bilayers dispersed in an aqueous medi-
um (Fig. 13.5). These particles were described and synthesized for 
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the first time in 1965 for targeted drug delivery, but interest in their 
application in the food industry has only recently emerged. The 
majority of microencapsulation techniques currently used in the 
food industry are based on biopolymer matrices composed of bio-
polymers like gums, proteins, sugars, dextrins, pectins, or other 
biopolymers, but liposomes have recently begun to gain in impor-
tance (Đorđević et al., 2014; Taylor et al., 2005).

The possibilities of application of this technique in the food in-
dustry have a lot of advantages. With this method, it is possible to 
capture water-soluble, lipid-soluble and amphiphilic ingredients. 
Also, liposomes can be synthesized using natural compounds 
such as egg, soy, dairy, or sunflower lecithin and other natural in-
gredients, enabling faster and easier implementation of the lipo-
somes in food systems, overcoming regulatory barriers.

Although there has been little use of liposomes in this industry 
due to the interaction of liposomes with food ingredients being 
quite poorly understood, and manufacturing of liposomes be-
ing expensive due to the costs of raw materials and manufactur-
ing procedures, nowadays, with the increasing understanding of 
the functional characteristics of liposomes—such as their physi-
cochemical properties, their interplay with food components or 
lower costs of raw materials—it has become practicable to use 
liposomes to deliver bioactive ingredients such as polyphenols 
(Taylor et al., 2007).

Polyphenols are very varied molecules in which the number of 
rings and hydroxyl groups will considerably influence the poly-
phenol solubility in surfactants. So, the liposomal stability will be 
optimal depending on the polyphenol itself. In addition, the liter-
ature describing liposomal forms of polyphenol has been detailed 

Figure 13.5. Liposome structure.
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for the food industry due to their antioxidant properties (Mignet 
et al., 2013).

The process for the formation of liposomes consists mainly of 
the hydrophilic–hydrophobic interactions between phospholip-
ids and water molecules.

Bioactive compounds can be captured within their aqueous 
medium at a low yield, or within or connected to the membrane at 
a high yield. Depending upon the method of synthesis, liposomes 
can be formed in a range of sizes. Based on the size and the num-
ber of bilayers, liposomes can be identified as multilamellar (MLV: 
>1 bilayer), giant unilamellar (GUV: >0.5 mm), large unilamellar 
(LUV: >0.1 mm), or small unilamellar (SUV: <0.1 mm) vesicles. 
The liposomes formulated from nonionic synthesis surfactants 
are called niosomes and are formed in cheaper conditions. The 
unilamellar liposomes may involve only water-soluble ingredients 
in their molecule. The multilamellar liposomes may involve both 
lipophilic compounds inside the bilayer structure and hydrophilic 
compounds in the aqueous medium of liposome inside. Amphi-
philic compounds may also be involved in liposomes. Liposomes 
and niosomes are formed by various methods such as lipid layer 
hydration, reversed phase evaporation, transmembrane pH gra-
dient method, ether injection, microfluidization method, soni-
cation, and extrusion. A number of factors should be taken into 
 account when selecting the liposome formulation technique, such 
as the type of liposome formed, the phospholipid characteristics, 
the relationship between the phospholipids and the dispersion 
medium, the nature of the encapsulated bioactive molecules, and 
so forth. For example, the encapsulating efficiency of liposomes 
is highest when they are formed by freezing–thawing, followed by 
thin-film evaporation and then reverse phase evaporation, while 
melting and sonication has the lowest efficiency (Dima et al., 2015; 
Summerlin et al., 2015; Zuidam and Shimoni, 2010).

For example, salidroside (rhodioloside) is a glucoside of tyrosol 
found in the plant Rhodiola rosea and it is one of the compounds 
responsible for the antidepressive and anxiolytic actions of  
this plant. This compound was encapsulated by liposomal systems 
prepared by using various methods. The encapsulating efficiency 
of liposomes was highest when prepared by freezing–thawing, fol-
lowed by thin film evaporation, then reverse phase evaporation: 
the lowest efficiency was with melting and sonication. Salidroside 
liposomes show a slower increase in particle size than liposomes 
without salidroside, suggesting salidroside plays an important 
role in preventing the aggregation and fusion of liposomes. These 
differences might come from the different morphologies of lipo-
somes prepared by different methods (Fan et al., 2007).
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Evidence of liposomes enhancing the bioactivity and bioavail-
ability of polyphenols has been reported by a number of research-
ers. One demonstration that liposomes improve the bioactivity 
and the bioavailability of polyphenols is reported in this work, 
where curcumin was encapsulated in lecithin liposomes (LEC) 
by using a microfluidizer (Takahashi et al., 2009). Curcumin is an 
unstable compound and is poorly absorbed by the human gastro-
intestinal tract after oral administration. Liposome encapsulated 
curcumin (LEC) can be prepared from commercially available 
lecithins (SLP-PC70) and curcumin. The encapsulation efficiency 
for curcumin was 68.0% and was composed of small unilamellar 
liposomes with a diameter of approximately 263 nm. The most 
important factor in this work is that oral administration of the 
LECs favored the intestinal absorption of curcumin, leading to an 
increase in the plasma antioxidant activity.

2.2.3 Coacervation
Coacervation is a modified emulsification technique. It is a 

relatively simple technology, balancing the electrostatic interac-
tion between the two compounds of the encapsulation emulsion 
to create water- and heat-resistant nanocapsules. Coacervation 
is an aqueous-phase separation procedure, where a complex is 
formed when a solution of a bioactive ingredient is combined with 
a matrix molecule which leads to deposition of the newly formed 
coacervate phase around the bioactive component suspended or 
emulsified in the same reaction medium.

There are two types of coacervation: simple or complex coac-
ervation. Simple coacervation involves only one type of polymer, 
with the addition of a strongly water-soluble agent to the colloidal 
solution. For complex coacervation, two or more types of poly-
mer are applied. The first stage in a typical complex coacervation 
procedure is the suspension or emulsification of the core mate-
rial in either gelatin or gum arabic solution. When a solution of 
the core agent is mixed with an oppositely charged encapsulating 
material, a complex, resulting in phase segregation and associa-
tive complexation, is formed; the charges must be large enough 
to induce interaction, but not too large to avoid the precipitation 
(Fig. 13.6). Thus, the core agent used in coacervation must be com-
patible with the recipient polymer and be insoluble in the coacer-
vation medium. The coacervates are generally further stabilized 
by thermal treatment, cross-linking or desolvation methods. The 
procedure of complex coacervation is divided into three stages: 
formation of three immiscible phases, deposition of the coating 
and solidification of the coating.
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By changing the temperature, type of matrix, ion concentration 
or ratio of bioactive ingredient, it is possible to obtain capsules with 
different characteristics and sizes (Fang and Bhandari, 2010; Mad-
ene et al., 2006; Munin and Edwards-Lévy, 2011; Onwulata, 2012; 
Đorđević et al., 2014).

In most cases, coacervates are protein/polysaccharide compo-
nents, but protein–protein mixtures were also under scrutiny. The 
most common and usually used pair in complex coacervation is 
gelatin and gum arabic. Two oppositely charged biopolymer com-
pounds are combined at a pH under the protein isoelectric point 
(pI), producing a separation of phase rich in biopolymers and a 
posterior complex, which precipitates and the bioactive ingredi-
ent is maintained in the coacervate phase. For example, to form 
stable suspension of hydrated gelatin and gum arabic, is needed 
a decrease of pH until 4.3 to have opposite charges that permit 
the step of separation. So, the whole coacervation procedure relies 
on protein–polysaccharide interactions that are governed by pH 
change.

The micro and nanocapsules formed by coacervation are 
slightly soluble in water, are temperature and mechanical shock 
resistant, have high retention efficiency and a good active compo-
nent release.

Figure 13.6. Schematic view of coacervation process.
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Finally, these coacervated capsules can be dried by drying pro-
cedures like spray-drying or freeze-drying and are involved in the 
final characteristics of these micro- or nanocapusles whose final 
forms may change and not be round (that is the normal form 
of these particles). (Dima et al., 2015; Fang & Bhandari, 2010; 
Đorđević et al., 2014).

This technology can be applied to increase the potential ben-
efits of labile functional compounds, such as the encapsulation of 
polyphenols. For example, yerba mate extract (rich in antioxidant 
components) was encapsulated with calcium alginate and calci-
um alginate-chitosan. This study shows the influence of coating 
materials on the release of the polyphenols of yerba mate extract, 
because the release in water was achieved in a shorter time for 
chitosan coated beads than with the alginate beads (Deladino 
et al., 2008).

Also, tea polyphenols were nanoencapsulated by complex 
coacervation for efficient delivery of these compounds. The first 
stage was formulating a conjugate gelatin–dextran obtained by 
Maillard reaction. This conjugate was mixed with tea polyphenols 
and core micelles of complex coacervation (C3Ms) were formed. 
The average diameter was 86 nm and the polyphenol release was 
sustained (Zhou et al., 2012).

Despite the obvious advantages of complex coacervation, until 
recently this technology has not been commonly used in the food 
industry, due to it being a complex and expensive technique. The 
high price of coacervation encapsulation might be accepted if the 
complex coacervates provide unique characteristics that are not 
attainable without them.

There are several factors, such as wall material concentration, 
emulsification process, and coacervation procedure, that should 
be optimized to increase the yield of micro- and nanocapsules. In 
addition, this technology is more suited to hydrophobic compo-
nents as core materials than encapsulation of hydrophilic com-
ponents. To encapsulate hydrophilic components, it is necessary 
to make some changes to the technique. Other limitations of co-
acervation are the evaporation of volatile compounds or dissolu-
tion of the bioactive ingredient into the processing solvent due to 
residual core ingredients sometime clinging to the exterior of the 
capsule ( Madene et al., 2006; Đorđević et al., 2014).

2.2.4 Molecular Inclusion
Molecular inclusion is a technology that uses cyclodextrins 

as wall materials. Cyclodextrins are a type of cyclic oligosaccha-
ride derived from starch, with six, seven, or eight glucose residues 
linked by a 1-4 glycosidic bond in a cylinder-shaped structure. 
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Three types of cyclodextrin exist: α-cyclodextrin, β-cyclodextrin, 
and γ-cyclodextrin. These compounds are absorbed in the upper 
gastrointestinal tract and are metabolized by the colon microflora. 
β-cyclodextrin is the most often used because the purification of 
α- and γ-cyclodextrins significantly increases their cost of produc-
tion. In addition, only β-cyclodextrins are accepted globally with a 
maximum level in foods of 5 mg/kg per day according to Joint FAO/
WHO Expert Committee on Food Additives (JECFA) (Fig. 13.7).

The inclusion complexes are synthesized by interactions be-
tween components in which a smaller guest compound fits into 
and is surrounded by the lattice of cyclodextrins.

The inner cavity of β-cyclodextrin creates a relatively hydro-
phobic environment, whereas its external surface has a hydro-
philic property. This structure determines the physicochemical 
attributes of cyclodextrins. Thus, these molecules permit total 
or partial inclusion of bioactive ingredients like polyphenols. For 
the retention of polyphenols, the steric hindrance, polarity and 
volatility of the wall material, chemical functionality, weight, and 
shape can be influential.

For complexing β-cyclodextrin with polyphenol components, 
the techniques most often applied are to mix a cyclodextrin with 
an active compound in an aqueous medium and filter off the pre-
cipitated complex; or to blend solid cyclodextrin with guest mol-
ecules in a powerful mixer, making a solution of cyclodextrin; or 
to knead the active component with the cyclodextrin–water paste 
(Fang & Bhandari, 2010; Madene et al., 2006).

Figure 13.7. Cyclodextrin.
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One important disadvantage of cyclodextrins is their lower wa-
ter solubility compared to other oligosaccharides. β-cyclodextrins 
are less soluble than other cyclodextrins like α- and γ-cyclodextrins 
(1.85 g/100 mL for β-cyclodextrins and 14.5 g/100 mL and 
23.2 g/100 mL for α- and γ-CDs, respectively). A possible solution 
to this limitation is the development of highly water-soluble cy-
clodextrin derivatives. These derivatives are methylated, sulfobu-
tylated and hydroxypropylated cyclodextrins. However, inclusion 
of polyphenols improves their water solubility, notably for the less 
water-soluble phytochemicals compounds (Đorđević et al., 2014).

Curcumin was encapsulated by cyclodextrin complex and the 
anti-inflammatory and antiproliferative effects were observed. 
The results obtained were that cyclodextrins of curcumin are 
more active than free curcumin in the inhibiting of inflamma-
tory factors. Also, this encapsulated curcumin was more effective 
than free curcumin in inducing apoptosis of leukemic cells (Yadav 
et al., 2010).

In another study, complexes of β-cyclodextrin with olive and 
olive oil polyphenols were synthesized and investigated by NMR 
spectroscopy and thermodynamical molecular dynamic studies to 
verify the molecular inclusion. This study shows that polyphenol 
compounds are captured with β-cyclodextrin; this encapsulation 
decreases the bitter taste and protects the polyphenols against en-
vironmental reactions during storage (Rescifina et al., 2010).

Rutin, phloridzin, and chlorogenic acid are the most impor-
tant polyphenols found in apples and their products. Ramirez 
et al. (2014) studied the encapsulation of these polyphenols by 
β-cyclodextrin nanosponges and the bioavailability increased.

2.2.5 Ionic Gelation
Ionic gelation technology is based on extruding polymer solu-

tion in water through a syringe needle or a nozzle. These droplets, 
with the bioactive ingredient, are dissolved in a dispersant phase 
and spherical gel particles are formed.

Chitosan nanoparticles (carboxymethyl and chitosan hydro-
chloride), formed by this method, have been synthesized to capture 
a tea polyphenol extract. Carboxymethyl chitosan and chitosan 
hydrochloride are two different water-soluble chitosans, anionic 
and cationic respectively, which form nanoparticles through ionic 
gelation between the carboxyl groups of carboxymethyl chitosan 
and the amine groups of chitosan hydrochloride in a water solu-
tion. The results obtained show that in in vitro studies, sustained 
and controlled release of tea polyphenols was achieved, and they 
can be a highly promising cancer drug carrier system, where tea 
polyphenols have shown interesting antitumor characteristics 
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(Liang et al., 2011). Also, Elsholtzia splendens extract was en-
capsulated by ionic gelation. E. splendens is a plant genus in the 
Lamiaceae (mint family) and is mainly distributed across eastern 
Asia. E. splendens extract-loaded chitosan nanoparticles were pre-
pared by ionic gelation between the protonated amino groups of 
chitosan and anions of tripolyphosphate (TPP). The antioxidant 
activity of free E. splendens extract and E. splendens extract-loaded 
chitosan nanoparticles was measured, the latter showing a more 
effective inhibitory activity on lipid peroxidation. Thus, ionic gela-
tion is a potential method for improving the antioxidant activity of 
E. splendens extract (Lee et al., 2010). The same method was used 
more recently to encapsulate naringenin, a citrus flavonone and 
a potential anti-inflammatory agent. The nanoparticles were syn-
thesized by chitosan and tripolyphosphate (TPP) as a cross-linker. 
This study showed the better performance of chitosan encapsu-
lated naringenin over free naringenin, and suggested an efficient 
system for delivering this flavonone with antioxidant and antican-
cer attributes (Kumar et al., 2015).

Besides chitosan, other materials are used for encapsulation of 
polyphenols by ionic gelation. For example, extract of polyphenols 
of pomegranate peels was encapsulated by sodium alginate. It is 
an anionic polymer that can be easily cross-linked with calcium 
chloride; this is because the calcium ions are bound to carboxylate 
residues of both mannuronic acid and guluronic acid, which are 
components of sodium alginate. The study showed that this tech-
nique allowed the encapsulation of 43.90% of the total extracted 
polyphenols and 46.34% of the total extracted proanthocyanidins. 
Therefore, calcium alginate nanocapsules also could be a good 
carrier for polyphenols (Zam et al., 2014).

2.2.6 Yeast Encapsulation
This technology uses yeast cells (Saccharomyces cerevisiae) 

to encapsulate bioactive ingredients like polyphenols. The main 
advantage of this method is the cost effectiveness of the encap-
sulation procedure. This yeast strain occurs as a by-product of 
fermentation procedures and can be readily produced on a large 
scale. Therefore, S. cerevisiae holds a great interest for commercial 
exploitation of this biomass.

For the yeast encapsulation procedure, apart from yeast cells, 
water, and an active agent are necessary. However, encapsula-
tion in yeast requires that the bioactive agent crosses the cover 
of the yeast. Although the yeast envelope is a structure to protect 
the bioactive compound, it is also inconvenient because the food 
bioactive ingredients should cross through the plasma membrane 
without irreversible changes occurring in the yeast cell.
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A new way to capture the bioactive agent in yeast cells is 
through osmoporation of yeast cells by water glycerol solution, 
although the bioactive component is hydrophilic (Pedrini et al., 
2013). This method could be used for the encapsulation of poly-
phenol molecules because osmoporation involves a permeabiliza-
tion in the rehydration phase by water–glycerol solution (Đorđević 
et al., 2014).

There is a high number of examples of polyphenols encapsu-
lated by yeast encapsulation. For example, photosensitive resve-
ratrol was encapsulated in yeast cells. The storage stability and 
the release in simulated gastric fluid were investigated. In addi-
tion, the scavenging capacity of encapsulated resveratrol versus 
DPPH radical was compared with that of unencapsulated resvera-
trol. The results obtained showed that resveratrol encapsulated by 
yeast presented high bioavailability due to the increasing solubil-
ity of resveratrol, and higher radical-scavenging activity than un-
encapsulated resveratrol (Shi et al., 2008).

In other work, curcumin was encapsulated in baker’s yeast 
(S. cerevisiae) cells, β-cyclodextrin (β-CD) and modified starch 
(MS). These three methods were compared in terms of storage 
stability and the release in simulated gastric and pancreatic fluid. 
Yeast encapsulation was the better encapsulation technique in 
this study. In yeast microcapsules, a slow and prolonged release 
occurred, while the other encapsulation methods observed a 
rapid dissolution of curcumin. Also, this study showed that the 
envelope of the cell that surrounds the plasma membrane in the 
yeast cells permitted more protection of the curcumin than oth-
er methods, such as, β-cyclodextrin (β-CD) and modified starch 
(MS), against deleterious photochemical reactions and against 
heat degradation following isothermal (inert or oxidative) heating 
at 20°C (Paramera et al., 2011).

Different encapsulation methods described above could also 
be combined in order to design micro and nanoparticles with a 
specific application.

3 Controlled Release of Polyphenols 
in the Gut

As already mentioned, polyphenols are compounds with func-
tional activities, such as anti-cancer, antioxidant, cardio and neu-
roprotection; but these therapeutic potentials are limited due to 
their slow bioavailability and low concentrations at the target site.

After ingestion, loaded nanoparticles reach the gastrointes-
tinal tract and remain in contact with the intestinal epithelium 
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for approximately 4–8 h. Conditions such as the pH, presence of 
enzymes, interactions with other nutrients, or insufficient gastric 
time, low permeability or insolubility within the gut, may affect the 
digestibility and availability of the encapsulated bioactive agents, 
or polyphenols (Armstrong and Bharali, 2013; Onwulata, 2012).

For target release of polyphenol compound in the gut and to 
facilitate the dissolution of capsules in specific parts of the gastro-
intestinal tract, it is necessary to consider three factors. The first 
is the strong peristaltic waves in the colon. In the upper part of 
the gastrointestinal tract, the pressure is lower due to the fluids in 
the stomach and the small intestine. By increasing the mechanical 
resistance of nanocapsules so that they can withstand the pres-
sure in the stomach and small intestine, we can facilitate the re-
lease of active agents in the lower part of the gut. Moreover, other 
mechanisms such as pH changes and the time of transport in the 
gastrointestinal tract should be useful to obtain a good release of 
bioactive compounds. The pH in the stomach is acidic and grows 
in the small and large intestine. The use of pH sensitive polymers 
that remain intact in the stomach and will not be attacked by di-
gestive enzymes can facilitate the release of bioactive compounds 
in specific parts of the small or large intestine. The third method 
is the activity of enzyme systems produced by the microbiota. The 
bacterial number in the gut and the associated enzyme activities 
are specific for different parts of the gut and allow for precise de-
livery of bioactive ingredients (De Vos et al., 2010).

The design of novel colon-targeted delivery systems based on 
natural biodegradable polymers has recently gained importance in 
the therapy of colon-based diseases. Several formulations are de-
signed to resist the release of the bioactive ingredient in the stom-
ach, with an additional nondisintegration or lag phase included in 
the formulation so that the release of the drug takes place in the 
colon. However, the polyphenols could also have a local action in 
different sites of gastrointestinal tract, acting as antioxidants and 
therefore preventing the oxidation of lipids and proteins.

3.1 Materials to Enable Target Delivery in the Colon
A great number of polysaccharides have been studied for 

their characteristics as colon-specific bioactive ingredient carrier 
systems, such as chitosan, sodium alginate, pectin, chondroitin sul-
fate, cyclodextrin, dextran, guar gum, inulin, amylose, and locust-
bean gum. These are broken down by the colonic microflora to 
simple saccharides. However, their high water solubility is a prob-
lem in the use of these polysaccharides. A wonderful possibility is 
to modify the solubility while still retaining their biodegradability. 



588  Chapter 13 NANOENCAPSULATION STRATEGIES APPLIED

For example, chitosan is soluble at low pH ranges. For good use 
in colon-specific delivery, an enteric layer is needed over the chi-
tosan that will protect it from the acidity of the stomach. When 
the formulation arrives in the intestine, the pH increases and the 
enteric layer dissolves, releasing the chitosan-coated core. These 
cores are acted upon by the microflora of the colon, degrading the 
chitosan and releasing the bioactive compound.

Another water-soluble polysaccharide is pectin. This polysac-
charide is not able to shield its bioactive ingredient load effec-
tively during its passage through the stomach and small intestine. 
So, less water-soluble derivatives of pectin have been developed 
that are degradable by the colonic microflora. Most of the pectin/
modified pectins gave better colon specific release with hydro-
phobic bioactive agents (Kosaraju, 2005; Sinha and Kumria, 2001).

In addition, to overcome the bioavailability problems, ad-
vanced nanoparticulate carriers are designed to provide localized 
or targeted delivery of these agents, and may represent a more via-
ble therapeutic option. Several carriers—, for example, liposomes, 
polymeric nanoparticles, solid lipid nanoparticles, emulsions 
systems, and others described earlier—have shown noteworthy 
improvements in the preventive/therapeutic activities of many 
antioxidants by increasing their bioavailability and target ability.

3.2 Examples of Controlled Delivery of Polyphenols
Anthocyanins are flavonoid pigments found in red/purplish 

fruits and vegetables. These compounds have demonstrated ac-
tivity against colon cancer and inflammatory gut diseases. Howev-
er, most polyphenols are low in vivo bioavailability, limiting their 
application in cancer prevention and treatment. Therefore, sev-
eral techniques are applied to encapsulate these bioactive compo-
nents. For example, a study was conducted to encapsulate these 
bioactive agents in shellac and shellac/hydroxypropyl methylcel-
lulose (HPMC) by ionotropic gelation and fluid bed drying. Simu-
lated gastric fluid, ileostomy fluid, and colostomy fluid revealed 
a retardation of anthocyanins during simulated passage through 
the stomach and ileum as well as the desired release of pigments 
in the colon (Oehme et al., 2011). In another study, water-in-oil-
in-water emulsions were applied to capture bilberry extract rich in 
anthocyanins in the inner water phase, and the stability of antho-
cyanins could be shown after an in vitro gastrointestinal passage. 
In fact, the exterior (O/W) emulsifier played an important role in 
the stability of multiple emulsions in gastrointestinal conditions 
and the location of release (Frank et al., 2012). Microencapsulated 
blueberry extract anthocyanins with whey protein isolate or gum 
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arabic by spray-drying were studied in vitro digestion. The results 
showed that the site of release depends on the polymer nature. 
Microparticles with gum arabic had high release rate in gastric 
digestion site; whereas those microparticles with whey protein 
had gradual anthocyanins release rate and sustained antioxidant 
activity throughout the digestion tract (Flores et al., 2014).

Oidtmann et al. (2012) compared three bilberry extract (BE) 
anthocyanin encapsulation systems: pectin amide with cal-
cium chloride by extrusion (1800 µm); whey protein isolate by 
emulsification/heat gelation, resulting in W/O emulsion (180 µm) 
and pectin amide with maltodextrin by spray-drying and coating 
with shellac (250–500 µm) with nanoencapsulated BE. All systems 
were not able to prevent the release of anthocyanins from en-
capsulated BE in gastric fluid (SFG) and intestinal fluid (FeSSIF). 
However, anthocyanins remained constant in SFG for 120 min, 
and they were degraded in FeSSIF. These results show that the de-
sign of the particles, mainly encapsulation method and properties 
of coating material, determine the applicability of the particles in 
the gastrointestinal tract (localized action and/or absorption).

Trans-resveratrol was nanoencapsulated for prostate can-
cer treatment. Nanoparticles were formulated with a blend of 
poly(epsilon-caprolactone) (PCL) and poly(d, l-lactic-co-glycolic 
acid)-poly(ethylene glycol) conjugate (PLGA-PEG-COOH) by a 
nanoprecipitation technique. Trans-resveratrol nanocapsules 
were able to control the bioactive ingredient release at pH 6.5 and 
7.4. In addition, in gastrointestinal simulated fluids, nanocapsules 
released about 55% of resveratrol in the first 2 h in an acidic medi-
um, and their total bioactive agent content within the subsequent 
5 h at pH 7.4. Therefore, these nanoparticles have a potential use 
for chemoprevention or chemotherapy of prostate cancer (Sanna 
et al., 2013).

4 Conclusions
The use of nanoencapsulated food ingredients for controlled-

release applications is a promising alternative to solve the major 
problem of unstable components like polyphenols in the food 
industry. The challenges are to select the appropriate nanoen-
capsulation technology and coating material. Despite the wide 
range of encapsulating ingredients that have been developed, 
manufactured, and successfully marketed in the pharmaceutical 
and cosmetic industries, nanoencapsulation has found a com-
paratively much smaller market in the food industry (Desai and 
Jin Park, 2005).
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Presently, technologies with higher effectiveness with regard 
to preservation of stability, bioactivity and bioavailability of poly-
phenols are spray-drying, freeze-drying, emulsions, inclusion 
complexes and liposomes, unlike fluid bed drying, spinning disc 
and spray-cooling/-chilling technologies. In this sense, spraying 
technologies are already well established on an industrial scale 
and are expected to have a dominant role in the near future. Oth-
ers, like yeast encapsulation, are low-cost processes, but today 
are not widely used for encapsulation of polyphenols. However, 
complex systems based on both methods are being developed 
for controlled release of bioactive compounds. Indeed, the food 
industry expects encapsulates to fulfill many demands: therefore 
two or more encapsulation processes to obtain encapsulates with 
superior functional characteristics are being explored.
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1 Introduction
Essential oils, also called volatile or ethereal oils, are aromatic 

liquids obtained from various plant materials (Burt, 2004). They are 
useful in perfume and flavor industries and are currently extensively 
explored for uses in pharmaceutical, cosmetic, and textile indus-
tries. In food and pharmaceutical industries their main uses are as 
flavoring, preservatives, antioxidants, and insecticides. Recently 
essential oils have been evaluated for their antimicrobial, analge-
sic, sedative, antiinflammatory, spasmolytic, and local anesthetic 
properties in formulations or alone (Silva et al., 2003). Essential oils 
(EOs) are very sensitive to environment and easily degrade upon 
exposure to oxygen, light, and heat. They are hydrophobic and 
therefore insoluble in water, which reduces their bioavailability and 
absorption in the body. Therefore, a method or technique that takes 
into account these issues and makes an adequate formulation of 
EOs that is able to protect their useful properties and activities. The 
common goal of such a technique or methodology is to stabilize, to 
mask disagreeable taste and color, to protect bioactivity, and to im-
prove the release or to achieve controlled release of the substance.

Encapsulation may be defined as a process to entrap one sub-
stance within another substance, thereby producing a delivery car-
rier with a diameter of a few nm to a few mm. The substance that 
is encapsulated may be called the core material, the active agent, 
internal phase, or payload phase. The material that is encapsulating 
may be called the coating, shell, carrier material, wall material, ex-
ternal phase, or matrix (Zuidam and Shimoni, 2010). Many scientists 
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are working on these formulations of essential oil to improve the 
efficacy by formulating emulsions, micelles, liposomes, and other 
lipid-based delivery and microencapsulation (Augustin et al., 2001).

A few years back scientists realized the need to control the 
release of oils to give sustained biological effect of the essential oil.

Nanoencapsulation technique is one such approach to over-
come the problem of stability with a sustained release effect. It 
is the process to encapsulate the active agent in the nanometric 
size and modify the physicochemical and bioactivity of bioac-
tive agents. This chapter presents the state of art or insight of the 
present technique of nanoencapsulation application for EOs. It 
also includes their protection and release mechanism with the 
potential advantage and limitation. Work done so for in the nano-
encapsulation of essential oils has been included.

2 Chemical Composition of EOs
The extensive biological application of EOs can be defined due 

to the complexity and variability of their chemical compositions. 
Many factors can affect the final composition of these EOs or oils. 
They can be obtained from any part of plants, that is, leaves, stems, 
buds, flowers, twigs, seeds, fruits, roots, wood, or bark. Constitu-
ents obtained are highly volatile and lipophilic and a molecular 
weight of below 300 (Sell, 2010).

Most of the EOs are complex mixtures of volatile organic com-
pounds produced as secondary metabolites in plants; this include 
hydrocarbons, that is, terpenes and sesquiterpenes) and oxy-
genated compounds, that is, alcohols, esters, ethers, aldehydes, 
 ketones, lactones, phenols, and phenol ethers (Guenther, 1972).

Generally these oils contain about 20–60 components up to 
more than 100 single substances, at different concentrations from 
which two or three components are present at fairly high concen-
trations (20–70%) compared to other components that remain in 
trace amounts. For example, the major components of the Orig-
anum essential oils are carvacrol (30%) and thymol (27%) (Bilia 
et al., 2014). The biological properties of the EOs are decided by 
these major components.

3 Limits and Challenges for the Use of 
Essential Oils for Their Biological Activities

Traditionally, essential oils have been used for many biologi-
cal properties like bactericidal, virucidal, fungicidal, antiparasiti-
cal, insecticidal, and other medicinal properties such as analgesic, 
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sedative, antiinflammatory, spasmolytic, and local anesthetic 
(Adorjan and Buchbauer, 2010; Bakkali et al., 2008; Buchbauer 
et al., 1993). Recently they have been explored as antioxidants 
and preservatives in foods (Tiwari et al., 2009) and protectants for 
crops (Adorjan and Buchbauer, 2010). They are also incorporated 
into packaging materials for foodstuff (Kuorwel et al., 2011).

The preparations based on EOs have certain limitations that re-
duce their utility in pharmaceutical and food industries. Because 
of the potential for allergic reactions, EOs are not recommended 
for direct application on the skin. The presence of unsaturated 
carbon chains, which are the main constituents of EOs, leads to 
susceptibility to oxidation mediated by light or heat (Neumann 
and Garcia, 1992). The oxidation products of terpenes, that is, 
oxidated sesquiterpenes with lacone rings, terpenoids, and other 
plant metabolites have been shown to possess high allergenic ac-
tivity (Vigan, 2010; Hammer et al., 2006; Sköld et al., 2002).

Furthermore, the high volatility of these oils discourages their 
free use, that is, without a pharmaceutical vehicle. The low aque-
ous solubility is another hurdle that limits application of EOs for 
pharmacological activity. The neglectable or very low solubility 
of EOs in biological fluids impedes their absorption, leading to a 
very low bioavailability. All these factors limit the utility of EOs as 
candidates for pharmacotherapeutic treatments, which need so-
lutions for pharmaceutical technology studies.

4 Nanoencapsulation Technology
In recent years, encapsulation has offered an approach for ef-

fective protection of functional properties of EOs. Encapsulation 
aims to preserve stability of the bioactive compounds during pro-
cessing and storage and to prevent undesirable interactions with 
food matrix. Most of the bioactive food compounds are charac-
terized by rapid inactivation. The encapsulation procedure slows 
down the degradation processes (eg, oxidation or hydrolysis) or 
prevents degradation until the product is delivered at the desired 
sites (McClements and Lesmes, 2009).

Thus, the bioactive component would be kept as fully func-
tional. Encapsulation of bioactive EOs may act as barriers between 
sensitive bioactive materials and the environment, and helps to 
mask the bad taste and aroma and produce stable food ingredi-
ents with enhanced bioavailability.

In addition to the previously mentioned advantages, EOs can 
be applied for modification of physical state of the original ma-
terial in order to (1) allow easier handling, (2) help separate the 
components of the mixture that would otherwise react with one 
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another, and (3) to provide an adequate concentration and uni-
form dispersion of an active agent (Desai and Park, 2005).

A significantly large part of literature on the encapsulation of EOs 
focuses on microencapsulation, which are used for the protection of 
the active compounds against environmental factors, for example, 
oxygen, light, moisture, and pH, to decrease oil volatility and to trans-
form the oil into a powder. Encapsulation in nanometric particles 
is an alternative for overcoming these problems with an additional 
advantage due to the nano size (≤500 nm), which may increase the 
cellular absorption mechanisms and increasing bioefficacy.

A nanosystem as a formulation is accepted for every route of 
administration. Nanocarriers applied to the skin to facilitate local 
therapies though the mechanisms of penetration through skin are 
still part of discussion for many scientists. Topical drug delivery 
with nanoparticles delivers the active agent into the deeper layers 
of skin but generally they do not reach the viable epidermis. The 
use of nanocarriers provides a sustained and slow release of the 
active constituents, where these can act as a reservoir (Schneider 
et al., 2009; Prow et al., 2011).

The other routes of administration of EOs are by oral intake and 
inhalation. Within these routes the nanoencapsulated delivery 
systems encounter the mucosal barrier present in the nasal, lung, 
stomach, gut, and oral (sublingual and buccal) cavity. Further, 
they can improve the stability of EOs against enzymatic degrada-
tion and attain the desired therapeutic levels in target tissues with 
a lower number of doses for the required duration.

The thick, viscous, and sticky mucus present over all mucosal 
tissues as part of the protective barrier of the body can rapidly 
trap and remove foreign particles and hydrophobic molecules. To 
overcome this barrier, mucoadhesive nanocarriers are specially 
designed which have the ability to adhere to the mucus, leading 
to retention of the carrier system that enhances absorption and 
bioavailability of the active constituent. The interaction between 
mucosal lining and the nanocarrier is the property of the poly-
mers, which can form hydrogen bonding and hydrophobic or 
electrostatic interactions with mucin (Roger et al., 2010; Thanki 
et al., 2013; Lai et al., 2009; Kushwaha et al., 2011; Singh et al., 2011).

Particle size, shape, and surface properties of the nanoencap-
sulated carrier also play a crucial role in deciding the uptake of 
nanosized delivery systems across the mucosal membrane. The 
nanocarriers with a size range of 50–300 nm with positive zeta po-
tential and hydrophobic surface were preferentially taken up by 
these cells compared to their counterparts (Roger et al., 2010).

The two absorption mechanisms for nanocarriers are the para-
cellular route, which is slow and passive, and transport through a 
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lipoidal route, that is, the transcellular process that is responsible for 
the transport of lipophilic drugs (Singh et al., 2011). The other way 
of enhanced absorption of nanocarriers is by receptor-mediated 
endocytosis and transcytosis, phagocytosis via specialized micro-
fold cells (M cells) of the Peyer’s patches, and other mucosa as-
sociated lymphoid tissues (MALT), and lymphatic absorption via 
chylomicron uptake mechanism (Thanki et al., 2013).

5 Nanoencapsulated Delivery of EOs
Nanoencapsulated delivery carriers of EOs can possess a 

 number of desirable features for therapeutic application, which 
include: (1) sustained and controlled release of EOs locally, (2) en-
hanced  tissue penetration due to the nanometric size, (3) cellular 
uptake and subcellular trafficking, and (4) protection of encapsu-
lated EO therapeutics at both extracellular and intracellular levels 
(Chaudhry et al., 2008).

A lot of substances are being used to coat or encapsulate sol-
ids, liquids, or gases of different types and properties. However, 
due to the rigid regulations for food additives, many of the widely 
accepted coating materials for drug encapsulation are not been 
approved for food. Many of these substances have not been certi-
fied for food applications as “generally recognized as safe” (GRAS) 
materials (Wandrey et al., 2009).

The selection of materials for design of protective shell of en-
capsulates must be food-grade, biodegradable, and able to form 
a barrier between the internal phase and its surroundings. The 
materials used for encapsulation in the food sector are mainly 
natural biomolecules that have to provide protection of the active 
material against environmental conditions and also preserve  
the activity within capsules’ structure during processing or stor-
age under various conditions. It should not react or bind with the 
food material or EOs and must have good rheological characteris-
tics at high concentration. The most widely used materials for en-
capsulation in food applications are polysaccharides. Starch and 
their derivates such as amylose, amylopectin, dextrins, maltodex-
trins, polydextrose, syrups, and cellulose and their derivatives are 
commonly used. Plant exudates and extracts, such as gum arabic, 
gum tragacanth, gum karaya, mesquite gum, galactomannans, 
pectins, and soluble soybean polysaccharides, are employed, too. 
Subsequently, marine extracts such as carrageenans and alginate 
are also present in foods. Some polysaccharides of microbial and 
animal origin, like dextran, chitosan, xanthan, and gellan, are 
also exploited. Apart from natural and modified polysaccharides, 
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proteins and lipids are also accessed for encapsulation, such as 
milk and whey proteins, gelatin, and gluten. Among lipid materi-
als a few fatty acids and fatty alcohols, waxes (beeswax, carnauba-
wax, candellia wax), glycerides, and phospholipids are suitable for 
encapsulation. Polyvinylpyrrolidone (PVP), paraffin, shellac, and 
a few inorganic materials are also employed (Wandrey et al., 2009; 
Nedovic et al., 2011).

The selection of coating material depends on the type of active 
constituents and its characteristics, and the site of application of the 
encapsulated active agents. The cost constraint is a key factor that 
decides the most appropriate materials. All properties of potential 
wall material must be analyzed in order to predict their behavior un-
der conditions present in food formulations (Wandrey et al., 2009).

The nanoencapsulation techniques for the encapsulation of 
EOs can be broadly classified as polymer-based nanoparticles and 
lipid-based nanoparticles. Apart from this, molecular complexes 
such as inclusion complexes with cyclodextrins are also reported. 
A schematic representation of different nanoencapsulation tech-
niques for EOs is reported in Fig. 14.1.

Figure 14.1. Illustration of various nanoencapsulation delivery systems.
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5.1 Methods of Nanoencapsulation
Various techniques have been developed and used for nano-

encapsulation purposes. They are emulsification, coacervation, 
emulsification–solvent evaporation, nanoprecipitation, super-
critical fluid, and inclusion complexation technique and they can 
produce capsules in the nanometer range varying from 10 to 1000 
nm (Ezhilarasi et al., 2013). The particle size of the nanocarrier is 
crucial, so these methods are classified as top-down or bottom-
up approaches. Top-down approach involves the use of precise 
tools that allow size reduction and structure shaping for desired 
application of the nanocarrier being developed. In the bottom-up 
approach, nanocarriers are constructed by self-assembly and self-
organization of molecules, which were influenced by many fac-
tors including pH, temperature, concentration, and ionic strength 
(Augustin and Sanguansri, 2009). Fig. 14.2 shows the two ap-
proaches of nanoencapsulation techniques with respective sizes 
(Sanguansri and Augustin, 2006; Mishra et al. 2010). Among these 
emulsification, coacervation, and supercritical fluid technique 
are used for encapsulation of both hydrophilic and lipophilic 
compounds (McClements et al., 2009; Chong et al., 2009) and the 
inclusion complexation, emulsification–solvent evaporation, and 

Figure 14.2. Illustration of various nanoencapsulation techniques based on the 
size.
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nanoprecipitation techniques are mostly used for lipophilic com-
pounds (Reis et al., 2006).

5.2 Release Mechanism of Encapsulated EO
Encapsulation can be distinguished as reservoir type and ma-

trix type. The reservoir type has a shell surrounding the active 
agent. This type is also called capsule, single core, mono-core, or 
core-shell type. The encapsulated material comes out with the 
application of pressure and releases its contents. The poly- or 
multiple-core type of encapsulates with several reservoir cham-
bers in one particle also exist.

If the active agent is dispersed in the matrix of polymer or car-
rier material it is called matrix type. Matrix type encapsulation can 
form relatively smaller droplets with more homogenous distribu-
tion of encapsulate. Active agents in the matrix type system are 
in general also present at the surface, in contrast to those in the 
reservoir type. A modified system where the matrix type is further 
surrounded with a shell is also known. It can be called as coated 
matrix type. Fig. 14.3 illustrates all types of encapsulation with 
spherical shapes, although they can also be cylindrical, oval, or 
irregular shaped (Zuidam and Shimoni, 2010).

Release of the encapsulated active agent from any of these 
types of carrier depends upon solubility, diffusion, and biodegra-
dation of the shell or matrix materials. The release of the active 
agent can be modified by the choice of polymer or coating mate-
rial. The release also depends upon the loading efficiency of active 
agent and size of encapsulate. Larger particles have a smaller ini-
tial burst release than smaller particles. The loading capacity is 
directly proportional to the burst and release rate of the nanoen-
capsulated molecules (Kumari et al., 2010).

Figure 14.3. Schematic view of different types of nanoencapsulation.
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In the case of matrix type, where the active agent is uniformly 
distributed in the polymer phase, the release occurs by diffusion 
or erosion of the matrix under sink conditions. Either diffusion 
or erosion can be rate limiting. If the diffusion of an active agent 
is faster than matrix erosion, the mechanism of release is largely 
controlled by a diffusion process. In this case the rapid initial re-
lease or burst is mainly due to weakly bound or adsorbed active 
agents to the surface of the encapsulate (Soppimath et al., 2001).

Diffusion is the possible mechanism of the EO release from 
matrix and is controlled by the solubility of an EO in the matrix 
(which must establish a concentration gradient in the matrix, 
which drives diffusion) and the permeability of the EO through 
the matrix. It is the dominant mechanism of controlled release 
from encapsulation matrices (Cussler, 1997). The vapor pressure 
of a volatile substance is also a driving force that can influence dif-
fusion through the matrix type encapsulation (Gibbs et al., 1999a).

The principal steps involved in the release of EOs from the ma-
trix system are: diffusion of the active agent to the surface of the 
matrix, partition of the volatile component between the matrix 
and outside media, and transport away from the matrix surface 
(Fan and Singh, 1989).

In cases where the matrix undergoes degradation, the release 
of an active agent may be controlled by diffusion, erosion, or a 
combination of both. This degradation or erosion may be homo-
geneous or heterogeneous. Heterogeneous erosion occurs when 
degradation is confined to a thin layer at the surface of the ma-
trix system, whereas homogenous erosion is a result of degrada-
tion occurring at a uniform rate throughout the polymer matrix 
 (Pothakamury and Barbosa-Canovas, 1995).

Sometimes the release of the active agent, which is dissolved 
or dispersed in a polymeric matrix, is controlled by the swelling of 
the matrix. When such a system is placed in a thermodynamically 
compatible medium, the polymer swells because of absorption 
of fluid from the medium. The EO in the swollen part of the ma-
trix then diffuses out (Fan and Singh, 1989). The degree of swell-
ing is controlled by water absorption of surrounding medium or 
solvents such as water, glycerine, or propylene glycerol (Gibbs 
et al., 1999b).

6 Polymer-Based Nanoparticles
Polymeric nanoparticles have been classified as nanospheres 

and nanocapsules. Nanocapsules are defined as two distinguished 
compartments, a polymeric shell and a core. Active agents that 
are encapsulated may present inside the core or adsorbed on the 
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surface. Nanospheres are matrix type systems in which the active 
agent is homogeneously dispersed. The polymer may be selected 
based on the use and properties desired. Biocompatible poly-
mers from synthetic or natural origin are more preferred in food 
industries Uhrich et al. (1999).

These NPs are prepared by different methods depending on 
the solubility of active agent. The most commonly used method 
is based on an antisolvent procedure, known as nanoprecipitation 
or solvent displacement (Reis et al., 2006). The encapsulated EO 
in NP has several advantages. Apart from controlled release, these 
NPs also enhance apparent water solubility and the activity of  
the EO (Li et al., 2012; Iannitelli et al., 2011). They also reduce the 
undesirable affect or cytotoxicity of the entrapped active agent 
(Keawchaoon and Yoksan, 2011; Chen et al., 2009). Essential oils 
encapsulated polymeric particles prepared from different poly-
mers are listed in Table 14.1.

Eugenol is widely used in food, pharmaceutical, cosmetics, and 
active packaging applications, owing to its effective antimicrobial 
and antioxidant properties (Devi et al., 2010). However, the activ-
ity is reduced during processing and storage due to the volatile 
nature and sensitivity toward atmosphere, that is, oxygen, light, 
and heat (Choi et al., 2009).

Woranuch and Yoksan (2013) worked to improve the thermal 
stability of eugenol by encapsulating into chitosan nanoparticles. 
The influences of the initial eugenol content and tripolyphosphate 
(TPP) concentration on the loading capacity (LC), encapsulation 
efficiency (EE), morphology, and surface charge of the eugenol-
loaded chitosan nanoparticles was determined. Nanoparticles 
were prepared via an emulsion–ionic gelation crosslinking meth-
od and the thermal stability of eugenol was investigated. This was 
verified through its extrusion at 155°C with model plastic, that is, 
thermoplastic flour (TPF). TPF-containing encapsulated eugenol 
showed an eightfold higher retention of eugenol content and 2.7-
fold greater radical scavenging activity than that containing naked 
eugenol (Woranuch and Yoksan, 2013).

In another work, oregano essential oil (OEO) has been encapsu-
lated in chitosan nanoparticles evaluated in vitro. The NP exhibit-
ed a size range of 40–80 nm with regular distribution and spherical 
shape. The encapsulation efficiency (EE) and loading capacity 
(LC) were about 21–47% and 3–8%, respectively. In vitro release 
studies showed biphasic release of EO (Hosseini et al., 2013).

Carvacrol-loaded chitosan nanoparticles were prepared by 
ionic gelation of chitosan with pentasodium tripolyphosphate. 
The NPs has encapsulation efficiency (EE) and loading capacity 
(LC) in the ranges of 14–31% and 3–21%, respectively. The particles 



Table 14.1 Encapsulation of Essential Oils in 
Polymeric Particles

Nanoformulation Essential Oil Inferences References
Chitosan 
nanoparticles

(1) Eugenol
(2) Oregano
(3) Carvacrol
(4) Eugenol and 
carvacrol

CS-NP was thermally stable and  
could be used as antioxidant in  
thermal processing
It shows two-phase release profile  
of the antioxidant oil
Enhanced antimicrobial activity
Reduced cytotoxicity of EOs as 
compared to free ESO

Woranuch and Yoksan 
(2013)
Hosseini et al. (2013)
Keawchaoon and 
Yoksan (2011)
Chen et al. (2009)

PCL nanoparticles Eugenol
Tea tree oil
Tea tree oil

Enhanced stability against light 
oxidation
Enhanced activity against fungal 
infection
Nanocapsules showed higher 
protection against volatilization

Choi et al. (2009)
Flores et al. (2013)
Flores et al. (2011)

Alginate/cashew 
gum NP
Cashew gum NP

Lippia sidoides EOs 
(rich in thymol)
Eucalyptus 
staigeriana essential 
oil (ESO)

A good EE of 50% with tailored release 
rate following Korsmeyer–Peppas 
mechanism
Potential for use as a natural food 
preservative

de Oliveira et al. (2014)
Herculano et al. (2015)

Chitosan/cashew 
gum NP

Lippia sidoides EOs 
(rich in thymol)

Higher loading and EE of EO with slow 
and sustained release was obtained

Abreu et al. (2012)

Gelatin and arabic 
gum nanoparticle

Jasmine EOs Heat-resistant nanocapsules of EO 
were obtained

Lv et al. (2014)

Zein NP Thymol and carvacrol Enhanced antimicrobial activity and 
aqueous solubility

Wu et al. (2012)

Zein NP coated with 
sodium caseinate (SC)

Thymol Effectively suppress gram-positive 
bacteria for longer time than the 
unencapsulated EO

Zhang et al. (2014)

PLGA NP Carvacrol
Eugenol or trans-
cinnamaldehyde

Enhanced antimicrobial activity with 
biphasic release profile
Presented efficient antimicrobial 
activity with two phase release profile

Iannitelli et al. (2011)
Gomes et al. (2011)

MC/EC NP Thymol Effective microbial suppression by NP 
as well as when this was used in cream 
and gel formulation

Wattanasatcha et al. 
(2012)

PEG-coated 
nanoparticles

Garlic essential oil Slow and persistent release of the 
active components to control the pests 
for longer duration

Yang et al. (2009)

NP, nanoparticle; PCL, polycaprolactone; PLGA, poly(lactic-co-glycolic acid); MC, methyl cellulose; EC, ethylcellulose; and PEG, 
polyethylene glycol.
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were spherical shaped with an average diameter of 40–80 nm, 
and a zeta potential value of 25–29 mV. Carvacrol-loaded chito-
san nanoparticles showed antimicrobial activity against Staphy-
lococcus aureus, Bacillus cereus, and Escherichia coli with an MIC 
of 0.257 mg/mL. The release of carvacrol from chitosan nanopar-
ticles followed a Fickian behavior and superior release rate in an 
acidic medium to either alkaline or neutral media, respectively 
(Keawchaoon and Yoksan, 2011).

In another study, nanoparticles with two components of es-
sential oils, eugenol, and carvacrol, were prepared by grafting 
onto chitosan nanoparticles. For this, free aldehyde groups were 
introduced in eugenol and carvacrol and then grafted to chitosan 
nanoparticles via the Schiff base reaction. The antioxidant activi-
ties were assayed with diphenylpicrylhydrazyl (DPPH) and car-
ried out with Escherichia coli (E. coli) and Staphylococcus aureus  
(S.  aureus). The antioxidant activity of carvacrol- and eugenol-
grafted chitosan nanoparticles was compared to the chitosan 
nanoparticles. Results showed that the chitosan nanoparticles 
grafted with EOs component achieved an antibacterial activ-
ity equivalent to or better than that of the unmodified chitosan 
nanoparticles. Cytotoxicity assay on 3T3 mouse fibroblast showed 
a significantly lower toxicity of EOs encapsulated nanocapsules 
than those of the pure EOs (Chen et al., 2009).

Choi et al. (2009) studied the stability of eugenol by inclusion 
with β-cyclodextrin (β-CD) and 2-hydroxypropyl-β-cyclodextrin 
(2-HP-β-CD) and by encapsulation in polycaprolactone (PCL). 
The formulations that were evaluated for the type of complex, 
size, zeta-potential, and thermal properties were determined us-
ing differential scanning calorimetry (DSC). Other studies such as 
thermogravimetric analysis (TGA), transmission electron micros-
copy (TEM), scanning electron microscopy (SEM), and atomic 
force microscopy (AFM) were also done. TGA analysis showed 
the EE of PCL, β-CD eugenol, and 2-HP-β-CD eugenol inclusion 
complexes were 100, 90.9, and 89.1%, respectively. The oxidation 
stability study revealed the PCL nanoencapsulation was more ef-
ficient than the molecular inclusion method and resulting high 
stability of encapsulated eugenol. The eugenol encapsulation 
protects from light oxidation during storage time due to complete 
wrapping of eugenol by PCL layer (Choi et al., 2009).

Flores et al. (2013) have developed the nanocapsules and nano-
emulsions containing Melaleuca alternifolia essential oil (tea tree oil) 
and evaluated the antifungal efficacy in an onychomycosis model. 
The antifungal activity was evaluated against Trichophyton rubrum 
in two different in vitro models of dermatophyte nail infection. First, 
nail powder was infected with T. rubrum in a 96-well plate and then 
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treated with the formulations. After 7 and 14 days, the cell viability 
was verified and the plate counts for the samples were 2.37, 1.45, and 
1.0 log CFU/mL for the emulsion, nanoemulsion, and nanocapsules 
containing tea tree oil, respectively. In the second model, nail frag-
ments were infected with the microorganism and treated with the 
formulations. The diameter of the fungal colony was measured and 
found to be 2.88 ± 2.08 mm2, 14.59 ± 2.01 mm2, and 40.98 ± 2.76 mm2  
for the nanocapsules, nanoemulsion, and emulsion containing tea 
tree oil, respectively, and 38.72 ± 1.22 mm2 for the untreated nail. 
The result of the study demonstrated that the encapsulation of oil in 
nanocapsules was most efficient to reduce T. rubrum growth in both 
the nail infection models (Flores et al., 2013).

In another study, the feasibility of tea tree oil was evaluated as 
oil phase for preparing nanocapsules and nanoemulsions aiming 
to protect its volatilization. The nanostructure was found in the 
size range 160–220 nm with a polydispersity index below 0.25 and 
negative zeta potential. The oil content was 96% after preparation 
and after 60 min; the oil content was 30, 33, and 54% in relation 
to the initial values for emulsion, NE and NC, respectively. After 
heating for 30 min, the oil content in NC was about 67%, while 
lower values of 42 and 40% were obtained for NE and emulsion, 
respectively. Results show that the inclusion of tea tree oil in nano-
capsules showed higher protection against volatilization (Flores 
et al., 2011).

A thymol-rich Lippia sidoides essential oil was encapsulated 
in alginate/cashew gum nanoparticles via spray drying and in-
vestigated for fungicide and bactericide activities. The NPs’ sizes 
ranged from 223 to 399 nm, and zeta potential values ranged from 
−30 to −36 mV. The encapsulation efficiency was up to 55% with 
the in vitro release of oil between 45 and 95% within 30–50 h.  
The cashew gum and alginate in combination has proven to 
enhance the hydrophilic character of the polymer matrices, and 
therefore quicker release of oil from the matrix. The oil release pro-
file also revealed that the use of alginate in synergy with cashew 
gum presents a potential delivery system with tailored release 
rate, loading, and encapsulation efficacy (de Oliveira et al., 2014).

Eucalyptus staigeriana essential oil (ESO) was encapsulated 
using cashew gum (CG) as wall material. The nanoparticles were 
evaluated for antimicrobial activity against Listeria monocytogenes 
(gram-positive) and Salmonella enteritidis (gram-negative) by de-
termining their minimum bactericidal concentration (MBC). The 
data from MBC showed the greater activity of NPs against gram-
positive bacteria, due to a likely synergistic effect between the CG 
and ESO. It was suggested that ESO NPs have potential for use as a 
natural food preservative (Herculano et al., 2015).
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The EO from Lippia sidoides nanoparticles made of chitosan 
and cashew gum aimed to improve essential oil loading and re-
lease profiles. The developed NPs showed high loading (11.8%) 
and encapsulation efficiency (70%), with size ranges from 335–
558 nm. In vitro release profiles showed slow and sustained re-
lease of EO from NPs. The nanocarriers presented efficacy against 
St. aegypti larvae, where the mortality rate was related to the load-
ing values and gum:chitosan ratios. A ratio of gum:chitosan of 1:1 
and gum:chitosan of 1:10 showed 87 and 75% of mortality, respec-
tively after 48 h (Abreu et al., 2012).

Encapsulation of jasmine essential oil was achieved by gela-
tin and arabic gum, which gives a heat-resistant property to 
nanocapsules. The heat-resistance capability of developed NPs 
against 80°C was evaluated by both structural characteristics 
(size, polydispersity index, and zeta potential) and flavor analysis. 
The results showed that these encapsulated flavor nanocapsules 
were stable at 80°C for 7 h, even the gas chromatography–mass 
spectroscopy (GC–MS) analysis revealed that jasmine essential oil 
began to deteriorate after 5 h (Lv et al., 2014).

It was demonstrated that encapsulating EOs, that is, thymol 
and carvacrol, in zein nanoparticles can enhance their solubility 
up to 14-fold without hindering their ability to scavenge free radi-
cals or to control E. coli growth. Results from this study support 
the use of nanoencapsulation to facilitate the application of EOs 
in food preservation (Wu et al., 2012).

Thymol-loaded zein nanoparticles stabilized with sodium ca-
seinate (SC) and chitosan hydrochloride (CHC) were prepared and 
evaluated for their antibacterial effect. The SC-stabilized nanopar-
ticles had well-defined size range and negatively charged surface. 
CHC-coated SC-stabilized zein nanoparticles showed increased 
particle size, and reversal of zeta potential value from negative to 
positive with improved encapsulation efficiency. Both the thymol-
loaded zein nanoparticles and SC stabilized zein nanoparticles had 
showed spherical shape and smooth surface, while the surfaces 
of CHC-SC stabilized zein nanoparticles seemed rough with a few 
clumps. The study concluded that the encapsulated thymol was 
more effective in suppressing gram-positive bacterium than un-
encapsulated thymol for a longer time period (Zhang et al., 2014).

Another group of scientists worked on carvacrol-loaded PLGA 
nanocapsules and characterized it for antimicrobial activity. Pre-
pared NPs showed a size of about 209.8 nm with polydispersity 
and zeta potential of 0.260 and −18.99, respectively. The loading 
efficiency and encapsulation efficiency were found to be 21 and 
26%, respectively. In vitro release profile showed an initial “burst” 
release followed by a slower release. The antimicrobial activity of 
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the encapsulated carvacrol EO was enhanced and it was illustrated 
that the nanoparticles significantly altered rheological character-
istics of bacterial biofilms and facilitated the action of carvacrol 
(Iannitelli et al., 2011).

Eugenol- or trans-cinnamaldehyde-loaded polylactic glycolic 
acid (PLGA) nanocapsules showed a two-phase EO release profile. 
The first phase was rapid (under 30 min) and approximately 20% 
of the EO was estimated; the second phase showed prolonged and 
consistent release and about 64% of eugenol and 87% of trans-
cinnamaldehyde were detected after 72 h. In case of PLGA-based 
NPs, the release was governed mostly by diffusion, with a possible 
influence of polymer swelling and bulk erosion (Gomes et al., 2011).

Thymol-loaded methyl cellulose/ethyl cellulose–based poly-
meric nanoparticles have shown relatively high loading, that is 
43.53% thymol (weight of encapsulated thymol to weight of the 
thymol-loaded NPs), and were able to reduce the levels of E. coli 
in an oil/water lotion and in a hydrophilic gel, of P. aeruginosa in 
an oil/water lotion and of S. aureus in an oil/water lotion and in 
a water/oil cream. The encapsulated thymol interestingly, more 
efficiently preserve these formulations compared to free thymol 
(Wattanasatcha et al., 2012).

Polyethylene glycol (PEG)–coated NPs loaded with garlic EO 
was prepared by using melt–dispersion method and evaluated for 
their insecticidal activity against adult Tribolium castaneum. The 
NPs showed a size of less than 240 nm with an oil-loading effi-
ciency of 80% at an optimal ratio of EO to PEG (10%). The control 
efficacy against adult T. castaneum remained over 80% even after 
5 months. This is attributed due to the slow and consistent release 
of the EO from the NPs. Free garlic EOs was found only 11% effec-
tive in controlling the insect. This suggests the feasibility of PEG-
coated NPs loaded with garlic EO as an effective carrier to control 
store products from pests (Yang et al., 2009).

7 Lipid-Based Nanoencapsulation
Lipid-based nanoencapsulation systems are emerging as the 

most promising rapidly developing encapsulation technologies 
employed in the field of nanotechnology (Mozafari et al., 2006). 
Lipid is used as the oil phase in these formulations, either as in-
ternal or external phases. Compared with other encapsulation 
strategies such as polymeric nanoparticles, lipid-based nanoen-
capsulation systems have many advantages. Being prepared from 
natural ingredients, they are able to entrap material with differ-
ent solubilities (Bummer, 2004; Yurdugul and Mozafari, 2004). 
These lipid-based carriers have the ability to protect an ingredient 
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from free radicals, metal ions, pH, and enzymes that might cause 
degradation of the sensitive food ingredient. They can accom-
modate water-soluble material as well as lipid-soluble agents, in 
the same formulation if required, hence providing a synergistic 
effect (Suntres and Shek, 1996). Lipid-based nanocarriers may 
be targeted to the desired site inside the body via active (eg, by 
incorporation of antibodies) and passive (eg, targeting based on 
particle size) mechanisms (Mozafari and Mortazavi, 2005). These 
include nanometric-scaled emulsions and lipid nanoparticles, 
roughly divided in liposomes, solid lipid nanoparticles (SLN), and 
nanostructured lipid carriers (NLC). The aims of association of EO 
with lipid-based nanocarrier are to enhance stability and aqueous 
solubility of EO, maintaining or enhancing biological activity with 
the controlled targeting effect. The main lipid-based nanoencap-
sulation systems that can be used for encapsulation of EO for their 
protection and delivery in particular are discussed next.

7.1 Liposomes
Liposomes are self-assembled spherical vesicles, comprising 

one or several concentric phospholipidic bilayers with an internal 
aqueous phase. Accordingly, they can classified as (1) unilamel-
lar vesicles (ULV), which contains one bilayer; (2) multilamellar 
vesicles (MLV), which have several concentric bilayers; or (3) mul-
tivesicular vesicles (MVV), which consist of nonconcentric bilay-
ers. The size of liposomes can vary from the small size of 20 to the 
larger, which can exceed 1 µm. With a hydrophilic compartment 
and lipophilic palisade, they can be used as carriers for both lipo-
philic and hydrophilic molecules (Musthaba et al., 2009; Mozafari 
et al., 2008). They are biodegradable, nontoxic, nonimmunogenic, 
and biocompatible (Anweker et al., 2011). They are an efficient 
carrier for incorporating natural compounds, such as essential 
oil (EO) components, by improving their solubility and stabil-
ity (Coimbra et al., 2011; Sherry et al., 2013). A list of essential oil 
incorporated in liposomes is shown in Table 14.2.

The antiherpetic activity of Santolina insularis EO was inves-
tigated after encapsulation into liposomes. Vesicles were made 
from hydrogenated soy phosphatidylcholine and cholesterol, and 
their stability was examined for over one year. During the stor-
age period, drug leakage from vesicles and the average size dis-
tribution were estimated. The stability of the incorporated oil was 
checked by evaluating its quali-quantitative composition. The in 
vitro antiviral activity was studied against herpes simplex virus 
type 1 (HSV-1) by plaque reduction and yield reduction assays. 
Results showed efficient entrapment of Santolina insularis EO in 



Table 14.2 Essential Oils Encapsulated in Liposomes
Nanoformulation Essential Oil Inferences References
Hydrogenated soy PC 
liposomes

Santolina insularis EO Reduced degradation and nontoxic 
in concentration range tested

Valenti et al. (2001)

Hydrogenated and 
nonhydrogenated PC, 
liposomes

Artemisia arborescens 
L. EO

Enhanced antiherpetic activity 
with hydrogenated PC

Sinico et al. (2005)

Liposomes Thymus species 
(boissieri, longicaulis, 
leucospermus, and 
ocheus) extracts

Superior antioxidant as well 
as antimicrobial activities of 
encapsulated extract

Gortzi et al. (2006)

Liposomes Origanum dictamnus 
extracts

Both antimicrobial and antioxidant 
activity was higher than the 
extracts in pure form.

Gortzi et al. (2007)

Liposomes O. dictamnus L. EO Enhanced antimicrobial activities 
after the encapsulation

Liolios et al. (2009)

Liposomes Zanthoxylum 
tingoassuiba EO

Enhance essential oil targeting 
to cells

Detoni et al. (2009)

Liposomes Caffeic acid (derivatives), 
carvacrol (derivatives), 
thymol, pterostilbene 
(derivatives), and 
N-(3-oxo-dodecanoyl)-l-
homoserine lactone

Improved solubility and stability Coimbra et al. (2011)

Liposomal gel Eucalyptus 
camaldulensis EO

Enhanced stability as well as 
antifungal activity

Moghimipour et al. 
(2012)

Liposomes Z. tinguassuiba EO Enhanced thermal-oxidative 
stability with significant apoptotic-
inducing activity for glioma cells

Detoni et al. (2012)

Liposomes Bergamot essential oil 
(BEO)

Increased water solubility and 
anticancer activity under in vitro

Celia et al. (2013)

Penetration enhancer 
containing vesicles (PEVs)

S. insularis essential oil Enhanced skin penetration Castangia et al. (2015)

Liposomes Tea tree oil Enhanced inhibition and bactericidal 
effect on the TTO-tolerant strain

Ge and Ge (2016)

Nanoliposomes EO of Zataria multiflora 
Bioss.

Reduced degradation during 
storage

Khatibi et al. (2014)

Liposomes Clove essential oil Improved the stability of clove 
essential oil

Sebaaly et al. (2015)

Liposomes Clove essential oil Exhibited efficient antimicrobial 
activity for S. aureus in tofu

Cui et al. (2015)
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the prepared liposomes, which successfully enhanced its stability. 
Stability studies showed that the vesicle dispersions were stable 
for at least one year without any oil leakage or vesicle size altera-
tion throughout this period. Antiviral activity assays demonstrat-
ed that Santolina insularis EO is effective in inactivating HSV-1; 
however, free EO proved to be more effective than liposomal oil, 
whereas liposomal Santolina EO was found nontoxic in the range 
of the concentration tested (Valenti et al., 2001).

Similarly, antiherpetic activity of Artemisia arborescens L. EO-
encapsulated liposomes was investigated under in vitro  condition. 
To investigate the influence of vesicle structure and composition 
on the antiviral activity of the encapsulated oil, two different lipo-
somal formulations [multilamellar (MLV) and unilamellar (SUV)] 
were prepared. Hydrogenated (P90H) and nonhydrogenated 
(P90) soy phosphatidylcholine were used for the formulation. 
They were examined for the stability and antiviral activity against 
herpes simplex virus type 1 (HSV-1) by tetrazolium-based colori-
metric method. Results showed that a good amount of Artemisia 
EO can be encapsulated, which was stable for at least 6 months. 
The liposomal encapsulated A. arborescens EO showed enhanced 
antiherpetic activity, which was more in case of P90H. Both the 
free and SUV-incorporated oil showed nonsignificant difference 
in antiviral activity, while the P90H MLV showed a higher activity 
than P90MLV. They observed EC50 values of 18.3 and 43.6 g/mL 
for P90H MLV and P90MLV, respectively. Thus, incorporation of 
A. arborescens EO in multilamellar liposomes greatly improved its 
activity against intracellular HSV-1 (Sinico et al., 2005).

The antioxidant and antimicrobial activity of methanol or di-
chloromethane extracts of O. dictamnus were determined using 
Rancimat and malondialdehyde (MDA) by HPLC methods. The 
antioxidant action of extract was further compared with that of 
some common commercial antioxidants such as butylated hy-
droxytoluene (BHT) and α-tocopherol. Extracts with high anti-
oxidant activity were selected and encapsulated in liposomes. The 
antioxidant action of the encapsulated EO was determined using 
differential scanning calorimetry (DSC). All the extract showed 
antioxidant and antimicrobial activities, which were reported su-
perior to α-tocopherol. The highest antioxidant activity was re-
ported for the methanol extract of O. dictamnus (240 ppm), which 
is higher than BHT. Results of the liposomal formulation showed 
higher antioxidant as well as antimicrobial activities compared 
with the same extracts in pure form (Gortzi et al., 2007).

The major components of Origanum dictamnus L. EO are car-
vacrol, thymol, p-cymene, and c-terpinene. The antioxidant and 
antimicrobial activities of these components after encapsulation 
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in phosphatidyl choline-based liposomes were tested against 
gram positive and gram-negative bacterial strains. Their activity 
against three human pathogenic fungi and a food-borne patho-
gen, Listeria monocytogenes, was also evaluated. The possibility of 
synergistic or antagonistic effect between carvacrol/thymol and 
carvacrol/c-terpinene was also investigated by determining the 
antimicrobial activities of the mixtures before and after encapsu-
lation in liposomes. The results showed enhanced antimicrobial 
activities of all tested compounds after the encapsulation (Liolios 
et al., 2009).

Zanthoxylum tingoassuiba EO consists of a mixture of organ-
ic compounds among which methyl-N-methylanthranilate and 
sesquiterpene alcohol alpha-bisabolol are the main compounds. 
They have shown significant activity against S. aureus, S. aureus 
isolated multiresistant, and the dermatophyte fungi. When this 
oil was loaded into dipalmitoyl-phosphatidylcholine (DPPC) mul-
tilamellar liposomes (MLV) using a thin film hydration method, 
liposomes showed a mean diameter of 9.37 ± 4.69 µm and found 
to have more spherical and narrower size distribution than empty 
liposomes. Results showed entrapment of appreciable amounts 
(43.7 ± 6.0%) of Zanthoxylum tingoassuiba EO in the prepared ve-
sicular dispersions. The incomplete and consisted release of EO 
from liposomes suggested that EO-loaded liposomes will be use-
ful in pharmaceutical applications to enhance essential oil deliv-
ery in the target cells (Detoni et al., 2009).

The EO extract from Atractylodes macrocephala Koidz was 
encapsulated in liposomes using the rapid expansion of super-
critical solutions (RESS) technique. In this method, both the 
 liposomal materials and EO were dissolved in the mixture of su-
percritical carbon dioxide (SC-CO

2
)/ethanol and then the solution 

was sprayed into an aqueous medium through a coaxial nozzle 
to form liposomal suspension. Under the optimum conditions 
of a pressure of 30 MPa, a temperature of 338 K, and an ethanol 
mole fraction in SC–CO

2
 [x(CH

3
CH

2
OH)] of 15%, the developed 

liposomes showed an entrapment efficiency, drug loading, and 
average particle size of 82.18%, 5.18%, and 173 nm, respectively. 
The liposomes appeared as double-layered colloidal spheres with 
a uniform and narrow particle size distribution. These results in-
dicated that the modified RESS technique is an innovative way to 
form liposomes’ incorporation of multicomponents extract from 
plant sources (Wen et al., 2010).

In a study, a few natural component having strong antiinflam-
matory properties were selected and encapsulated into liposome 
to overcome poor water solubility or chemical instability of these 
compounds. The caffeic acid (derivatives), carvacrol (derivatives), 
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thymol, pterostilbene (derivatives), and N-(3-oxo-dodecanoyl)-l-
homoserine lactone were used in the experiment. Results showed 
that lipophilic 3-oxo-C

12
-homoserine lactone and stilbene 

derivatives were efficiently loaded into liposomal lipid bilayer (EE 
reported as 50–70%). The liposomes solubilize these compounds, 
which allow intravenous administration without use of solvents. In 
the case of carvacrol and thymol, it is not possible to load the EOs 
into the lipid bilayer or they are rapidly extracted from the lipo-
somes in the presence of serum albumin (3-oxo-C

12
-homoserine 

lactone and pterostilbene derivatives). Derivatization of the com-
pound into a water-soluble prodrug was shown to improve load-
ing efficiency and stability. The phosphate forms of carvacrol and 
pterostilbene were loaded into the aqueous interior of the lipo-
somes and the encapsulation was not affected by the presence of 
serum albumin. Chemical instability of resveratrol was also im-
proved after encapsulation in liposome, which prevents inactiva-
tion of cis–trans isomerization. Caffeic acid, by derivatization into 
a phenyl ester, was encapsulated in liposomes without chemical 
degradation. The liposomal formulation of 3-oxo-C

12
-homoserine 

lactone and resveratrol, showed an inhibition of tumor growth of 
approximately 70% in a murine tumor model after intravenous 
administration. This was due to the simple solubilization affect of 
liposomes (Coimbra et al., 2011).

The essential oil of Eucalyptus camaldulensis was investigated 
for its effectiveness on dermatophytes’ growth after encapsulation 
into liposomal gel. Liposomes were prepared by the freeze-thaw 
method and characterized for particle size and size distribution. 
Further liposomes were dispersed into gel hydroxethyl cellulose 
(HEC) to form liposomal gel. The antifungal activity of the essen-
tial oil and liposomal gel was determined against Microsporum ca-
nis, M. gypseum, Trichophyton rubrum, and T. verrucosum, using 
the well diffusion method. Results showed the particle size of lipo-
somes range from 40.5 to 298 nm for different formulations with 
sufficient entrapment efficiency (95 ± 0.57%); 0.125 mL of EO was 
reported as the minimum inhibitory volume for antifungal activ-
ity. Phenol, 1, 8 cineole, limonene, alcohol, pinene, and terpinen 
were detected as the main constituents of the EO by GC–MS. They 
have reported that gel formulation of liposomal-loaded essential 
oil may lead to improved antifungal activity  (Moghimipour 
et al., 2012).

In another study, Detoni and coworkers evaluated the antiglio-
ma potential of a component, α-bisabolol, present in  Zanthoxylum 
tinguassuiba essential oil (ZtEO). They have prepared ZtEO-load-
ed liposomes and evaluated the oxidative stability of ZtEO and 
the ability to reduce glioblastoma cell viability. Results of thermal 
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analysis indicated that the thermal-oxidative stability of the lipo-
somal ZtEO was enhanced compared to its free form. A signifi-
cant apoptotic-inducing activity for glioma cells was observed 
for Liposomal ZtEO. Therefore, liposomal systems carrying ZtEO 
may be a potential alternative for gliobastoma treatment (Detoni 
et al., 2012).

Bergamot essential oil (BEO) and its fractions have been shown 
to exhibit anticancer efficacy but cannot be used in cancer therapy 
due to its poor water solubility, low stability, and limited bioavail-
ability. To alleviate these drawbacks, BEO liposomes were prepared 
and reported to improve water solubility and enhance anticancer 
activity of the phytocomponents under in vitro conditions against 
human SH SY5Y neuroblastoma cells (Celia et al., 2013).

A modified form of liposomes called penetration enhancer con-
taining vesicles (PEVs), loaded with Santolina insularis essential 
oil was formulated and evaluated for its physicochemical features 
and stability, and ability to deliver the oil to the skin. S. insularis 
essential oil is predominantly composed of terpenes of which the 
most abundant are phellandrene (22.6%), myrcene (11.4%), and 
curcumenes (12.1%). They were prepared using phosphatidylcho-
line as lipid phase and ethylene or propylene glycol was added to 
the water phase [10% (v/v)] to improve vesicle performances as de-
livery systems. The results showed polyhedral, faceted, unilamellar 
 vesicles of 115 nm in diameter, where the presence of the glycols 
improved vesicle stability under accelerated aging conditions, with-
out changes in size or migration phenomena (eg, sedimentation 
and creaming). The confocal laser scanning microscopy  images of 
the  pig-skin treated with EO formulation displayed a penetration 
ability of PEVs greater than that of control liposomes. All the formu-
lations showed a marked in vitro biocompatibility in human kera-
tinocytes. Thus, it was suggested that PEVs enhance the delivery of 
S. insularis essential oil to the skin (Castangia et al., 2015).

The EO containing the antibacterial and antifungal constitu-
ents of Zataria multiflora Bioss. can be used as a substitute for 
synthetic drugs and food preservatives. This can be possible after 
developing a suitable carrier that can offer stability to EOs. The EO 
was encapsulated into nanoliposomes by three different methods 
including thin film evaporation, ethanol injection, and sonication 
methods. The effect of different methods on liposomes and their 
physical properties was studied by means of particle size, polydis-
persity index, zeta potential, and encapsulation efficiency. Results 
showed that the sonication method produces liposomes with the 
smallest mean size of 99 nm and better dispersivity. The encapsula-
tion efficiency of nanoliposomes containing EO was in the follow-
ing order: thin film evaporation > ethanol injection > sonication. 
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MLV (multilamellar vesicles) liposomes prepared by the thin layer 
evaporation method showed better stability after 1 month of stor-
age at 4 ± 1°C. It was concluded that the preparation methods have 
an effect on the physical properties and storage stability of lipo-
somes (Khatibi et al., 2014).

The antibacterial activities of clove oil and liposome-
encapsulated clove oil were investigated. It was demonstrated that 
the clove oil exhibited favorable antimicrobial activity for both 
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) but 
have low chemical stability. After incorporation into a liposome 
formulation to increase its stability, the optimal polydispersity 
index (PDI), zeta potential, and entrapment efficiency of lipo-
some was found to be 0.196, −24.5 mV, and 20.41% respectively at 
the concentration of clove oil to 5.0 mg/mL. It was observed that 
the pore-forming toxins (PFTs) secreted by S. aureus was utilized 
to activate release of clove oil from liposome. The encapsulated 
clove oil has no effect on E. coli that doesn’t secrete PFTs, therefore 
the antimicrobial component does not reach bacteria. Gas chro-
matography (GC) assay proved that when liposome comes into 
contact with S. aureus that secrete PFTs, PFTs would insert into 
the lipid bilayers of liposomes and form pores through which the 
encapsulated clove oil was released (Cui et al., 2015).

In another study, natural soybean phospholipid-based lipo-
somes were developed to improve the stability of clove EO and 
its main component, eugenol. Various lipids such as those using 
a saturated (Phospholipon 80H, Phospholipon 90H) and unsatu-
rated soybean (Lipoid S100), in combination with cholesterol, 
were used to prepare liposomes at various eugenol and clove oil 
concentrations using ethanol injection method. They were char-
acterized and compared for their size and surface morphology, 
polydispersity index, zeta potential, loading rate, and encapsula-
tion efficiency. Stability of these formulations was checked after 
storing them for 2 months at 4°C. It was reported that liposomes 
exhibited nanometric oligolamellar and spherical-shaped vesicles 
and protected eugenol from degradation induced by UV exposure; 
they also maintained the DPPH scavenging activity of free eugenol 
(Sebaaly et al., 2015).

7.2 Lipid Nanoparticles
Lipidic nanoparticles can be discussed under two headings, 

according to the chemical composition of the lipidic phase: sol-
id lipid nanoparticles (SLNs) and nanostructured lipid carriers 
(NLCs). In case of SLN, the lipophilic component is dissolved in 
a solid lipid or in a solid lipid mixture while the lipidic phase is a 
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solid lipid and liquid lipid (oil) mixture at room temperature for 
NLCs (Dima et al., 2015). The release of active agent from SLNs 
is due to the transition phase of the lipids in the cooling process. 
During the cooling, the predominant lipid polymorph, that is, α 
get transforms into a polymorphous form β and β9. Further transi-
tion of β to β9 leads to expulsion of the molecules from the lipo-
philic component of the lipid NPs.

Compared to the other liquid lipid-based systems—emulsions, 
nanoemulsions, microemulsions, self-nano emulsifying drug de-
livery systems (SNEDDS), self-micro emulsifying drug delivery 
systems (SMEDDS), liposomes—lipid nanoparticles have many 
advantages. They have increased stability and entrap more active 
agents, can protect the lipophilic components and showed con-
trolled and targeted release of encapsulated components; they 
improve the bioavailability of lipophilic components with reduced 
toxicity risk because of absence of organic solvents; they can be 
produced and processed on an industrial scale at a lower cost 
(Tamjidi et al., 2012). Both SLNs and NLCs are mainly prepared by 
two techniques: hot homogenization and cold homogenization. 
Homogenization may be achieved by means of different types of 
equipment such as a high-pressure homogenizer (HPH), a high-
intensity ultrasonic probe/jet/bath, or a microfluidizer. Many 
researchers studied the lipid NPs for encapsulating essential oils 
and other food nutrients (Tamjidi et al., 2013; Fathi et al., 2012). 
Various essential oils encapsulated lipid nanoparticles are dis-
cussed in Table 14.3.

Solid lipid nanoparticles loaded with Artemisia arborescens es-
sential oil was evaluated for pest control. Two SLN formulations 
were developed by high-pressure homogenization technique 
where Compritol 888 ATO was taken as lipid and Poloxamer 188 or 
Miranol Ultra C32 used as surfactants. The results of the study il-
lustrated a high physical stability for both formulations at various 
storage temperatures for a period of 2 months. The average diam-
eter of EO-loaded SLN did not vary during this period and only a 
slight increase in size was observed after spraying the SLN disper-
sions. In vitro release study showed that SLN were able to reduce 
the volatility of essential oil if compared with the reference emul-
sions. This showed that the Artemisia arborescens–loaded SLN for-
mulations can be a suitable carriers in agriculture (Lai et al., 2006).

In another study, Artemisia arborescens EO incorporated in 
SLN has been investigated for in vitro antiherpetic activity on 
transdermal delivery. SLN formulations were prepared by hot-
pressure homogenization technique using Compritol 888 ATO 
as lipid. The surfactants, Poloxamer 188 and Miranol Ultra C32, 
were used in SLN1 and SLN 2, respectively. After a day, the SLN 
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1 showed a size of 223 nm with a polydispersion index of 0.243, 
while the particle size of SLN 2 was found to be 219 nm with 0.301 
polydispersion index (PI). Both formulations had high physical 
stability with very slight increase in the particle size and PI after 
two years. The antiviral activity of free and SLN-incorporated EO 
was tested in vitro against Herpes Simplex Virus-1 (HSV-1), which 
showed that entrapment does not affect the antiherpetic activity 
of EO. In vitro diffusion experiments through newborn pig skin 
were performed to determine the permeation and accumulation 
of EO-incorporated SLN into the skin strata, where an almond 
oil Artemisia essential oil solution was taken as a control. Results 
showed that skin permeation of EO occurred only when the oil was 
delivered from the control solution, while a significant amount of 
EO released by SLN formulations was found into the skin strata. 
SLN seems to adhere to the skin surface that increase skin hydra-
tion and promote penetration of active compounds as well as the 
carrier into the stratum corneum. The SLN could not improve es-
sential oil diffusion through the inner, more hydrophilic skin lay-
ers. On the contrary, the EO in almond oil promotes permeation of 
EO through skin layers, probably by increasing skin hydration that 
in this case favors oil solution to diffuse through the skin. This in-
dicated SLN as a good carrier to incorporate the essential oil with 
a good yield and long-term stability (Lai et al., 2007).

Table 14.3 Essential Oils Encapsulated in Lipid 
Nanoparticles

Formulation Essential Oil Inferences References
Compritol 888 ATO, SLN Artemisia arborescens EO Reduced volatility Lai et al. (2006)

Compritol 888 ATO, SLN A. arborescens EO Improved the oil accumulation 
into the skin

Lai et al. (2007)

SLN Nigella Sativa EO High physical stability Alhaj et al. (2010)

SLN Essential oil of Zataria 
multiflora

Potential carrier for EO delivery Moghimipour et al. 
(2013)

SLN Frankincense and myrrh 
essential oils (FMO)

Reduced evaporation loss and 
increased antitumor efficacy of 
active constituents

Shi et al. (2012)

SLN Clove (Syzygium 
aromaticum) extract

Enhanced stability Cortés-Rojas et al. 
(2014)

NLC Zingiber zerumbet oil Increased stability Rosli et al. (2015)
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Nigella sativa essential oil–encapsulated SLN were developed 
by Alhaj and coworkers. Formulation showed high physical sta-
bility at various storage temperatures during 3 months of storage. 
The effect on average diameter of N. sativa essential oil–loaded 
SLN was minimum, which strongly recommends SLN as a suitable 
carrier for food and pharmaceutical industry (Alhaj et al., 2010).

The essential oils obtained from frankincense and myrrh oil 
(FMO) exhibit a broad spectrum of biological activities such as 
 antimicrobial, antiinflammatory, and antitumor activities. The 
instability and poor water solubility of FMO result in poor oral 
bioavailability, which limits its clinical application. A study dem-
onstrated frankincense and myrrh essential oils (FMO) incorpo-
rated solid lipid nanoparticles were developed for oral delivery 
using Compritol 888 ATO as the solid lipid and soybean lecithin 
and Tween 80 as the surfactants. The obtained SLNs showed a 
mean size of 113.3 nm with a zeta potential of −16.8 mV, and an 
encapsulation efficiency of 80.60%. Results showed an increase in 
the antitumor efficacy of FMO entrapped in SLNs in H22-bearing 
Kunming mice. The component, Compritol 888 ATO showed rea-
sonable FMO solubilization capacity (Shi et al., 2012).

Solid lipid nanoparticles (SLNs) of essential oil of Zataria mul-
tiflora was formulated by two methods: precipitation technique 
and hot homogenization method for achieving the best encapsu-
lation. They were characterized by differential scanning calorim-
etry (DSC), transmission electron microscopy (TEM), particle size 
analysis, and essential oil release was evaluated by using a dialysis 
membrane method. Results showed spherical-shaped particles 
of a mean size of 650 nm with the encapsulation efficiency of 
38.66%. Results of particle size determination showed a mean size 
of 650 nm and SLNs were spherical as shown by TEM. About 93.2% 
of the EO was released after 24 h, indicating the SLNs as the po-
tential carrier system of Z. multiflora essential oil (Moghimipour 
et al., 2013).

In this study, lipid formulations containing clove extract were 
spray dried to encapsulate the volatile and poor water-soluble 
compounds—eugenol and eugenyl acetate—aiming to obtain sol-
id redispersible powders. Five formulations were prepared to test 
two different solid lipids (stearic acid and Compritol), two surfac-
tants (Poloxamer 188 and Polysorbate 80), and three drying carriers 
(maltodextrin, lactose, and arabic gum mixture). All five formula-
tions after drying were characterized by the eugenol and eugenyl 
acetate retention, in vitro antioxidant activity and other physical 
properties. The formulation containing glyceryl behenate, Polox-
amer 188, and Maltodextrin DE10 presented better retention of 
bioactive compounds and good antioxidant activity. Further, the 
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influence of the dispersion methods such as high-shear mixing 
ultraTurrax, ultrasonication and high-pressure  homogenization 
and the drying technique, that is, spray- and freeze-drying. They 
reported that the freeze-dried samples presented significantly 
higher retention of eugenol and eugenyl acetate than the spray-
dried ones (Cortés-Rojas et al., 2014).

In a study, nanostructured lipid carrier (NLC) encapsulated 
Zingiber zerumbet oil (NLC-ZZ) was prepared by ultrasonication 
technique. Particle size, polydispersity index (PDI), zeta-potential, 
encapsulation efficiency, and physical morphology were deter-
mined. Results showed that the NLC-ZZ exhibited nanometer size 
(96.59 nm), stable polydispersity index (0.192) with a high zeta po-
tential charge (–39.88 mV). The encapsulation efficiency of lipid 
carrier to encapsulate Zingiber zerumbet oil was found above 
80%. The nanosize and stability of NLC-ZZ, makes it suitable for 
topical and transdermal delivery since it can enhance the penetra-
tion to the deeper layer of skin (Rosli et al., 2015).

7.3 Nanoemulsions
Nanoemulsions are stable colloidal systems with nanometric 

size range (≤100 nm). It is prepared by dispersing one liquid in 
another immiscible liquid with aid of emulsifiers (Burguera and 
Burguera, 2012). Compared with microemulsions, nanoemul-
sions are optically transparent and possess a relatively high ki-
netic stability even for several years, due to their very small size 
(Fathi et al., 2012; Blanco-Padilla et al., 2014). Nanoemulsions can 
be formulated either by high-energy methods (high-pressure ho-
mogenization, microfluidization, and ultrasonication) or by low-
energy methods (solvent diffusion). Choice of method depends on 
the material and stability of active agent (Donsì et al., 2011).

Nanoemulsions can be (1) the oil in water (O/W) where the 
oil phase is dispersed in the form of nano droplets in the external 
aqueous phase with the use of stabilizer or emulsifiers; (2) the mul-
tiple emulsions can be of two types, oil-in-water-in-oil (O/W/O) 
and water-in-oil-in-water (W/O/W), where, for example, in case 
of W/O/W type, the water droplets were entrapped within large 
oil droplets that were finally dispersed within an external aqueous 
phase; and (3) the multilayer emulsions which carry nanometric 
oil droplets surrounded by different polyelectrolytes layers (Weiss 
et al., 2006).

Most of the O/W nanoemulsions were used to encapsulate and 
deliver poorly water-soluble essential oils with different proper-
ties for improving the physical stability of the active compound 
as well as its bioactivity. For example, the antibacterial activity of 
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certain oil was increased after encapsulation in nanoemulsion be-
cause the nano size droplets carrying oil has increased interaction 
of EO with the bacterial cell membrane and further disturbs the 
structural integrity of membrane leading to leakage of bacterial in-
tracellular constituents. This nonspecific action of entrapped EO 
is able to decrease the development of resistant microbial strains 
(Maswal and Dar, 2014). Essential oil encapsulated in various na-
noemulsions is shown in Table 14.4. The results of entrapped EOs 
demonstrated that nanoemulsion is an efficient approach to in-
crease physical stability and provide an easy way to transfer the 
active molecules to the sites of action.

The antimicrobial activity after encapsulation of d-Limonene 
and a mixture of terpenes extracted from Melaleuca alternifolia 
into nanoemulsions based on essential oils of sunflower and palm 
oil was developed by high-pressure homogenization. The effect 
of encapsulation on the antimicrobial activity of terpenes was in-
vestigated by determining the minimum inhibitory concentration 
(MIC) and minimum bactericidal concentration (MBC) for three 
different classes of microorganisms (Lactobacillus delbrueckii, 
Saccharomyces cerevisiae, and Escherichia coli). Results showed 
that the increase in the antimicrobial activity depends on the for-
mulation and mean diameter of the nano droplets as well as on 
the microorganism’s class. The antimicrobial activity was tested in 
pear and orange juices inoculated with L. delbrueckii and these 
encapsulated terpenes in nanosize showed higher antimicrobial 
properties. Therefore, lower antimicrobial concentrations are 
 required for a bactericidal action under accelerated aging at 32°C, 
without any visual and organoleptic changes in the juice (Donsì 
et al., 2011).

Buranasuksombat et al. (2011) has investigated the effect of 
oil droplet size on antimicrobial activity. O/W emulsions were 
prepared from lemon myrtle oil (LMO) possessing antimicrobial 
activity and soyabean oil, which has no antimicrobial proper-
ties. The antimicrobial properties were determined against five 
bacteria. Results showed that all emulsions made from LMO had 
the same level of antimicrobial effects against the five bacteria 
whereas all soybean oil emulsions had no antimicrobial effect. It 
was concluded that the antimicrobial property of nanoemulsions 
was due to the active agent encapsulated in the emulsions and not 
from high surface tensions and cell wall diffusion activity of nano-
sized droplet (Buranasuksombat et al., 2011).

Eugenol-incorporated O/W nanoemulsion was prepared by 
 ultrasound cavitation method using sesame oil, Tween 80, and 
water, which was stable for more than 1 month. Encapsulated 
eugenol exhibited antibacterial activity against Staphylococcus 
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aureus and reported to reduced microorganism population 3 log 
(CFU/mL) after 120 min due to changes in bacterial membrane 
permeability (Ghosh et al., 2012).

Peppermint oil (PO)–loaded nanoemulsion was prepared using 
medium-chain triacylglycerol and a food-grade biopolymer that 
is, modified starch as stabilizer. The developed PO nanoemulsions 
showed a mean diameters of <200 nm with high stability over at 

Table 14.4 Essential Oils Encapsulated in 
Nanoemulsions

Formulation Essential Oil Inferences References
Nanoemulsion Terpenes from melaleuca, 

sunflower oil, palm oil, and 
d-limonene

Enhanced antimicrobial activity 
without affecting organoleptic 
properties of the juice

Donsì et al. (2011)

Nanoemulsion Lemon myrtle oil Enhanced antimicrobial 
properties

Buranasuksombat et al. 
(2011)

Nanoemulsion Basil oil (Ocimum 
basilicum)

Nanoemulsion exhibited 
considerable antibacterial 
activity even after diluting 10-, 
100- and 1000-fold with water

Ghosh et al. (2012)

Nanoemulsion Peppermint oil (PO) 
with medium-chain 
triacylglycerol

Prolonged antibacterial activities 
with extended shelf life

Liang et al. (2012)

Nanodispersion Thymol Enhanced antimicrobial activity Shah et al. (2012)

Carvacrol, limonene, and 
cinnamaldehyde

Donsì et al. (2012)

Nanoemulsion Eucalyptus oil Enhanced antibacterial activity Saranya et al. (2012)

Nanoemulsion Essential oils of andiroba 
(Carapa guaianensis) and 
aroeira (Schinus molle)

Increased activity against T. 
evansi in vitro

Baldissera et al. (2013)

Nanoemulsion Lemongrass, clove, tea 
tree, thyme, geranium, 
marjoram, palmarosa, 
rosewood, sage, or mint

Enhanced bactericidal activity Salvia-Trujillo et al. (2015)

Nanoemulsion Thymus daenensis EO Amplified antibacterial activity Moghimi et al. (2016)

SNEDDS Zedoary turmeric oil (ZTO) 1.7- and 2.5-fold increase in AUC 
and Cmax, respectively compared 
with the nonencapsulated ZTO

Zhao et al. (2010)
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least 30 days of storage time. The antimicrobial properties of PO 
have been evaluated by two assays, the minimum inhibitory con-
centration (MIC) and time-kill dynamic processes, against bacte-
rial strains of Listeria monocytogenes Scott A and Staphylococcus 
aureus ATCC 25923. Compared with PO, the PO nanoemulsions 
showed prolonged antibacterial activities. The results illustrated 
that the nanoemulsion technology can provide novel applications 
of essential oils in extending the shelf life of aqueous food prod-
ucts (Liang et al., 2012).

In a study, free and nanodispersed (ND) thymol were 
compared in terms of their antimicrobial efficacies against strains 
of Escherichia coli and Listeria monocytogenes in apple cider and 
2% reduced-fat milk. The antimicrobial assay was performed 
at pH 5.5 and 3.5 in apple cider at 0.3-, 0.5-, 0.75-, and 1.0-g/L 
thymol concentrations at 35, 32, 25, and 4°C. It was found that 0.5 
and 1.0 g/L thymol either in free form or in nanodispersion were 
inhibitory and bactericidal, respectively, against bacterial strains 
under all treatment conditions. In the case of 2% reduced-fat milk 
at 35 or 32°C, ND and free thymol demonstrated the inhibition of 
bacteria at 4.5 g/L. Results showed promising and novel, enabling 
thymol-containing nanodispersions as an effective carrier to 
target pathogens in food, especially in clear beverages (Shah 
et al., 2012).

Sunflower oil–based nanoemulsion was developed as a carrier 
for carvacrol, limonene, and cinnamaldehyde by high-pressure 
homogenization and stabilized by different emulsifiers. Anti-
microbial activities of these formulations were assayed against 
Escherichia coli, Lactobacillus delbrueckii, and Saccharomyces 
cerevisiae. The antimicrobial activity was found to be dependent 
on the concentration of active agent in the aqueous phase, which 
was further dependent on their emulsifier capability to solubilize 
them. Sugar esters and glycerol monooleate were reported to have 
high antimicrobial activity due to their ability to solubilize high 
concentration of the essential oil in the aqueous phase. The com-
plete inactivation was achieved in case of E.coli and L. delbrueckii 
while a reduced population of S. cerevisiae (2 log) observed by 
carvacrol nanoemulsion after 2 h. Thereafter, complete inactiva-
tion of S. cerevisiae was also attained after 24 h. However, a less 
effective antimicrobial activity was exhibited in case of limonene 
and cinnamaldehyde nanoemulsions. It was found that complete 
inactivation of E. coli, L. delbrueckii, and S. cerevisiae was obtained 
after 24 h at more concentrated EO nanoemulsions. This was due 
to the easy availability of the EO from the nanoemulsion, which 
has significantly enhanced bactericidal effect over shorter time 
scales (Donsì et al., 2012).
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The O/W based nanoemulsion was formulated using eucalyp-
tus oil, Tween 20, and ethanol by ultrasonication and the mean 
droplet size was observed 20.17 nm by dynamic light scattering. 
The antibacterial activity of the EO-loaded nanoemulsion was 
tested against P. mirabilis. Results showed that EO-loaded nano-
emulsions were highly stable, transparent, and found to be effec-
tive bactericidal against tested pathogen. One hundred percent 
growth inhibition was obtained with nanoemulsion, which was 
confirmed by dilution plate count and antibacterial susceptibility 
method (Saranya et al., 2012).

Nanoemulsions containing carvacrol and eugenol was pre-
pared by high-pressure homogenization and ultrasonication using 
triacylglyceride (Miglyol 812N) or Tween 80. Antimicrobial activity 
of the developed emulsion was evaluated against Escherichia coli 
C 600 and Listeria innocua.

Carvacrol emulsions at a concentration of 800 ppm with a 
droplet size of 3000 nm reported to completely inhibit L. innocua, 
while nanoemulsion (mean droplet size of 80 nm) was only able to 
delay the growth of microbes. The results was attributed to the fact 
that macroemulsions were more effective as antimicrobial carrier 
compared to the nanoemulsions because of an increased seques-
tering of antimicrobials in emulsion interfaces and reduced solu-
bilization in excess of Tween 80 micelles (Terjung et al., 2012).

Joe and coworkers have developed a sunflower oil–surfac-
tin–based O/W nanoemulsion, where biosurfactant surfactin is a 
cyclic lipopeptide antibiotic obtained from B. subtilis. The nano-
emulsion was shown to have higher antibacterial activity against 
S. typhi, L. monocytogenes, and S. aureus compared with strepto-
mycin (positive control) at a concentration of 100 mg/L. High fun-
gicidal activity was reported against Aspergillus niger, Rhizopus 
nigricans, and Penicillium sp. compared with sodium benzoate 
(positive control) with sporicidal activity against Bacillus cereus 
and Bacillus circulans, which was 3 times higher than the posi-
tive control. They concluded that sunflower oil–surfactin nano-
emulsion can be used in food products such as raw chicken, apple 
juice, milk, and mixed vegetable to reduce the native cultivable 
bacterial and fungal populations (Joe et al., 2012).

Essential oil obtained from Basil (Ocimum basilicum) which 
contains 88% of estragole was encapsulated in nanoemulsion 
prepared by ultrasonic emulsification using Tween 80 and wa-
ter. The antibacterial activity of encapsulated EO against E. coli 
was determined after different dilution. Results showed that the 
nanoemulsion were sufficient to inactivate the bacterial strain 
even after dilution. Complete inactivation of E. coli was achieved 
with a 10-fold and 100-fold diluted nanoemulsion after 45 min, 
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while a 40% reduction was shown after 60 min incubation period 
with the 1,000-fold diluted sample. The alteration in the bacterial 
cell membrane was the possible mechanism shown by fluores-
cence microscopy and FTIR (Ghosh et al., 2013).

The susceptibility of Trypanosoma evansi to the essential oils 
of andiroba (Carapa guaianensis) and aroeira (Schinus molle) un-
der in vitro condition was investigated in their conventional and 
nanoencapsulated forms. For this pure oils in different concen-
trations (0.5, 1.0, and 2.0%) were used. An untreated (negative 
control) and 0.5% diminazene aceturate treated (positive control) 
samples were used as comparative parameters. Later, the nano-
emulsions oils at concentrations of 0.5 and 1.0% were tested in the 
same way. All the tests were performed in triplicates and the num-
bers of parasites in each group were quantified after 1, 3, and 6 h 
from onset of the study. It was observed that the reduction in the 
number of parasites after 1 h is dose-dependent phenomenon. A 
significant reduction in the parasites concentration was achieved 
at low concentrations after 3 h, as well as at 6 h with no live para-
sites in case of the essential oils–treated sample. The results indi-
cate that oils of andiroba and aroeira in their conventional as well 
as nanoemulsion forms were active against T. evansi under in vitro 
test. This can be attributed to the fact that these oils can be used as 
an alternative for the treatment of T. evansi infections (Baldissera 
et al., 2013).

A W/O/W multiple nanoemulsions loaded with lactoferrin 
was prepared by homogenization using lecithin and poloxam-
ers. Where, lactoferrin is an iron-binding protein that can inhibit 
the growth of or kills iron-dependent pathogenic bacteria. Both 
free and encapsulated lactoferrin showed a minimum inhibitory 
concentration (MIC) of 2000 mg/mL for S. aureus and L. innocua 
and 200 mg/mL for Candida albicans. The antibacterial activity 
remained the same for the free and encapsulated lactoferrin but 
these multiple nanoemulsions can be employed to formulate oral 
elixir and beverages (Balcão et al., 2013).

Lemongrass oil (LO)–encapsulated nanoemulsions were 
prepared using carnauba–shellac wax (CSW) by high-pressure 
homogenization (Kim et al., 2013; Jo et al., 2014) and alginate by 
ultrasonication and microfluidization (Salvia-Trujillo et al., 2014). 
The nanoemulsion with CSW was showed a decrease by 8.18 log 
CFU/g the total population of E. coli and L. monocytogenes after 
2 h. Stability of apples coated with unloaded and LO-loaded CSW 
nanoemulsions was studied. It was reported that a decrease of 0.8 
and 1.4 log CFU of aerobic bacteria was obtained with unloaded 
and LO-loaded CSW nanoemulsions, respectively after 5 months 
of storage. The coatings inhibited the development of yeast and 
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mold and even the growth of Salmonella typhimurium and E. coli 
O157:H7 was inhibited on apples and plums, respectively. This 
property of EO-loaded nanoemulsions could be used to preserve 
various physicochemical qualities of fruits. In case of LO-alginate 
nanoemulsions, the antibacterial effect against E. coli was de-
pendent on the nanoemulsion production process. The micro-
fluidization enhanced antimicrobial activity, while ultrasounds 
 diminished the activity (Kim et al., 2013; Jo et al., 2014).

Nanoemulsions containing a range of EOs were prepared by 
high-shear homogenization using Tween 80 and sodium algi-
nate as stabilizers. EOs such as lemongrass, clove, tea tree, thyme, 
geranium, marjoram, palmarosa, rosewood, sage, or mint were 
considered for the study. Size of the developed nanoemulsion 
was reduced by microfluidization except of palmarosa and rose-
wood oil emulsions, which were already in the nanorange. The 
ζ-potential of the emulsions were more than −30 mV, which indi-
cates a strong electrostatic repulsion of the dispersed oil droplets 
in the aqueous phase. In vitro bactericidal action against Esche-
richia coli was performed and observed a 4.1, 3.6, 2.8, or 3.9 log-
reductions with lemongrass, clove, thyme, or palmarosa-loaded 
nanoemulsions, respectively, after 30 min of contact time. This 
showed a faster and enhanced inactivation kinetic was achieved 
in case of nanoemulsions containing lemongrass or clove essen-
tial oils in comparison with their respective coarse emulsions. 
This illustrated the promising advantages of using nanoemulsions 
as carriers of flavoring and preservative agents in the food indus-
try (Salvia-Trujillo et al., 2015).

Thymus daenensis–loaded water-dispersible nanoemulsion 
was formulated using high-intensity ultrasound with a mean di-
ameter of 143 nm. The antibacterial activity of the free EO and EO-
loaded nanoemulsion was measured against Escherichia coli. The 
minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) were measured. It was reported that 
nanoemulsions enhanced the bactericidal affect of the EO and 
this was due to easier access of the essential oils to the bacterial 
cells in the form of nanoemulsion (Moghimi et al., 2016).

A self-nanoemulsifying drug delivery system (SNEDDS) was 
developed for the oral delivery of zedoary turmeric oil (ZTO). With 
the help of pseudoternary phase diagrams the regions of the effi-
cient self-emulsification were identified. ZTO was used with a sec-
ond oil phase to enhance drug-loading efficiency. An optimized 
formulation consisting of ZTO, ethyl oleate, Tween 80, transcutol 
P (30.8:7.7:40.5:21, w/w), with 30% drug loading was prepared. The 
active components were stable in the optimized SNEDDS during 
the storage period of 12 months at 25°C. A 1.7-fold and 2.5-fold 
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enhanced in AUC and C
max

 respectively was shown of germacrone 
(GM) after oral administration of ZTO-SNEDDS in rats compared 
with the unformulated ZTO (Zhao et al., 2010).

8 Molecular Complexes
A molecular complex is referred to the physical association be-

tween a host and a guest (active ingredient) molecule, which can 
improve solubility and stability of the active agent. In case of EOs, 
the molecular inclusion is achieved by using cyclodextrins (CDs) 
as the encapsulating materials. CDs are a group of naturally occur-
ring cyclic oligosaccharides obtained from starch, with six, seven, 
or eight glucose residues linked by a (1–4) glycosidic bonds in a 
cylinder-shaped structure. These are classified into three types as 
α-, β-, and γ-cyclodextrins, corresponding to 6, 7, and 8 glucopyra-
nose units linked by α-(1,4) bonds, respectively. The dimension of 
the internal cavity is crucial for the “encapsulation” of guest mol-
ecules (Duchêne et al., 1999; Pagington, 1986). In the hydrophobic 
cavity they are able to enclose highly hydrophobic molecules in a 
molecular ratio and constituting a true molecular encapsulation 
(Dodziuk, 2006).

The major advantages of CD-complexation in pharmaceu-
tical, food, cosmetics, and toiletries industries are (1) protec-
tion of the active ingredients against oxidation, light-induced 
decomposition, and thermal decomposition; (2) evaporation 
and sublimation losses; (3) elimination or reduction of unde-
sired tastes/odors; (4) to reduce gastric-intestinal irritation or 
ocular disturbances; (5) to prevent interactions with other addi-
tive and many more advantage such as to convert oils and liquid 
active agents into microcrystalline or amorphous powders and to 
reduce hygroscopicity (Rubistein, 1989). The majority work that 
has been done on EOs inclusion complex are concerning the en-
capsulation of essential oils with β-CD and its derivatives, that is, 
methylated-β-cyclodextrin, hydroxypropyl-β-cyclodextrin, and 
low methylated-β-cyclodextrin.

Thymol and cinnamaldehyde complexes with β-CD were in-
vestigated and the release of encapsulated compounds was de-
termined. The inclusion complex with both of the components is 
formed in a 1:1 molar ratio. Water sorption for cyclodextrin and 
complex was evaluated. They were stored at different relative 
humidity; vary from 22 to 97%, at 25°C. The release of encapsu-
lated active agent was determined following the melting enthalpy 
of each guest. Both β-CD and the complexes exhibited similar 
water sorption isotherms and it was observed that water sorption 
occurred in β-CD up to RH 50%, which remained constant till RH 
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75% and beyond this value water sorption increased rapidly and 
achieved maximum value at RH 97%. While water sorbed by the 
complexes at each RH was smaller than that found for β-CD, no 
thymol or cinnamaldehyde release was detected till RH < 84%; 
beyond this it increased abruptly, coincidentally with the abrupt 
increase of absorbed water.

Water sorption significantly affects the stability of β-CD com-
plexes, which is thus governed by the shape of the water sorption 
isotherm. The stability studies showed that both the inclusion 
complexes remain stable up to 75% RH during long storage times. 
The release of thymol and cinnamaldehyde from the β-CD com-
plexes were detectable after RH 84%, at which a sharp increase of 
water content occurred. Therefore, by selecting an appropriate 
storage conditions for encapsulated EO in β-CD, it is easy to pre-
dict the shelf life of functional products formulated with nanoen-
capsulated compounds (Cevallos et al., 2010).

β-Caryophyllene (BCP), a natural sesquiterpene present in the 
EO of many plants, has exhibited many biological activities such 
as antimicrobial, antioxidant, antiinflammatory, anticarcinogen-
ic, anxiolytic-like, and local anesthetic effects. The volatility and 
poor water solubility of BCP, limits its use in the pharmaceutical 
field. Liu and coworkers prepared BCP inclusion complex with 
β-CD and investigated its oral bioavailability and the pharmaco-
kinetics after a single oral dose of 50 mg/kg in rats, which was fur-
ther compared with free BCP (Liu et al., 2013). It was found that 
BCP was rapidly released from IC and the in vivo data showed 
that BCP/β-CD IC achieved an earlier T

max
, higher C

max
, and the 

AUC
0–12 h

 showed approximately 2.6 times larger than those of 
free BCP. Thus, it showed that β-CD has significantly improved  
the oral bioavailability of the drug in rats compared to free BCP 
(Liu et al., 2013).

The essential oil of Chamomilla recutita (L.) contains up to 
50% (−)-α-bisabolol, which contributes to the antiinflammatory 
properties of camomile oil. Bisabolol is a highly lipophilic com-
ponent and on exposure to atmosphere it oxidizes and decreases 
antiinflammatory activity. Fifty percent (−)-α-Bisabolol was able 
to form an inclusion complex with β-CD in solution as well as 
in the solid state. The molecular associations of β-CD with pure 
(−)-α-bisabolol or (−)-α-bisabolol as a component of camomile 
EO was investigated by Waleczek and coworkers. They studied  
the phase solubility and reported the complex constant 273 M–1 
and 304 M–1 for the pure (−)-α-bisabolol and (−)-α-bisabolol 
as a constituent of the EO, respectively. They observed signifi-
cant difference in intrinsic solubility of pure (−)-α-bisabolol 
(4.85 × 10−4 M) and (−)-α-bisabolol as a component of the EO 



 Chapter 14 NANOENCAPSULATION TECHNOLOGY  631

(1.82 × 10–4 M). Computer simulation showed that an inclu-
sion complex is possible in a stoichiometric composition of 2:1 
(β-CD:drug) (Waleczek et al., 2003).

Thymol and cinnamaldehyde are frequently used as flavors 
in food industries but they also have antimicrobial, antioxidant, 
and antiseptic properties, making them more useful as preserva-
tives in food and pharmaceutical industries. Thymol is a mono-
terpene obtained from Lamiaceae plants, especially oreganos and 
thymes while 65–75% Cinnamaldehyde (3-phenyl-2-propenal) 
is present in the cinnamon EO. As they exist in EO, they are very 
sensitive to the effects of light, oxygen, humidity, and high tem-
peratures. Hill and coworkers elucidated the affect of essential 
oil complexation with β-cyclodextrin (EO-β-CD) on the physi-
cochemical characteristics of essential oils and their resulting 
antimicrobial activity. Cinnamon bark extract (contain trans-
cinnamaldehyde), clove bud extract (contain eugenol), and a 2:1 
(trans-cinnamaldehyde:eugenol) mixture were microencapsu-
lated by the freeze-drying method. Furthermore, the complexes 
were characterized for particle size, morphology, polydispersity 
index (PDI), entrapment efficiency, and phase solubility. All par-
ticles were morphologically smooth and spherical in shape with 
a nonsignificant difference in size distribution, and tendency to 
form agglomerate. The entrapment efficiencies vary from 41.7 to 
84.7%, where the pure constituents were higher than extracts.

The antimicrobial activity were analyzed for the oil and their 
cyclodextrin complex, against Salmonella enterica serovar ty-
phimurium LT2 and Listeria innocua. Results showed that EO-β-
CD complexes were able to inhibit both bacterial strains at lower 
concentrations than free oils. This can be attributed to their in-
creased water solubility, which determined an increased contact 
between pathogens and essential oils. Thus, EO inclusion com-
plexes could be useful as antimicrobial delivery systems with 
a broad spectrum of application in food systems, where gram-
positive and gram-negative bacteria could present a risk (Hill 
et al., 2013).

The extract from garlic (Allium sativum L.) is called garlic oil 
(GO) and mainly consists of diallyl disulfide, diallyl trisulfide, allyl 
propyl disulfide, a small quantity of disulfide, and probably diallyl 
polysulfide (Pranoto et al., 2005). GO is reported to be more po-
tent than aqueous extracts of garlic and exhibits a wide range of 
pharmacological properties such as antimicrobial, antidiabetic, 
antimutagenic, and anticarcinogenic effects (Agarwal, 1996). 
However, due to its volatility, strong odor, insolubility in water, and 
low physicochemical stability, its application is limited. The inclu-
sion complex with of β-CD was prepared by the coprecipitation 
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method in a molar ratio of 1:1. Furthermore, this was investigated 
for the stability and water solubility. The apparent stability con-
stant of inclusion complex was 1141 M−1, with the improved water 
solubility (Wang et al., 2011).

Isothiocyanates (ITCs), a naturally occurring antimicrobial 
compound rich in cruciferous vegetables, such as broccoli and 
cabbage, is obtained by mechanical disruption of cruciferous 
plant tissues (Delaquis and Mazza, 1995). ITCs, in their allyl iso-
thiocyanate (AITC) form, have been extensively studied for their 
application in food preservation. The inclusion complex between 
these isothiocyanates (ITCs), namely, allyl isothiocyanate (AITC) 
and phenyl isothiocyanate (PITC), and randomly methylated β-
cyclodextrin (RM-β-CD) were studied. They have reported that 
RM-β-CD have a strong solubilizing effect on the poorly water-
soluble AITC and PITC in the aqueous phase. Both of these com-
pounds were reported to form inclusion complexes with RM-β-CD 
at guest to host ratios of 1:1 and 1:2 in the aqueous phase (Neoh 
et al., 2012).

Ciobanu and coworkers have investigated the novel controlled 
release systems for the delivery of few EOs used as ambient odors. 
They used static headspace gas chromatography (SH-GC) to 
study the interactions of cyclodextrins (CDs) and β-CD polymers 
with linalool and camphor in Lavandula angustifolia essential 
oil. The retention capacity of α-CD, β-CD, γ-CD, hydroxypropyl-
β-cyclodextrin (HPBCD), randomly methylated-β-cyclodextrin 
(RAMEB), a low methylated-β-cyclodextrin (CRYSMEB) and 
crosslinked β-CD polymers for linalool and camphor two major 
components of Lavandula angustifolia essential oil were investi-
gated. All CDs and CD polymers reported to form stable inclusion 
complexes in the molar ratio of 1:1 and reduced the volatility of 
the aroma. Static experiments were used to determine the reten-
tion capacity of the CD derivatives. The RAMEB showed the higher 
complex formation constant both for the standard compounds 
(833 M−1 for linalool and 1194 M−1 for camphor) and for the com-
pounds in the in Lavandula angustifolia essential oil (1074 M−1 for 
linalool and 2963 M−1 for camphor). It was concluded that β-CD 
polymers can be used as novel delivery system which allows the 
controlled release of aroma compounds (Ciobanu et al., 2012).

Inclusion complexes of basil and tarragon essential oils (EOs) 
and estragole (ES) as pure compound was formulated with 
α-cyclodextrin (α-CD), β-cyclodextrin (β-CD), hydroxypropyl-
β-cyclodextrin(HP-β-CD), randomly methylated-β-cyclodextrin 
(RAMEB), a low methylated-β-cyclodextrin (CRYS-MEB), and 
γ-cyclodextrin (γ-CD) were characterized by differential scanning 
calorimetry (DSC) and Fourier transform infrared spectroscopy 



 Chapter 14 NANOENCAPSULATION TECHNOLOGY  633

(FT-IR). The inclusion complexes were prepared by the freeze-
drying method for different CD:ES molar ratios and their formation 
constants (K

f
) were determined in aqueous solution by nonlinear 

regression analysis using static headspace gas chromatography 
and ultraviolet–visible spectroscopy. All inclusion complexes 
showed the controlled release of ES as well as increased DPPH radi-
cal scavenging activity and photostability of ES and ES-containing 
EOs (ESEOs). These findings suggested that encapsulation with 
CDs could be an efficient tool to improve the use of essential oils 
in cosmetic and food fields (Kfoury et al., 2015).

9 Conclusions
Essential oils, due to their wider application, have captured 

attention in the food, drug, and cosmetic commercial arena. How-
ever, the drawbacks, such as low water solubility and stability, 
strong flavor, and aroma, along with the side effects associated 
with their use, have limited their application at larger level.

Emergence of nanotechnology and its application in food sci-
ence advances the suitability and durability of these food related 
products, that is, essential oils. Nanoencapsulation of EOs in the 
form of liposomes, SLN, nanoemulsion, and polymeric nanopar-
ticles offers a potential approach to alleviate all the issues related 
to chemical stability and solubility. Furthermore, the nanocarriers 
facilitate safe and easy handling of the EO by changing the state, 
masking the undesirable taste, and showing controlled and sus-
tained release with reduced toxic and side effects. These are able 
to retain the chemical and biological activity of EOs for longer pe-
riods of time, and in most of the cases the activity was enhanced 
after encapsulation of EO in suitable carrier system.
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SUSTAINED RELEASE: 
APPLICATION AS THERAPEUTICS 
AND ANTIMICROBIALS
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Food Technology Division, Bhabha Atomic Research Centre, Mumbai, 
Maharashtra, India

1 Introduction
Nanotechnology is an emerging area of technology dealing with 

production, processing, and application of materials with size less 
than 1000 nm (Bagchi et al., 2013). The British Standards Institu-
tion has defined nanotechnology as the design, characterization, 
production, and application of structures, devices, and systems by 
controlling shape and size at the nanoscale that is, 10–9 m. (Bawa 
et al., 2005). Encapsulation is a technology with many potential 
applications in areas such as the pharmaceutical and food indus-
tries. Encapsulating bioactive molecules at nanoscale (10−9 m) is 
known as nanoencapsulation (Quintanilla-Carvajal et al., 2010). It 
is mainly used for providing protection to bioactive compounds 
such as polyphenols, micronutrients, enzymes, antioxidants, and 
nutraceuticals from harsh environmental conditions during han-
dling and processing and for controlled release at targeted site 
(Gouin, 2004; Ezhilarasi et al., 2013). Controlled and targeted re-
lease results in enhanced effectiveness of micronutrients, ensur-
ing optimal dosage and thereby improving cost effectiveness of 
the product (Mozafari, 2006).

With regards to flavor encapsulation most of the reported lit-
erature deals with microencapsulation of flavor extracts. Micro-
capsules are particles having a diameter between 1 and 5000 µm 
(Bilia et al., 2014). Essential oils (EOs) are prone to degradation 
due to volatilization and chemical reaction, mainly oxidation, of 
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their constituents. Control of the volatilization rate and degrada-
tion, thereby prolonging the sensory characteristics of aroma ex-
tracts, is the main aim of present microencapsulation strategies. 
Microencapsulation provides both stabilization and a controlled 
release of the entrapped materials. It also results in conversion of 
volatile liquid EOs into stable solid encapsulated products, pro-
vides protection to the active compounds against environmental 
factors (eg, oxygen, light, moisture, and pH), reduced flammabil-
ity and increased water dispensability, thereby improving ease of 
handling, safety, and applicability to various products, especially 
in water-based formulations (Sansukcharearnpon et al., 2010).

Although microcapsules may guarantee excellent protection of 
EOs against degradation or evaporation, they in general do not af-
fect bioefficacy. In contrast, encapsulation in nanometric size deliv-
ery systems, apart from providing other benefits (stabilization and 
protection), due to the subcellular size, reduce mass transfer resis-
tances thus increasing the passive cellular absorption mechanisms 
and in effect bioefficacy (Weiss et al., 2009). Proof of this concept was 
given by the improvement of the antimicrobial activity of EOs when 
encapsulated into liposomal delivery systems (Gortzi et al., 2007; 
Liolios et al., 2009). The encapsulation of eugenol and carvacrol 
into nanometric surfactant micelles also resulted in enhanced an-
timicrobial activity (Gaysinsky et al., 2005). Oral administration of 
EO nanoemulsion of Curcuma zedoaria resulted in up to 2.5 times 
increased bioavailability of the active component germacrone, as 
compared to unformulated oil (Zhao et al., 2010). Antiviral activ-
ity of Artemisia arborescens EO increased when it was nanoencap-
sulated in liposomes (Sinico et al., 2005). Oral bioavailability of 
β-caryophyllene having several activities such as antimicrobial, an-
tiinflammatory, antioxidant, anticarcinogenic, and local anesthetic, 
increased 2.6 times when it was nanoencapsulated by formation of 
inclusion complex using β-cyclodextrin (Liu et al., 2013).

These studies clearly demonstrate that nanoencapsulation of 
EOs can increase their bio efficacies. Major strategies employed 
for encapsulating EOs in nanometric size are polymer-based 
nanocapsules, nanoemulsions, liposomes, solid lipid nanocar-
riers and molecular complexes. The present review focuses on 
methodology of each kind of nanocapsules, its advantages, and 
their effect on the biological properties of EOs.

2 Chemical Composition of Essential Oils
EOs (also called volatile or ethereal oils) are oily liquids char-

acterized by a strong odor and are formed by aromatic plants 
as secondary metabolites. The term essential oil was used for 
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the first time in the 16th century by Paracelsus von Hohenheim, 
who named the effective component of a drug “Quinta essential” 
(Guenther, 1950). In plants essentials oils are synthesized in differ-
ent plant organs such as flowers, leaves, seeds, stems, wood, fruits, 
and roots and are stored in epidermic cells, glandular trichomes, 
canals, cavities, or secretory cells and can be extracted using sev-
eral different techniques (Bilia et al., 2014; Bakkali et al., 2008).  
Steam distillation is the most common method used for com-
mercial production of EOs. Several other techniques such as  
fermentation, solvent extraction, expression under pressure, 
supercritical fluid, and subcritical water extractions are also re-
ported (Burt, 2004). EOs were extracted using distillation for 
more than 2000 years in the East (India and Persia); however, the 
methodology was improved by Arabs in the 9th century (Guen-
ther, 1972; Bauer et al., 2001). The first authentic written descrip-
tion of distillation of EOs is credited to Villanova (c. 1235–1311), a 
Catalan physician (Guenther, 1948). Although by the 13th century, 
several pharmacological effects of EOs were described in pharma-
copoeias and were being prepared by pharmacies, it was not until 
the 16th century that their use was widespread in Europe (Bauer 
et al., 2001). Some of the most common EOs used were turpen-
tine, juniper wood, rosemary, lavender, clove, mace, nutmeg, an-
ise, and cinnamon. However, by the middle of the 20th century, 
the role of EOs declined in pharmaceutical preparations with their 
application almost entirely focused on perfumes, cosmetics, and 
food flavorings (Bilia et al., 2014). Presently, about 3000 EOs are 
known, of which approximately 10%, that is, 300, are commercial-
ly important and are mainly used for the flavors and fragrances 
market (Braak van de and Leijten, 1999).

In nature, EOs provide protection to the plants from attack of 
bacteria, virus, fungi, and insects and also give defense against 
herbivores. They also aid the plant in attracting insects to facili-
tate dispersion of pollens and seeds or to repel undesirable ones  
(Bakkali et al., 2008). EOs have been mainly employed for their 
antibacterial, antifungal, and insecticidal activities. While antimi-
crobial properties of EOs have been long recognized and exten-
sively reviewed in the past (Shelef, 1983; Nychas, 1995), there is 
a renewed interest in their various biological activities owing to 
the growing interest in nature-derived products by consumers 
(Burt, 2004). In recent years various other biological activities of 
EOs were studied and there are several comprehensive reviews de-
scribing antibacterial, antimutagenic, anticancer, antiviral, antidi-
abetic, antiarthrosclerosis, and antioxigenic effect of EOs (Bakkali 
et al., 2008; Burt, 2004; Bilia et al., 2014). Apart from these activities, 
EOs or their components have been shown to exhibit antimycotic 
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(Azzouz and Bullerman, 1982; Akgul and Kivanç, 1988; Jayashree 
and Subramanyam, 1999; Mari et al., 2003), antiparasitic (Pandey 
et al., 2000; Pessoa et al., 2002), and insecticidal (Karpouhtsis 
et al., 1998; Konstantopoulou et al., 1992) properties.

The main components of EOs are secondary metabolites pro-
duced by plants comprising of hydrocarbons such as terpenes 
and sesquiterpenes and various oxygenated compounds includ-
ing phenols, lactones, ketones, aldehydes, ethers, esters, alcohols 
and phenol ethers (Guenther, 1972). Each EO can contain a mini-
mum of 20–60 components in varying concentrations. The major-
ity of the oils are characterized by two or three major components 
present in fairly high concentrations (20–70%), with other com-
ponents being present in trace amounts (Bakkali et al., 2008). For 
example, menthol (59%) and menthone (19%) are major compo-
nents of Mentha piperita EO and linalool (68%) of the Coriandrum 
sativum EO. Generally, major compounds present define the bio-
logical properties of EOs (Bakkali et al., 2008). Generally all chemi-
cal constituents of EOs are characterized by low molecular weight 
of less than 200 Da. Chemically, components of EOs can be divid-
ed into two groups of distinct biosynthetic origin. Terpenes and 
terpenoids constitute major group while aromatic and aliphatic 
compounds constitute the second group (Fig. 15.1).

Figure 15.1. Major components of essential oils.
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Terpenes are group of structurally and functionally diverse 
compounds and are made up of combinations of several 5 carbon 
base (C5) isoprene units. Formation of the isopentenyl diphos-
phate (IPP) precursor is the initial step in terpene biosynthesis. 
Repetitive addition of IPPs then form prenyldiphosphate precur-
sor. Terpene specific synthetases then modify allylic prenyldiphos-
phate to form the terpene skeleton. Finally, secondary enzymatic 
modification by redox reaction of the terpene skeleton results in 
synthesis of different terpenes. C5-building blocks isopentenyl di-
phosphate (IPP) and dimethylallyl diphosphate (DMAPP) which 
is a isomer of IPP, mainly result in formation of monoterpenes 
(C10) and sesquiterpenes (C15); however, hemiterpenes (C5), di-
terpenes (C20), triterpenes (C30), and tetraterpenes (C40) are also 
observed in nature (Bakkali et al., 2008). Terpenes containing oxy-
gen are called terpenoids.

The monoterpenes are formed from the addition of two iso-
prene units (C10) and are observed in a variety of structures in 
nature. They are the most widely present molecules constituting 
more than 90% of the EOs. Several examples of monoterpenes are 
monocyclic hydrocarbons (limonene, terpinenes, p-cymene, and 
phellandrenes); acyclic hydrocarbons (myrcene and ocimene); 
 bicyclic hydrocarbons (pinenes, camphene, and sabinene); 
monocyclic alcohols (menthol, α-terpineol, and carveol); bicyclic 
alcohols (borneol, fenchol, chrysanthenol, and thuyan-3-ol) and 
acyclic alcohols (geraniol, linalool, citronellol, lavandulol, and ne-
rol); Monoterpenes are also present as carbonyl compounds such 
as acyclic aldehydes (geranial, neral, and citronellal); monocyclic 
ketones (menthones, carvone, pulegone, and piperitone) and 
 bicyclic ketones (camphor, fenchone, thuyone, and pinocarvone). 
Examples of monoterpene acyclic esters are linalyl acetate or pro-
pionate and citronellyl acetate while monocyclic esters are repre-
sented by menthyl or α-terpinyl acetate. Presence of bicyclic esters 
such as isobornyl acetate is also reported. Apart from these com-
pounds monoterpenes are also reported to be present as ethers 
(1, 8-cineole and menthofuran), phenols (thymol, carvacrol), and 
peroxides (ascaridole) (Bilia et al., 2014; Bakkali et al., 2008).

The sesquiterpenes are formed from three isoprene units (C15). 
The increase in chain length increases the number of cyclizations, 
thus allowing a large number of structures. Sesquiterpenes are 
similar to monoterpenes in structure and function. Example of 
sesquiterpene hydrocarbons are β-bisabolene, cadinene, azulene, 
β-caryophyllene, farnesene, and zingiberene. Several sesquiter-
penes alcohols reported in EOs are β-nerolidol, farnesol, bisabolol, 
β-santalol, and patchoulol. Germacrone, β-vetinone, and turm-
erones are some of the examples of sesquiterpene ketones while 
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caryophyllene oxide and humulene epoxides are sesquiterpene 
epoxides reported in EOs (Bilia et al., 2014).

Aromatic compounds are another class of compounds present 
in EO and are formed via the shikimic acid pathway leading to phe-
nylalanine (Pichersky et al., 2006) and occur less frequently than the 
terpenes. Alcohols such as cinnamic alcohol, aldehydes such as cin-
namaldehyde, phenols comprising chavicol and eugenol, methoxy 
derivatives (eg, anethole, estragole, and methyl eugenol) and meth-
ylenedioxy compounds (eg, apiole, myristicin, and safrole) are some 
of the examples of aromatic compounds reported to be present in 
EOs. Apart from terpenes and aromatic compounds some other 
secondary metabolites can also be present in EO. The presence of 
nitrogen or sulfur-containing compounds such as isothiocyanate 
derivatives are reported in garlic and mustard oils. In addition, the 
presence of certain photoactive molecules such as coumarins and 
furocoumarins and short-chain aliphatic substances, for example 
3-octanone and methyl nonyl ketone, is also demonstrated.

3 Nanoencapsulation Strategies of Essential 
Oils for Various Biological Activities

EOs can undergo significant chemical changes during storage 
and handling due to high volatility and decomposition owing to 
direct exposure to heat, humidity, light, or oxygen. Isomerization, 
cyclization, dehydrogenation, or oxidation reactions triggered ei-
ther enzymatically or chemically can cause degradation of EOs 
constituents (Scott, 2005). Conditions during processing and stor-
age of the plant material, during distillation while extraction of 
EO, and its subsequent handling and storage strongly influence 
the rate of degrading reactions (Schweiggert et al., 2007). Specific 
knowledge of the chemical composition and properties of EO is 
fundamental for an adequate use (Turek and Stintzing, 2013). En-
capsulation increases the physical stability of EOs and therefore 
protects them from interactions with the environment. Encapsu-
lation also results in decreased volatility and toxicity, increased 
bioactivity, controlled release and improved convenience (Ravi 
Kumar, 2000). Nanoencapsulation of EOs also helps in sustained 
and controlled release, deep tissue penetration, and cellular up-
take due to nanometric size and protection at both extracellular 
and intracellular levels. Nanocapsules can be prepared with a 
large variety of materials and designs. In the present review three 
types of nanoencapsulates, namely polymer-based nanocapsules, 
lipid-based nanocarriers, and finally molecular inclusion com-
plexes are discussed (Fig. 15.2). General advantages of nanoen-
capsulation are demonstrated in Fig. 15.3
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3.1 Polymer-Based Nanocapsules
Polymers are widely used as wall material for encapsulation of 

flavor components. Poly-α-cyanoacrylate alkyl esters, polyvinyl 
alcohol, polylactic acid, polyglycolic acid, and polylactic glycolic 
acid are some examples of biocompatible but synthetic polymers 
used for nanoencapsulation of flavors. Apart from synthetic origin, 

Figure 15.2. Different types of carriers available for nanoencapsulation of essential oils.

Figure 15.3. Various advantages provided by nanoencapsulation.
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use of several biopolymers is also well reported. Biopolymers can 
be divided into two classes: polysaccharides and proteins. Use of 
several polysaccharides of plant origin—for example, pectin, cel-
lulose, and its derivatives—starch and its derivatives, arabic gum, 
carrageenan, and alginate and from microbial (eg, xanthan gum) 
or animal origin (eg, chitosan) are reported. Various proteins such 
as albumin, gelatine, soy proteins, and casein are also used for 
preparation of nanocapsules for flavor encapsulation. Several dif-
ferent techniques have been used to fabricate nanocapsules such 
as complex coacervation (Dong and Bodmeier, 2006), freeze-dry-
ing (Kaushik and Roos, 2007), spray drying (Stulzer et al., 2009), 
and polyelectrolyte complexation (Schatz et al., 2005).

Polymeric nanocarriers are classified as nanocapsules and 
nanospheres. In nanocapsules an oily EO core is surrounded by 
a polymeric wall while in nanospheres, which are matrix systems, 
EOs are conjugated with the polymer matrix (Bilia et al., 2014). 
Various processes by which EOs are released from nanocarriers 
are diffusion through the matrix, dissolution of matrix, desorp-
tion of the surface-bound/adsorbed EO components, matrix ero-
sion by enzyme degradation, or a combination of these processes 
 (Soppimath et al., 2001). Among the wall materials used, polysac-
charides are most widely employed as wall materials due to their 
stability, safe and nontoxic nature, hydrophilic character, and bio-
degradability. Furthermore, polysaccharides are abundantly pres-
ent in nature and have a low processing cost.

Due to the aforementioned advantages, nanocarriers having 
polysaccharide-based wall materials have promising properties to 
deliver and protect the physiological properties of EOs and have been 
successfully applied as delivery systems (Liu et al., 2008). Recently, 
chitosan (CS) has attracted a great attention in the encapsulation 
of bioactive compounds because of its generally recognized as safe 
(GRAS) status. Its various other biological properties such as nontox-
icity, biocompatibility, and biodegradability, along with its ability to 
form membranes, gels, beads, fibers, and particles provides it a dis-
tinct advantage. It has solubility in aqueous medium due to which it 
circumvents the need for organic solvents. Chitosan is prepared by 
deacetylation of chitin (chemically d-glucosamine and N-acetyl-d-
glucosamine linked by beta (1–4) linkages), which is the main com-
ponent of the crustacean exoskeleton and the cell wall of some fungi. 
Several studies have successfully demonstrated use of chitosan as 
wall material for encapsulation of EOs or their components employ-
ing various encapsulation techniques. Positive charge of chitosan 
attracts negatively charged lipid molecules, resulting in their strong 
binding. Furthermore, due to high hydrophilic–lipophilic balance of 
chitosan, oil-in-water emulsions are easily stabilized.
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Eugenol was encapsulated into chitosan nanoparticles formed 
via emulsion–ionic gelation cross-linking method. Tripolyphos-
phate (TPP) when added slowly in emulsion containing euge-
nol and chitosan resulted in ionic gelation of chitosan to form 
nanoparticles. Nanoparticles formed showed an average size 
of less than 100 nm with loading capacity and encapsulation 
efficiency of 12 and 20%, respectively. The particles were found to 
have positively charged surface and demonstrated a zeta potential 
value ranging from +16.2 to +33.5 mV. The eugenol-loaded chito-
san nanoparticles had improved thermal stability as compared to 
unencapsulated standard eugenol, when evaluated using extru-
sion at 155°C (Woranuch and Yoksan, 2013). Subsequently, these 
eugenol-loaded nanocapsules were used for preparation of ex-
truded active films from thermoplastic starch. Although the addi-
tion of eugenol-loaded chitosan nanoparticles caused decreased 
mechanical properties and increased oxygen permeability of 
films, it provided enhanced antioxidant activity and decreased 
water vapor permeability. Films containing encapsulated eugenol 
had higher antioxidant capacity compared to films prepared with 
unencapsulated standard eugenol.

Oregano EO, which is known for its excellent antioxidant and 
antimicrobial activity has also been encapsulated in chitosan 
nano particles. The method of preparing nanoparticles was for-
mation of oil-in-water emulsions using chitosan followed by gela-
tion of emulsion droplets using TPP. Nano particles obtained had 
a spherical shape and size range of 40–80 nm with regular distri-
bution. Nanoparticles demonstrated encapsulation efficiency of 
21–47% and loading capacity of 3–8% when 0.1–0.8 EO was used 
per gram of chitosan. In vitro release studies showed an initial 
burst effect and followed by a slow release. Thus, it was demon-
strated that nanoparticulation could be used for controlling the 
release behavior of EO (Hosseini et al., 2013).

EO from Lippia sidoides was encapsulated in nanoparticles 
made of chitosan and cashew gum. L. sidoides is a plant native 
to Brazil and EO extracted from the leaves of this plant is rich in 
thymol, a compound well known for bactericidal and fungicidal 
activities. Nanoparticles were obtained by spray drying of emul-
sions containing EO, chitosan, and cashew gum. Tween was used 
as an emulsifier. Ratio of chitosan to cashew gum and wall mate-
rial to oil used was optimized to obtain high EO loading and im-
proved release profiles. Samples having matrix-to-oil ratio of 10:2 
with gum:chitosan 1:1 and 5% gum concentration, demonstrated 
high loading (11.8%), and encapsulation efficiency (70%). Nano-
capsules showed an average size of 335–558 nm and presented 
slower and sustained release during in vitro studies. Efficacy of 
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nanocarriers against St. aegypti larvae was evaluated and com-
pared with pure EO. It was observed that mortality rate of larvae 
was related to loading of oil in nanocapsules; however, no effect 
of size of nanoparticles could be observed. It was observed that 
samples prepared with increasing chitosan content in the matrix 
presented increasing mortality rates. In particular a sample pre-
pared with chitosan to gum ratio of 10 with matrix to oil of 10:2 
presented the highest mortality rate of 90%. It was inferred that 
high chitosan content resulted in sustained release of EO and bet-
ter biological activity (Abreu et al., 2012).

Carvacrol is a major component of the EOs derived from oreg-
ano, thyme, marjoram, and summer savory and is generally rec-
ognized as a safe food additive. Although it has been used for fla-
voring and as an antimicrobial and antioxidant in food products, 
it is a volatile compound and decomposes easily during process-
ing. Encapsulation can be used as a tool for providing protection 
as well as sustained release of this compound. Carvacrol-loaded 
chitosan nanoparticles were prepared using ionic gelation tech-
nique. Nanoparticles prepared using the initial carvacrol content 
of 0.25–1.25 g/g of chitosan demonstrated encapsulation effi-
ciency (EE) and loading capacity (LC) in the ranges of 14–31% and 
3–21%, respectively. The nanoparticles had spherical shape with 
an average diameter of 40–80 nm. Zeta potential was found to be 
25–29 mV, thus confirming a positive charged surface. Nanopar-
ticles further showed antimicrobial activity against various mi-
croorganisms such as Staphylococcus aureus, Bacillus cereus, and 
Escherichia coli with comparable minimum inhibitory concentra-
tion to that of free carvacrol. The release of carvacrol from chi-
tosan nanoparticles followed a Fickian behavior and was found 
to be relatively quick in an acidic solution, followed by alkaline 
and neutral media, respectively. The amount of liberated carva-
crol was 53, 23, and 33% in buffer solutions with pH of 3, 7, and 
11, respectively, on day 30. Nanoparticles were found to be effec-
tive for sustained slow release of active ingredient (Keawchaoon 
and Yoksan, 2011). Similarly, EO from Eucalyptus citriodora hav-
ing citronellal as a main constituent and possessing antimicro-
bial, antioxidant, anti-inflammatory, antifungal, analgesic, insect 
repellant, and insecticide activities was encapsulated in chitosan. 
Nanoemulsion was formed by adding EO emulsified in Tween and 
1% acidic solution of chitosan. Nanoemulsion particles demon-
strated a mean size of 232 nm with unimodal distribution and 
polydispersity (Ribeiro et al., 2014). Nanoencapsulated EO was 
evaluated for its efficacy against gastrointestinal nematodes of 
sheep. Although in in vitro tests demonstrated better efficacy of 
nanoencapsulates for preventing larval hatching as compared to 
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free EO, however, no significant effect could be observed under in 
vivo conditions. Zataria multiflora EO was also encapsulated in 
chitosan using ionic gelation technique. Chitosan nanoparticles 
were formed using 0.25 g EO per g of wall material with average 
size of 125–175 nm and entrapment efficiency of 45%. Prepared 
nanoparticles were then evaluated for antifungal activity against 
Botrytis cinerea. Significantly better antifungal activity and sus-
tained release was obtained for encapsulated EO as compared to 
free EO in in vitro tests. The in vivo experiment also showed that 
the encapsulated oils at 1500 ppm concentration significantly de-
creased both disease severity and incidence of B. cinerea inocu-
lated strawberries during 7 days of storage at 4°C (Mohammadi 
et al., 2015).

Apart from chitosan, zein is another GRAS biopolymer that 
has received increased attention as wall material for encapsula-
tion of bioactive compounds. Zein is a prolamin (alcohol soluble 
protein) derived from corn and has up to 50%hydrophobic amino 
acid residues on the surface and therefore is not water soluble. 
Zein is only soluble in 55–90% aqueous alcohol and easily pre-
cipitates as nanoparticles after mixing with water to an overall 
alcohol concentration incapable of dissolving zein. This antisol-
vent precipitation property has been used to encapsulate several 
bioactive compounds such as fish oil, a-tocopherol, vitamin D

3
, 

daidzin, and curcumin in zein nanoparticles (Chen et al., 2015). 
Three EOs—oregano, red thyme, and cassia (100% pure oil)—
were encapsulated by phase separation into zein nanospheres. 
Ethanol solution containing EO and zein was dispersed in water 
along with high-speed mixing. The resulting solution was then 
freeze dried to obtain dried nanoparticles. Topographical images 
indicated that the powders were made up of irregularly shaped 
particles (50 µm) containing close-packed nanospheres. In vitro 
release profile of EOs was studied both at acidic (3.5 pH) and basic 
pH (7.4). Results indicated that under acidic conditions complete 
dissolution of nanoparticles was obtained after 52 h using pepsin 
digestion; however, rapid release was observed under basic condi-
tions with 60% of oil released in fewer than 4 h. From results of in 
vitro studies it was concluded that particles have limited digest-
ibility in the stomach, slow release in the small intestine, and more 
rapid release in the large intestine. They could be useful for oral 
or injectable administration of biological materials intended for 
colon delivery (Parris et al., 2005). Similarly, thymol and carvacrol 
were encapsulated in zein particles using liquid–liquid dispersion 
method. Ethanolic solutions of zein and EO components were 
dispersed in deionized water using high-speed mixer. Ethanol was 
then removed by purging nitrogen and dried nano particles were 
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obtained by freeze-drying. Particle sizes formed were in the range 
of 430–740 nm with 50%entrapment efficiency. Encapsulating in 
zein nanoparticles enhanced solubility of thymol and carvacrol 
up to 14-fold without hindering their ability to scavenge free radi-
cals or to control E. coli growth (Wu et al., 2012).

Zein, a protein, has an isoelectric point at around 6.2, which 
may result in poor physical stability and redispersibility of freeze-
dried nanoparticles at a neutral pH in aqueous systems. This lim-
its its application as delivery systems in food and pharmaceutical 
industries. Therefore, its stabilization with other water-soluble 
and amphiphilic biopolymers has been attempted. Components 
such as sodium caseinate can be used to form complexes with 
zein nanoparticles to create repulsive steric and electrostatic forc-
es (Chen et al., 2015). Eugenol and thymol were coencapsulated 
in zein/casein nanoparticles at pH 6.0–8.0. Hot ethanolic solution 
of zein, sodium caseinate, EO components was sheared into buff-
ered water. The resulting solution was spray dried to obtain dry 
nanoparticles. Particle size obtained for spray-dried zein/casein 
nanoparticles was smaller than 200 nm. Aqueous dispersions of 
nanoparticles prepared were formed easily and were stable. In 
aqueous dispersions, controlled release was observed for both EO 
components in 24 h, with higher rate of release shown by euge-
nol as compared to thymol. Spray-dried nanoparticles containing 
these compounds were also analyzed for bactericidal and bacte-
riostatic effects against E. coli O157:H7 and Listeria monocytogenes 
in milk and were found to be effective in inhibiting the growth of 
both of these microorganisms.

In another study thymol-loaded zein nanoparticles were sta-
bilized using sodium caseinate (SC) and chitosan hydrochloride. 
Zein nanoparticles were prepared by mixing ethanolic solution of 
zein and thymol with deionized water with continuous mixing. 
To stabilize nanoparticles using SC, ethanolic solution was added 
in deionized water containing SC. After mixing, ethanol was re-
moved by purging nitrogen. Zein nanoparticles when stabilized 
using SC showed a shift of isoelectric point from 6.18 to 5.05, and 
had a desirable redispersibility in water at neutral pH after lyophi-
lization. SC-coated nanoparticles were further coated with chito-
san hydrochloride (CHC) by adding aqueous solution of CHC in a 
solution containing SC stabilized nanoparticles with continuous 
stirring. This resulted in increased particle size, reversal of zeta 
potential value from negative to positive, and improved encap-
sulation efficiency. CHC stabilized nanoparticles demonstrated 
encapsulation efficiency of 80%. When tested for antimicrobial 
activity, stabilized nanoparticles demonstrated enhanced anti-
microbial activity against S. aureus as compared to free thymol 
(Zhang et al., 2014).
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Recently, thymol-loaded zein−SC nanoparticles were prepared 
using an antisolvent technique, with the average particle size and 
zeta potential of about 200 ± 20 nm and −40 mV, respectively. Eth-
anolic solutions of thymol and zein were added into aqueous solu-
tions of SC with stirring to form nanoparticles that were then spray 
dried. Prepared particles demonstrated significant antioxidant 
activity and antimicrobial activity against E. coli and Salmonella. 
Nanoparticles also delayed growth of S. aureus in liquid broth me-
dium (Li et al., 2013). In another study carried out by the same 
group final solutions containing zein-SC-thymol nanoparticles 
were casted and air dried to form antimicrobial films. Nano-par-
ticle-based films were then compared with only SC or zein films. 
Zein−SC nanoparticle-based films exhibited higher mechanical 
resistance and water barrier capacity than the SC films and good 
extensibility as compared with zein films. Films were observed to 
have antimicrobial activity against E. coli and Salmonella as well 
as DPPH radical scavenging activity. The release kinetic profile of 
thymol from zein/SC nanoparticles-based films followed a two-
step biphasic process, that is, an initial burst effect followed by 
subsequent slower release. It was proposed that owing to their an-
timicrobial and antioxidant activity, these films could possibly be 
used in inner lining of food packaging (Li et al., 2012).

Apart from zein, other proteins used for nanoencapsulation 
include whey proteins and casein. Milk proteins are among the 
best natural surfactants for food applications (Ly et al., 2008). 
Furthermore, it has been demonstrated earlier that by conjuga-
tion with more hydrophilic oligosaccharides and polysaccha-
rides, interfacial properties of milk proteins, in particular of whey 
proteins, can be further improved (Kato, 2002). The conjugation 
of oligo- or polysaccharide moiety results in improved emulsion 
stability because they provide steric hindrance against droplet ag-
gregation. Whey proteins were conjugated by Maillard reaction 
to maltodextrins by heating at 90°C for 2 h. Conjugates were then 
employed to form nanodispersions of antimicrobial compounds 
thymol and eugenol. Oil in water emulsions were prepared for 
EO components using conjugated proteins and emulsions were 
then spray dried to form nanoparticles. Dried nanoparticles were 
redispersed in water to form clear nanodispersions. It was dem-
onstrated that nanodispersions prepared from conjugated whey 
proteins were stable even at pH 5.0, which is closer to isoelectric 
point for whey proteins. Formation of nanodispersions resulted in 
improved solubility of EO components in water. Nanodispersions 
of thymol were tested for antimicrobial activity against E. coli and 
L. monocytogenes in apple cider and reduced fat milk. Although 
there was no significant difference between antimicrobial activity 
of free and encapsulated thymol, it was observed that free thymol 
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tend to form crystals while nanodispersions result in improved 
solubility and clear solutions. Therefore, nanodispersions could 
provide a better alternative for adding this natural antimicrobial 
in clear beverages (Shah et al., 2012). Similarly, regarding eugenol 
nanodispersions, it was observed that antimicrobial activity was 
similar for both free and nanodispersed eugenol when tested in 
tryptic soy broth. However, nanodispersed eugenol demonstrated 
significantly better antimicrobial activity when tested in a bovine 
milk sample. It was due to the fact that in milk free eugenol reacted 
with food components such as proteins thus lowering its efficacy 
(Shah et al., 2013). In another study, thymol was encapsulated in 
sodium caseinate using high shear homogenization. Encapsula-
tion efficiency was observed to be approximately 90% with par-
ticle size of 110 nm. Dispersion formed was transparent at neutral 
pH and was stable for 30 days at room temperature, as determined 
by dynamic light scattering and atomic force microscopy. When 
molecular binding was studied by fluorescence spectroscopy, 
thymol was observed to bind with tyrosine and possibly other 
amino acid residues away from tryptophan of caseins. At pH 4.6 
(isoelectric point of caseins), the stabilization of thymol nanopar-
ticles against aggregation was carried out using soluble soybean 
polysaccharide (SSPS). SSPS could effectively prevent aggregation 
of thymol nanoparticles due to combined electrostatic and steric 
repulsions. The encapsulated thymol showed the significantly im-
proved antilisterial activity in milk with different fat levels when 
compared to thymol crystals, resulting from the quicker mixing 
and increased solubility in the milk serum. Thus, the transparent 
thymol nanodispersions have promising applications to improve 
microbiological safety and quality of foods (Pan et al., 2014).

Alginate is an anionic polysaccharide derived from cell wall 
of several brown algae. Chemically alginates are linear copoly-
mers containing blocks of (1,4)-linked β-d-mannuronate (M) 
and α-l-guluronate (G) residues. The blocks are composed of 
 consecutive G residues (GGGGGG), consecutive M residues (MM-
MMMM), and alternating M and G residues (GMGMGM) (Lee and 
Mooney, 2012). It is widely used in food systems as a gelling and 
thickening agent due to its biocompatibility, low toxicity, relatively 
low cost, and mild gelation by addition of divalent cations such 
as Ca2+. Cashew gum is a biopolymer extracted from the exudate 
of Anacardium occidentale, a common tree of Brazil’s Northeast-
ern region. The gum main chain is composed of galactose (72%),  
with side-chains of arabinose (4.6%), glucose (14%), rhamnose 
(3.2%), and uronic acid (4.7%). L. sidoides EO, which has signifi-
cant fungicidal and bactericidal activities was encapsulated in 
Alginate/cashew gum nanoparticles prepared via spray-drying. 
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Nanoparticles formed were in the average size range of 223–399 nm 
having negative surface charge with zeta potential values ranging 
from −30 to −36 mV. Encapsulated oil levels varied from 1.9 to 
4.4% with an encapsulation efficiency of up to 55%. Nanoparticles 
were able to release between 45 and 95% of oil within 30–50 h, as 
evaluated by the in vitro studies. Cashew gum helped in maximiz-
ing the hydrophilic character of the polymer matrices thus al-
lowing a quicker release at satisfactory oil loading. These results 
showed that alginate in combination with cashew gum acts syner-
gistically for EO encapsulation and could provide tailored release 
rate, loading, and encapsulation efficacy (de Oliveira et al., 2014). 
Gelatin and arabic gum were used to form heat-resistant flavor  
nanocapsules of jasmine EO. Gelatin and gum Arabic nanocap-
sules containing jasmine oil were prepared using high-speed ho-
mogenization. Span-80 and Tween-80 were used as surfactants. 
After homogenization, nanoparticles formed were hardened using 
transglutaminase. Nanoparticles were formed in size range of 50–
100 nm. Heat-resistance capability of nanoparticles was evaluated 
at 80°C by both structural characteristics (size, polydispersity in-
dex, and zeta potential) and flavor analysis. The results showed that 
the nanocapsules structurally were stable at 80°C for 7 h; however, 
GCMS analysis revealed that encapsulated jasmine oil began to de-
grade after 5 h of heating (Lv et al., 2014). Results suggest that heat-
stable nanoparticles will be useful for flavor delivery in the food and 
pharmaceutical industry.

Polymeric nanoparticles containing thymol with methyl cel-
lulose/ethyl cellulose as wall materials were synthesized using 
solvent displacement method. To prepare nanoparticles water 
was slowly added into ethanolic solution of thymol with methyl 
cellulose/ethyl cellulose. Prepared nanoparticles demonstrat-
ed a loading capacity of 43.53% (weight of encapsulated thymol 
to weight of the thymol-loaded spheres) with an average size of 
420 nm. Nanoparticles were evaluated for their efficacy against 
three microorganisms E. coli, S. aureus, and Pseudomonas aeru-
ginosa in three cosmetic preparations. Nanocapsules could sig-
nificantly reduce microbiologic counts levels in all three cosmet-
ic preparations for a longer period of 3 months as compared to 
free thymol, which showed antimicrobial activity for 2–4 weeks. 
Study also indicated that the encapsulated thymol was an effec-
tive preservative, as good as the traditional methylparaben, even 
when used at 12-fold to 52-fold lower concentrations (by mass or 
molarity) (Wattanasatcha et al., 2012). In another study, the six 
chemical components of EOs, that is, camphor, citronellal, eu-
calyptol, limonene, menthol, and 4-tert-butylcyclohexyl acetate, 
having different chemical functionalities were encapsulated using 
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a polymer-blend of ethylcellulose (EC), hydroxypropyl methylcel-
lulose (HPMC), and poly (vinyl alcohol) [PV(OH)] as wall material 
by solvent displacement technique. Nanoparticles prepared dem-
onstrated ≥40% loading capacity with ≥80% encapsulation with 
particle size of less than 450 nm. The release profiles of the encap-
sulated fragrances were evaluated. Limonene showed the fastest 
release with essentially no retention by the nanoparticles, while 
eucalyptol and menthol showed the slowest release (Sansukcha-
rearnpon et al., 2010).

Poly lactic glycolic acid (PLGA) is a copolymer of poly lactic 
acid (PLA) and poly glycolic acid (PGA). It is widely used for sus-
tained drug-delivery applications because it is biocompatible and 
biodegradable, exhibits a wide range of erosion times, has tunable 
mechanical properties, and is an FDA approved polymer (Makadia  
and Siegel, 2011). PLGA nanoparticles containing eugenol and 
trans-cinnamaldehyde having loading efficiency of 90% and par-
ticle size of 180 nm were prepared. To prepare nanocapsules PLGA 
along with EO component was dissolved in dichloromethane. In 
this mixture aqueous solution of polyvinylalcohol (PVA) was add-
ed and resulting mixture was homogenized at high speeds. Poly-
lactic glycolic acid nanocapsules presented a two-phase release 
for both the components. In the first rapid phase approximately 
20% of the EO load was detected in less than 30 min; however, af-
ter that a prolonged slow release was observed and after 72 h 64% 
of eugenol and 87% of transcinnamaldehyde was detected. Since 
PLGA is a stable polymer with a low degradation rate, the observed 
release of EO components was mainly due to diffusion with a pos-
sible influence of polymer swelling and bulk erosion. In the first 
rapid release phase molecules adsorbed on polymeric wall are 
released while in slow release phase EO components present in 
the core of the nanocapsules diffuses through the polymeric wall. 
The antimicrobial efficacy of these nanoparticles was evaluated 
against Salmonella spp. (gram-negative bacterium) and Listeria  
spp. (gram-positive bacterium). MICs ranged from 10 to 20 mg/mL,  
respectively for both nanoparticles, demonstrating a broad spec-
trum of application in food systems (Gomes et al., 2011). Polylac-
tic glycolic acid (PLGA) nanocapsules containing carvacrol have 
also been prepared with size about 209.8 nm, polydispersity index 
of 0.260, zeta potential of −18.99, drug loading of 21, and 26 % 
encapsulation efficiency. Nanocapsules were prepared by solvent 
displacement technique in which solution of PLGA and carvacrol 
in acetone was mixed with aqueous solution of pluronic under 
constant stirring. In vitro release profile showed an initial phase 
characterized by rapid release followed by a second phase of much 
slower release due to the concentration gradient. Approximately 60 
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and 95% of carvacrol was released from nanoparticles after 3 and 
24 h, respectively. It was also observed that nanoparticles signifi-
cantly altered rheological characteristic of bacterial biofilms, thus 
facilitating the action of carvacrol resulting in enhanced antimi-
crobial activity (Giulio et al., 2011).

Apart from natural polymers, use of synthetic biodegradable 
polymers such as poly-caprolactone, a biodegradable polyester, 
is also demonstrated. Use of polycaprolactone was demonstrated 
to prepare nanoparticles encapsulating eugenol. Solution of PLGA 
and eugenol in ethyl acetate was slowly mixed with aqueous solu-
tion of pluronic and resulting mixture was homogenized at high 
speed to form nanocapsules. Particles had size range of 320 nm 
with 100% encapsulation efficiency. It was reported that encap-
sulation of eugenol into polycaprolactone nanoparticles could 
enhance its stability against light oxidation (Choi et al., 2009). 
Achyrocline satureioides EO nanoencapsulated in poly-caprolac-
tone were evaluated for antiparasitic activity against Trypanosoma 
evansi in rats. Nanocapsules were formed by dissolving polycap-
rolactone along with EO in acetone. In this organic phase aque-
ous solution of polysorbate was added dropwise. Acetone was 
removed using a rotary evaporator to obtain solution of nanopar-
ticles, which was further evaluated. Although the treatment with 
EO did not eliminate the parasites from the bloodstream, it re-
duced the number of trypanosomes. Nanoencapsulated form was 
found to be more effective in reducing the number of parasites  
in blood stream as compared with free EO. Treatment with A. 
 satureioides EO in nanoencapsulated form more efficiently re-
duced the histological damage in the liver samples and provided 
better consumption of ROS generated by T. evansi infection as 
compared to free EO (Baldissera et al., 2014).

3.2 Lipid-Based Nanocarriers
Although carbohydrate- and protein-based nanoparticles have 

several advantages, due to application of different complicated 
heat or chemical treatments during production their industrial full 
scale-up is rather difficult. On the other hand, lipid-based nano-
carriers have possibility of industrial production and have the ad-
vantage of higher encapsulation efficiency and low toxicity (Fathi 
et al., 2012). Further, since these nanoparticles are composed of 
lipids and/or phospholipids, they can interact with several cell 
types. So, liposomes could possibly provide an alternative for 
treatment of microbial infections, due to their capacity of interac-
tion with infected cells. Encapsulation of EOs within lipid-based 
nanoparticles can have different objectives such as enhancement 



658  Chapter 15 NANOENCAPSULATION OF ESSENTIAL OILS FOR SUSTAINED RELEASE

in stability, increased solubility in water-based systems, improved 
biological activity, and target drug delivery. In this review lipid-
based nanocarriers including nanoemulsions, liposomes, and 
solid lipid nanoparticles are discussed.

3.2.1 Nanoemulsions
Nanoemulsions (also known as miniemulsions or submicron 

emulsions) are nanoscale droplets of multiphase colloidal dis-
persions formed by dispersing of one liquid in another immis-
cible liquid by physical sheer-induced rupturing. Different size 
ranges have been reported in the literature for nano emulsions; 
for example, less than 10 nm, 10–100 nm, and 100–500 nm (Fathi 
et al., 2012). Emulsions having particle size greater than 500 nm 
are classified as microemulsions. Preparation of emulsions in 
nano size confers several distinct advantages over micro sized 
emulsions. Formation of microemulsions require large amount of 
surfactants, which can cause toxicity when used in pharmaceu-
tical applications. In contrast nanoemulsions can be prepared 
utilizing relatively lesser amount of surfactants. Microemulsions 
cause multiple scattering of visible light and therefore generally 
have white milky appearance, whereas nanoemulsions having 
much lesser droplet size appear optically transparent. This is a 
very favorable feature of nanoemulsions for applying them as the 
nutrient carriers in beverages. Another interesting property of na-
noemulsions is that it exhibits stability over gravity as compared to 
microemulsions due to Brownian motion of nanosized particles. 
Nanoemulsions are also metastable and can be diluted with wa-
ter without change in the particle size distribution (McClements 
and Li, 2010; Shakeel and Ramadan, 2010; Gutieırrez et al., 2008). 
Nanoemulsions are usually prepared by either mechanical or 
nonmechanical techniques. Mechanical (high-energy) methods 
include high-pressure homogenization, microfluidization and ul-
trasonication while nonmechanical methods include solvent dif-
fusion technique.

Sunflower oil was used for encapsulation of carvacrol, limo-
nene, and cinnamaldehyde. Nanoemulsions were prepared by 
high-pressure homogenization and then stabilized using four dif-
ferent stabilizers that is, lecithin, pea proteins, sugar ester, and 
a combination of Tween 20 and glycerol monooleate. Particle 
size of prepared nano emulsions were found to be in the range 
of 160–300 nm. The antimicrobial activity of prepared nano cap-
sules was evaluated against three different microorganisms that 
is, E. coli, Lactobacillus delbrueckii, and Saccharomyces cerevisiae. 
It was observed that the nanoemulsions based on sugar esters or 
on a combination of Tween 20 and glycerol monooleate increased 
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the equilibrium concentration of the EO components in aque-
ous phase well above their water solubility. Increased concentra-
tion in aqueous phase resulted in enhanced bactericidal activity  
over shorter time scales (2 h) due to immediate availability of 
antimicrobial compounds. In contrast, nanoemulsions based 
on lecithin or pea proteins promoted only slightly the aqueous-
phase concentration of the active molecules, causing the antimi-
crobial activity to be evident only over a longer time scale (24 h). 
These results demonstrate that nanoemulsion systems could be 
designed to obtain antimicrobial activity over desired time scale 
(Donsì et al., 2012). A terpene mixture and d-limonene were en-
capsulated into nanoemulsions based on food-grade ingredients, 
prepared by high-pressure homogenization at 300 MPa. For prep-
aration of nanoemulsions, sunflower oil and palm oil were used 
as organic phases while glycerol monooleate, soy lecithin, and 
modified starch were used as emulsifying agents. Different formu-
lations of wall materials were tried and particle size obtained was 
in the range of 150–300 nm. Antimicrobial activities of nanoemul-
sions formed were tested against three different microorganisms 
(L. delbrueckii, S. cerevisiae, and E. coli). Nanoemulsions were also 
evaluated for their efficacy in pear and orange juices inoculated 
with L. delbrueckii. In vitro nanoemulsions demonstrated better 
antimicrobial efficacy as compared to free EO components and 
furthermore when tested in fruit juices, nanoemulsions could 
effectively inhibit the microbial growth without altering the or-
ganoleptic properties (Donsì et al., 2011). In another study, zedo-
ary turmeric oil, which is an EO extracted from the dry rhizome 
of C. zedoaria was encapsulated in self-nanoemulsifying system 
designed for oral delivery of EO. The optimized formulation con-
sisting of EO, ethyl oleate, Tween 80, Transcutol P (30.8: 7.7: 40.5: 
21, w/w), and loaded with 30% drug was prepared. The nano-
emulsion had a mean particle size of 68.3 ± 1.6 nm and zeta po-
tential of −41.2 ± 1.3 mV. The active components remained stable 
in the optimized formulation stored at 25°C for entire duration of 
12 months. Following oral administration in rats, both AUC (area 
under the curve: in plot of concentration of drug in blood serum 
versus time) and C

max
 (maximum concentration reached by drug 

after administration) of germacrone, a representative bioactive 
marker of zedoary turmeric oil, increased by 1.7-fold and 2.5-fold, 
respectively, compared with the unformulated zedoary turmeric 
oil (Zhao et al., 2010).

Although nanoemulsions demonstrate stability toward gravi-
tational separation, flocculation, and coalescence but they are 
prone to destabilization due to an effect known as Ostwald ripen-
ing (OR). OR is associated with growth of large oil droplets in an 
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emulsion at an expense of smaller droplets. This phenomenon is 
mainly seen in emulsions prepared with oils having appreciable 
water solubility. Due to water solubility oil from smaller droplets 
diffuse toward larger droplets through an intermittent aqueous 
phase because of greater solubility at surface of larger droplets 
(Chang et al., 2012). Rate of OR is generally directly proportional 
to solubility of oil phase in water. EO nanoemulsions are relative-
ly prone to OR due to their appreciable solubility in water. High 
amounts of water insoluble oils could be added in nanoemulsions 
to prevent OR. In a study carried out on formation of thyme oil 
nanoemulsions for potential antimicrobial activity it was dem-
onstrated that nanoemulsions with good physical stability could 
be prepared using organic OR inhibitors such as corn oil and me-
dium chain triglycerides (MCT) in the lipid phase. OR inhibitors 
were mixed with the thyme oil prior to addition in aqueous phase 
containing Tween 80 as emulsifier. Nanoemulsions were prepared 
by high-pressure homogenization carried out at 10 kPa. Prepared 
emulsions demonstrated mean particle diameter of 160 nm and 
stability up to a storage period of 3 days. However, results of an-
timicrobial activity against acid-resistant spoilage yeast, Zygosac-
charomyces bailii (ZB), suggested that the oil phase composition 
(ripening inhibitor type and concentration) had an appreciable 
influence on the antimicrobial activity. In general, with increas-
ing ripening inhibitor levels in the lipid phase a reduction in the 
antimicrobial efficacy of nanoemulsions was observed. For ex-
ample, it was observed that for nanoemulsions containing 60% 
corn oil (w/w) in the lipid phase as a ripening inhibitor, the mini-
mum inhibitory concentration (MIC) of the thyme oil required 
to inhibit ZB growth was 375 µg/mL. However, no inhibition in  
ZB growth was observed even at thyme oil concentrations of 
6000 µg/mL when a corn oil concentration was increased to 90% 
(w/w) in the lipid phase. Antimicrobial activity of nanoemulsions 
was also found to be dependent on ripening inhibitor types used. 
When used at the same concentration as ripening inhibitor in 
lipid phase MCT resulted in greater reduction in antimicrobial ef-
ficacy of thyme oil as compared to corn oil. At concentration of 
70% w/w ripening inhibitor in the lipid phase, the MICs of thyme 
oil for nanoemulsions containing corn oil and MCT were 750 and 
3000 µg/mL, respectively (Chang et al., 2012).

Increased antimicrobial properties of nanoemulsion as com-
pared to free EO is due to small size of oil particles having high 
surface tension which can fuse and subsequently disrupt the 
membrane of bacteria, fungi, and viruses, but did not have an 
affect on eukaryotic cells of higher organisms. Since nanoemul-
sion result in increased antimicrobial activity it could reduce 
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required amount of active substances for killing microorganisms 
as compared to conventional methods.

3.2.2 Liposomes
Liposomes are one of the most widely studied colloidal delivery 

systems and were first developed for drug delivery purposes as ear-
ly as 1970s (Gregoriadis, 2006; Musthaba et al., 2009). Liposomes 
consist of vesicular self-assembled system comprising of one or 
more bilayers, usually formed using a phospholipid, surrounding 
an aqueous core. Polar head groups of phospholipids are subject-
ed to the aqueous phases of the inner and outer media, and the 
hydrophobic hydrocarbon tails are associated into the bilayer and 
spherical core shell structures are formed (Goyal et al., 2005; Jesor-
ka & Orwar, 2008). Liposomes can contain (1) one bilayer forming 
unilamellar vesicles (ULV), (2) several concentric bilayers form-
ing multilamellar vesicles, or (3) nonconcentric bilayers forming 
multivesicular vesicles (MVV). Liposomes can be prepared from 
a very small size of order of 20 nm to sizes exceeding 1 µM. Lipo-
somes have several advantages, such as possibility of large-scale 
production using natural ingredients and entrapment and release 
of water-soluble, lipid-soluble, and amphiphilic materials as well 
as targetability (Fathi et al., 2012). Similar to nanoemulsions lipo-
somes are kinetically stable. Different procedures have been pro-
posed to produce nanosized liposomes. Mechanical procedures 
include sonification, extrusion, high-pressure homogenization, 
microfluidization, and colloid mill whereas nonmechanical pro-
cedures to form liposomes are depletion of mixed detergent-lipid 
micelles and reverse-phase evaporation.

Liposomal vesicles were prepared for Santolina insularis 
EO using hydrogenated soya phosphatydilcholine and choles-
terol. Prepared liposomes were stable and demonstrated neither 
oil leakage nor size alteration during a storage period of 1 year. 
Liposomes were further evaluated and compared with free EOs 
for antiviral activity against herpes simplex virus type 1 (HSV-1).  
It was observed that free S. insularis EO presented significant 
antiviral activity mainly due to direct virucidal effects. However, 
significantly lower activity was observed when EO encapsulated 
with liposomes was evaluated. It was also reported that when cells 
were preincubated with EO prior to virus adsorption, the ED (50) 
values were significantly lower. These results suggest an intracel-
lular mechanism in the antiviral activity of S. insularis (Valenti 
et al., 2001). Positively charged multilamellar (MLV) and unilamel-
lar (ULV) liposomes of A. arborescens L. EO were prepared using 
hydrogenated (P90H) and nonhydrogenated (P90) soy phosphati-
dylcholine. Vesicles were stable up to a storage period of 6 months 



662  Chapter 15 NANOENCAPSULATION OF ESSENTIAL OILS FOR SUSTAINED RELEASE

but storage for longer duration (1 year) resulted in vesicle fusion. 
Liposomes were further evaluated and compared with free EO 
for antiviral activity against herpes simplex virus type 1 (HSV-1). 
Results obtained demonstrated that the nanoencapsulation of A. 
arborescens EO in liposomes especially when vesicles were made 
with P90H significantly enhanced its in vitro antiherpetic activity 
in comparison to free EO. However, no such improvement in an-
tiviral activity was observed when liposomes were prepared with 
P90. Multilamellar vesicles demonstrated a higher activity when 
prepared with P90H (EC50 values of 18.3 µg/mL) as compared to 
vesicles prepared with nonhydrogenated P90 having EC50 value 
of 43.6 µg/mL. These results indicated that incorporation of A. ar-
borescens EO in multilamellar liposomes greatly improved its ac-
tivity against intracellular HSV-1 (Sinico et al., 2005).

Liposomes have also been prepared and evaluated for their an-
timicrobial efficacy. Well-known antimicrobial compounds such 
as carvacrol, thymol, p-cymene, and γ-terpinene were encapsulat-
ed in phosphatidyl choline-based liposomes. Prepared liposomes 
were evaluated for possible improvement of their antioxidant and 
antimicrobial activities against four gram positive and four gram-
negative bacteria and three human pathogenic fungi, as well as 
the food-borne pathogen, L. monocytogenes. Possible synergistic 
or antagonistic effect between EO components was also evalu-
ated by analyzing antimicrobial activities of carvacrol/thymol and 
carvacrol/γ-terpinene mixtures before and after encapsulation 
in liposomes. Enhanced antimicrobial activities for all the com-
pounds were observed after the encapsulation as compared to re-
spective free forms (Liolios et al., 2009). Another study indicated  
enhanced stability to UV light and humidity when liposomes 
encapsulated with carvacrol derivatives and thymol was used  
(Coimbra et al., 2011).

3.2.3 Solid-Lipid Nanoparticles
Solid lipid nanoparticles (SLN) are nanoscale-size particles 

prepared using lipids that remain solid at room temperature (or/
and body temperature). Generally, particle sizes reported for SLN 
are in the range between 50 nm and 1 µm. The lipid component 
may comprise of a broad range of lipid and lipid-like molecules 
such as triacylglycerols or waxes (Mehnert and Mader, 2001) with 
active ingredients solubilized homogeneously either in the core of 
the SLNs or in the outside part (McClements et al., 2007). SLN have 
attracted increase research interest in recent years due to several 
advantages over nanoemulsions and liposomes. SLN have high 
encapsulation efficiency with possibility of large-scale produc-
tion and sterilization. Use of organic solvents can be avoided in 
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preparation of SLN. Further, solid matrix provides better preven-
tion to encapsulated core against chemical degradation and offers 
more flexible rate of release for bioactive components. Hot ho-
mogenization and cold homogenization are two basic techniques 
widely used for large-scale production of SLNs (Fathi et al., 2012).

Aqueous dispersions of solid lipid nanoparticles (SLNs) of 
frankincense and myrrh EOs (FMO) were successfully prepared 
employing high-pressure homogenization method. Solid lipid 
used for preparing SLNs was Compritol 888 ATO while soybean 
lecithin and Tween 80 were used as the surfactants. SLNs pre-
pared were of round shape with a mean size of 113.3 ± 3.6 nm. 
Zeta potential and encapsulation efficiency was observed to be 
−16.8 ± 0.4 mV and 80.60% ± 1.11%, respectively. It was observed 
that nanoparticles had significantly better antitumor activity when 
orally administered in mice as compared to free EO dispersion  
due to increased solubility (Shi et al., 2012). In another study  
A. arborescens EO was encapsulated into SLN prepared by high-
pressure homogenization using Compritol 888 ATO as wall materi-
al. Particles with average size of 200–250 nm with up to 90% entrap-
ment efficiency were obtained and were stable for a storage period 
of 2 years after preparation. SLN were not significantly different 
in their antiviral activity when compared with free EO. Neverthe-
less, they greatly improved skin accumulation of the EO and thus 
proved to be a good carrier for the cutaneous delivery of the anti-
viral A. arborescens EO (Lai et al., 2007). Solid lipid nanoparticles 
(SLNs) have also been prepared of EO of Z. multiflora. Spherical 
particles with mean particle size and encapsulation efficiency of  
650 nm and 38.66% were obtained. During in vitro studies 93.2% 
of the EO was released after 24 h. Furthermore, from DSC studies 
it was concluded that EO can interact with the lipid matrix during 
the preparation of SLNs. The results of characterization indicated 
the suitability of application of SLN as carrier system for EO of 
Z. multiflora (Moghimipour et al., 2013).

4 Inclusion Complexes
Inclusion complexes are entities comprising two or more 

molecules. One of the molecule, the “host,” accepts, totally or 
partly, the “guest” molecules by physical forces. Nanoencapsula-
tion inclusion complexes of EO are reported with cyclodextrins. 
Cyclodextrins (CDs) are cyclic oligomers of α-d-glucopyranose 
that can be produced due to the transformation of starch by 
certain bacteria such as Bacillus macerans (Astray et al., 2009). 
Cyclodextrins have toroid-shaped structures with rigid lipophilic 
cavities and a hydrophilic outer surface insuring good dissolution 
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of the complex in an aqueous environment. They are able to en-
close highly hydrophobic molecules inside their hydrophobic cav-
ity, constituting a true molecular encapsulation (Dodziuk, 2006). 
There are three main types of CDs: α-, β-, and γ-cyclodextrins, 
corresponding to 6, 7, and 8 glucopyranose units linked by α-(1,4) 
bonds, respectively. The dimensions of the internal cavity are 0.5–
0.8 nm and are crucial for the encapsulation of guest molecules. 
The purification of α- and γ-cyclodextrins increases considerably 
the cost of production, so that 97% of the cyclodextrins used in the 
market are β-cyclodextrins. The water solubility of CDs is unusual. 
β-cyclodextrin is at least nine times less soluble (1.85 g/100 mL at  
room temperature) than the other cyclodextrins (14.5 g/100 mL 
and 23.2 g/100 mL for α- and γ-cyclodextrins, respectively). The 
inclusion of a guest in a CD cavity consists basically of a substitu-
tion of the included water molecules by the less polar guest. The 
process is energetically favored by the interactions of the guest 
molecule with the solvated hydrophobic cavity of the host. Gen-
erally the steps involved are: (1) Substitution of the energetically 
unfavored polar–apolar interactions (between the included water 
and the CD cavity on the one hand, and between water and the 
guest on the other) by the more favored apolar–apolar interaction 
(between the guest and the cavity), and the polar–polar interaction 
(between bulk water and the released cavity-water molecules). 
(2) CD-ring strain release on complexation and (3) Van der Waals 
interactions and hydrogen bonds between host and guest (Astray 
et al., 2009). The major advantages of the use of CD-complexation 
in foods, pharmaceutical and cosmetics include typically stable 
and standardized compositions, simple dosing and handling of 
dry powders, with the consequent reductions of packing and stor-
age costs, conversion of liquid EOs into crystalline powder form, 
rendering such materials suitable for the manufacture of powders, 
granules, tablets, and improve handling. It also results in improve-
ment of the molecular stability such as physical stability by the 
retardation of the crystal growth and chemical stability by the de-
celeration or even suppression of chemical reactivity, such as vol-
atility, photodegradation, dehydration, hydrolysis, sublimation, 
oxidation, thermal decomposition, stereochemical transforma-
tions, and isomerization. Inclusion complexes can also increase 
water solubility, dissolution, and release rates of hydrophobic 
EOs and consequently increasing bioavailability and bioefficacy 
(Bilia et al., 2014; Astray et al., 2009; Marques, 2010). The prepara-
tion method most often used for a complex consists of stirring or 
shaking the aqueous solution (cold or warm, neutral, or acidic) of 
CD together with the guest molecule or its solution. After equi-
librium has been attained, water is eliminated by freeze-drying, 
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spray-drying, or by any other convenient method. However, most 
frequently, the microcrystalline product is separated by filtration 
(Marques, 2010).

β-Caryophyllene (BCP) is a natural sesquiterpene having sev-
eral biological activities such as antimicrobial, anticarcinogenic, 
antiinflammatory, antioxidant, anxiolytic like, and local anesthet-
ic effects. However, its volatility and poor water solubility limit its 
application in pharmaceutical field. It was demonstrated that after 
single oral dose in rats’ inclusion complex displayed earlier Tmax 
(time after administration of drug when maximum plasma con-
centration is reached), higher Cmax and the AUC0-12 h showed 
approximately 2.6 times higher increase as compared to free EO 
component. The β-CD significantly increased the oral bioavail-
ability of the drug in rats than free BCP (Liu et al., 2013).

In another study, extracts of cinnamon bark and clove bud and 
pure EO components such as trans-cinnamaldehyde, eugenol, 
and a 2:1 (transcinnamaldehyde : eugenol) mixture were micro-
encapsulated in β-CD by the freeze-drying method. All particles 
showed a spherical shape, smooth surface, no significant differ-
ences in size distribution, and strong tendency to agglomerate. 
In general, entrapment efficiencies observed were in range of 
41.7–84.7%. Pure compounds demonstrated significantly higher 
(P < 0.05) entrapment efficiency as compared to extracts. β-CD 
complexes were further evaluated and compared with free EOs 
for their antimicrobial activity against Salmonella enterica serovar 
Typhimurium LT2 and Listeria innocua. All the samples effectively 
inhibited bacterial growth within the concentration range tested, 
except free eugenol. The EO-β-CD complexes inhibited both bac-
terial strains at significantly lower concentrations as compared to 
free oils. Increased antimicrobial activity is attributed to the in-
creased water solubility due to inclusion complexation leading 
to increased contact between pathogens and EO. Although the 
cinnamon bark and clove bud oils/β-CD complexes showed the 
lowest entrapment efficiency but surprisingly demonstrated most 
significant antimicrobial activities. These results indicate useful-
ness of EO inclusion complexes as an effective antimicrobial deliv-
ery systems. Inclusion complexes could provide broad spectrum 
of application in food systems where gram-positive and -nega-
tive bacteria could present a risk (Hill et al., 2013). Although garlic 
(Allium sativum L.) EO is well known for various pharmaceutical 
properties including antimicrobial, antidiabetic, antimutagenic, 
and anticarcinogenic effects but find limited applicability due to 
its low water solubility, strong odor, volatility, and physiochemical 
instability. Garlic EO was efficiently complexed with β-CD to form 
an inclusion complex by the coprecipitation method in a molar 
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ratio of 1:1. The aqueous solubility and stability of EO were signifi-
cantly increased by inclusion in β-CD (Wang et al., 2011). Another 
study reported inclusion complexation of isothiocyanates (ITC). 
ITC are hydrolysis products of glucosinolates and naturally occur 
in cruciferous vegetables such as broccoli and cabbage. ITCs, par-
ticularly allylisothiocyanate are well studied and reported for its 
antibacterial activity. However, due to its low water solubility its  
actual use in food systems is difficult. Inclusion complex of allyliso-
thiocyanate and phenyl isothiocyanate was formed with random-
ly methylated β-cyclodextrin. Significantly improved solubility of 
both the compounds was observed due to complex formation. 
Possibility of formation of active packaging films using encapsu-
lated ITCs was proposed (Neoh et al., 2012). Efficacy of inclusion 
complex for controlled release of aroma components has also 
been demonstrated. Lavandula angustifolia (Ciobanu et al., 2012) 
and M. piperita (Ciobanu et al., 2013) EOs were encapsulated in 
β-clyclodextrin and cross-linked cyclodextrin polymers. Although 
it was observed that β-clyclodextrin is a more versatile molecule 
for encapsulation of EOs as compared to cross-linked cyclodextrin 
polymers, it was observed that cross-linked cyclodextrin polymers 
allowed better control of release of aroma components.

5 Future Prospects
EOs are important antimicrobials due to the synergism of their 

components and their capability of modulating antibiotic resis-
tance. However, due to their low water solubility, strong organo-
leptic characteristics (flavor and aroma), and low stability together 
with the high volatility they find a little application in medicine. 
Most of these drawbacks can be overcome by nanoencapsulating 
EOs. Nanoencapsulation can provide chemical stability from oxi-
dation, light-induced reactions, moisture and high temperatures, 
and various other factors that can lead to rapid degradation of 
the active components. In addition, nanocarriers convert liquid 
EO into solid powders, thus ensuring their safer and easier han-
dling, improve water solubility, enhance bioavailability and bioef-
ficacy, and improve water solubility. Nanoencapsulation of EOs in 
liposomes, solid lipid nanoparticles, nano- and microemulsions, 
and polymeric nanoparticles represent a promising strategy for 
overcoming EOs limitations, lowering their dose and increasing 
long-term safety of these constituents. Although a number of dif-
ferent types of delivery systems have been developed, there is still 
a relatively poor understanding of the major factors governing 
the rational design of these systems for particular applications. 
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Several modified carbohydrate delivery systems are reported that 
demonstrate great potential but future studies should be carried 
out on toxicity and the biological fate of modified systems during 
digestion, absorption, and excretion. Furthermore, future stud-
ies should focus on physiochemical interactions of nanocarriers 
with food systems. There should be more emphasis on analyzing 
the effect of addition of nanocapsules on sensory quality of food 
products. More research efforts should be directed to prepare ac-
tive packaging films using nanocapsules.
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1 Introduction
With the rapid changes in the fields of science, engineering, 

and technology, the use of application-specific materials is in 
vogue. A major impact had been shown by various developments 
of nanoscience/nanotechnology wherein materials on nanoscale 
are synthesized that have ability to change their surface proper-
ties in their release behavior. This behavior is seen when a small 
change in external environment of such materials is being used. 
This change is because of rearrangement of surface properties 
such as structure, aggregation state, interaction with encapsulat-
ed material, and external environment (Skirtach and Kreft, 2009; 
Moghimi et al., 2005). Such materials are especially being intro-
duced in a variety of fields such as modern medicine, food, cos-
metics, material science, and biochemistry for one of the primary 
reasons, that is, delivery systems (Chilkoti et al., 2002; Min-Hui and 
Keller, 2009). For these delivery systems various material chem-
ists have been interested in the development of small (and usually 
variable) size and low toxicity, and the controlled permeability of 
the micro/nano-container wall. The interest has been in spatially 
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confined, engineered micro- and nanosystems containing various 
species (eg, catalysts, DNA, drugs, enzymes) that are applicable in 
diagnostics, catalysis, therapy, and bioengineering in both aque-
ous and nonaqueous media (Shchukin et al., 2005). Some more 
applications consist of delivery of aroma chemicals, flavors, and 
fragrances in consumer items such as those produced by the food 
packaging, textile, and detergent industries (Fisk et al., 2011). The 
protection of food flavors from loss and degradative reactions, 
like oxidation, can be easily achieved through aroma compound 
encapsulations (Marcuzzo et al., 2010). Application of nanocon-
tainers in the food products can increase food’s spreadability and 
stability, and can support in developing healthier low-fat food 
products (Anandharamakrishnan, 2014).

Nanoencapsulation is found to be the efficient method for 
fabricating such nanocontainers. Nanoencapsulation is defined 
as “methodology of entrapping core of active molecules within a 
transporting shell material and forming a closed container within 
a nanometric dimension”; the carrier formed is typically in the 
range of 0.1 nm to 1 µm (1000 nm). Most successful examples 
of such micro- and nanoencapsulation are hollow polymeric 
nanospheres (Li and Szoka, 2007; Gill and Ballesteros, 1998; Lee 
et al., 2001; Lu et al., 2009), lipid bilayers (Shenton et al., 2001), 
micelles and microemulsions (Ball and Haymet, 2001; Seregina 
et al., 1997), thermoplastic aliphatic polyester (polylactic acid) 
(Hosseinkhani et al., 2015), liposomes (Chekhonin et al., 2012), 
inorganic hosts (Shengnan et al., 2010), and so forth. For this pur-
pose not only polymers are being used; there are some other tech-
niques to (self-) assemble them into functional materials have 
been used under vigorous research (Stuart et al., 2010). In order 
to have prolonged release characteristics it becomes necessary to 
apply a protective covering on to the nanocontainer’s surface. It is 
common knowledge that changes in solvent quality may strongly 
affect stability of the particles’ dispersions or adsorption of the 
particles at interface, due to the responsive properties of the poly-
mer molecules. An increase in complexity of the particle and the 
polymer structures and immersion of this particle in a complex 
solvent will result in a broad variety of multifunctional systems 
with important applications.

For any delivery system the responsive properties of the par-
ticle may originate from the polymeric shell, polymer core, and 
both the core and the shell. Fig. 16.1 shows the commonly used 
nanocontainers for transport of active molecules. Fig. 16.1a rep-
resents a typical single or multiwall nanocontainer able to encap-
sulate single/multicore. Layer-by-layer assemblies with more than 
two polyelectrolyte layers are able to encapsulate active molecules 
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(as shown in Fig. 16.1b). Use of tubular structures is also possible 
for to encapsulate active molecule within hollow lumen (as de-
picted in Fig. 16.1c). The external stimuli can be used to tune up-
take or release of small molecules in and out of the pores; this is 
because the stimuli change the permeability of the shell material. 
The general concept of responsive release can be divided mainly 
into two major types according to the nature of the interaction 
between the active molecule and the nanocontainer. In the com-
plexation approach, the active molecule is entrapped within the 
nanocontainer, the release can be initiated by structural change 
within the shell material (eg, charging of functional groups, carrier 
degradation, cleavage of shell, etc.), while in the nanocontainer-
conjugate approach, the molecule release is the result of splitting 
of the link between the nanocontainer and the active molecule 
(Fleige et al., 2012). In this chapter, the delivery of active mol-
ecules such as drug, fragrances, and aroma delivery will be dis-
cussed. In the description of nanocontainers for delivery system 
the constructional aspects of nanocontainers are discussed in de-
tail. This detailed section depicts the various facets of nanocon-
tainers, their formation, and delivery efficiency in detail. All these 
shells are necessarily responsive and compatible with the kind of 
environment in which these are applied (Fu et al., 2011; Gil and 
Hudson, 2004).

In the present review we have studied nanoencapsulation and 
various types of nanocontainers frequently used for delivery of 

Figure 16.1. Responsive nanocontainers for delivery of active molecules. (a) Core–shell assembly; (b) layer–layer 
assembly; (c) inorganic clay mineral (nanotubules).



676  Chapter 16 DELIVERY SYSTEMS FOR DRUGS, FLAVORS, AND AROMAS

active molecules like drug, flavor, and aroma. Mechanism of re-
sponse and various types of stimuli used for prolonged delivery of 
active molecule. The various types of stimuli studied thoroughly 
are chemical (pH, ionic strength, solvent, electrochemical stimu-
li), physical (temperature, laser, ultrasound, mag field, mechanical 
deformation), and biological (enzyme triggering, receptor imple-
menting triggering). Efforts are made to present the state of art of 
nancontainer-based delivery systems of active molecules.

2 Nanocontainers for Delivery System
Development of functional nanocontainers for delivery of ac-

tive material is a real challenge for a delivery system. The primary 
task of these materials is to protect the content from external in-
fluence/environment and release it only in response to certain en-
vironmental conditions at the desired destination. Materials used 
to fabricate nanocontainers play the most crucial role for stimuli-
responsive modality. They are responsible for the release of active 
materials either temporally or spatially within the structure in 
response to the trigger.

Various methods can be employed to encapsulate the active 
cargo within the nanocontainer shell. Delivery of such materials 
can be achieved through the use of specific stimuli causing change 
in permeability of container wall. Hence in order to regulate the 
transport of cargo a nanocontainer having appropriate permea-
bility characteristics must be carefully selected. In order to achieve 
maximum efficiency of nanocontainers certain characteristics 
like mechanical permeability, stability, elasticity, morphology,  
biocompatibility, and surface characteristics can be adjusted ac-
cordingly. Over the past few years, there were several reports on 
various types of nanocontainers with the capability to encapsu-
late and release active materials. Following are the various nano-
containers reported for successful delivery of active materials.

2.1 Polymeric Nanocontainers
Polymeric nanocontainers have been class of highly versa-

tile and diverse materials for the delivery systems. With the wide 
range of properties and functions of polymeric materials it be-
came easier to synthesize nanocontainers of desired property and 
applications. Potential use of polymeric nanocontainers are de-
livery of drugs (Mu et al., 2009), proteins (Lee et al., 2001), genes 
(Li et al., 2012), catalysts (Morris et al., 1999; Lee et al., 2001), and 
so forth. Polymeric nanocontainers are mainly of two types: hol-
low spherical nanocontainers and polymeric nanotubes. The 
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spherical nanocontainers are usually prepared by suspension 
polymerization, emulsion polymerization, self-assembly, core-
shell precursors and dendrimers. The polymeric nanotubes are 
prepared by emulsion polymerization, self-assembly macromol-
ecules, template-directed synthesis, and electrospinning.

The expediency in polymerization process, uniform product 
size and simplicity in handling are the major advantages of sus-
pension polymerization process (Islam et al., 2002). Suspension 
polymerization is a process in which the monomer, or mixture 
of monomers, is dispersed by mechanical agitation in a liquid 
phase, usually water, in which the monomer droplets are polym-
erized while they are dispersed by continuous agitation. Okubo 
et al. (2002, 2003, 2004) have reported various nanostructure for-
mations and their applications. The nanocontainers formed by 
this method generally tend to reach in micrometric dimensions. 
Emulsion polymerization is a type of radical polymerization that 
usually starts with an emulsion incorporating water, monomer, 
and surfactant. The most common type of emulsion polymeriza-
tion is an oil-in-water emulsion, in which droplets of monomer 
(the oil) are emulsified (with surfactants) in a continuous phase of 
water. Emulsion polymerization is a rather complex process be-
cause nucleation, growth, and stabilization of polymer particles 
are controlled by the free radical polymerization mechanisms in 
combination with various colloidal phenomena. Various recent 
studies have been reported for the synthesis of polymeric hol-
low nano/microspheres (Xiaokun et al., 2008; Pollert et al., 2006; 
Zhao et al., 2009). Herein, often there is segregation of free radicals 
among the discrete monomer-swollen polymer particles. Hence 
there is reduction in the probability of bimolecular termination of 
free radicals resulting in a faster polymerization rate and polymer 
with a higher molecular weight (Chern, 2006).

The high level of control over the dendritic architecture (size, 
branching density, surface functionality) makes dendrimers ideal 
carriers in these applications (Svenson, 2009). A dendrimer is a 
macroscale; growth of the structure starts from a central core and 
builds on a repetitive structural arrangements. Unlike traditional 
polymers, such structures are found to be well defined, having low 
size polydispersity yet with a large molecular size. Some studies 
have reported the formation of hollow polymeric nanocontain-
ers via the synthesis of dendrimers and removal of the internal 
core (Sunder et al., 1999). Nevertheless, complex methodologies 
involved in the preparation of these containers have limited their 
widespread application (Patri et al., 2005).

Polyamide nanocapsules containing Aloe vera L. by an emul-
sion diffusion technique with in vivo studies were reported by 
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Esmaeili and Ebrahimzadeh (2015). Ratio of polymer to oil, the 
concentration of polymers, and the plant extract were found to be 
key parameters for the nanocontainer diameters. Among the ex-
isting strategies to overcome these drawbacks, inclusion of hydro-
phobic drugs into polymeric micelles is one of the most attractive 
alternatives. Amphiphilic poly(ethylene oxide)–poly(propylene 
oxide) block copolymers are thermoresponsive materials that 
display unique aggregation properties in aqueous medium 
( Chiappetta and Sosnik, 2007). Harada and Kataoka have given 
an excellent review based on supramolecular assemblies of block 
copolymers in aqueous media as nanocontainers relevant to bio-
logical applications (Harada and Kataoka, 2006). The use of block 
copolymers in corrosion protection under self-repairing protec-
tive coating containing active nanoreservoirs has been reviewed 
by Shchukin and Mçhwald (Shchukin and Mçhwald, 2007). Later, 
use of PEO-b-PPO-b-PEO block copolymer for fragrance delivery 
in ethanol-water mixture was reported by Berthier et al. (2010). 
Mainly the study focused on the influence of block copolymers on 
the evaporation of volatile molecules in ethanolic solution. Swell-
ing studies were performed to analyze the capacity of volatile mol-
ecules in aggregates of copolymers.

Hofmeister et al. (2014) reported the pH and temperature sen-
sitive nancontainers for fragrance encapsulation and controlled 
release. α-pinene was used as hydrophobic model compound 
for the encapsulation process to produce nanocontainers with 
200 nm diameter having ≥90% encapsulation efficiency. The 
method used was miniemulsion-analogous free radical polym-
erization. The release studies postulated that, upon deproton-
ation the nanocontainer absorbs water, resulting in increasing 
chain segment mobility, reduced diffusion barrier resulting into 
triggered release. Monomer ratio and acid functionalization 
was found to be responsible for higher encapsulation efficiency. 
Another temperature induced fragrance delivery was reported 
by Theisinger et al. (2009). Poly(methyl methacrylate), polysty-
rene, or acrylic copolymer were used to form 100 nm nanocon-
tainer encapsulating a hydrophobic fragrance. The study revealed 
that the release behavior can be tuned by the temperature in re-
lation to the T

g
 (glass transition temperatures) of the polymer, 

which makes these nanocontainers interesting candidates for 
temperature dependent delivery systems. Poly(ethylene oxide)-
4- methoxycinnamoylphthaloylchitosan (PCPLC) was also found 
to be able to form nanocontainers in the range of 300–320 nm by 
solvent displacement method (Tachaprutinun et al., 2009). The 
study concluded that nanoencapsulated astaxanthin showed 
minimal heat degradation of olefinic functionality in contrast 
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to that of the unencapsulated pigment molecules, which were 
almost completely destroyed.

2.2 Layer-by-Layer Assemblies
With the flexibility and versatility of synthesis the layer-by-layer 

assembly process has been extensively practiced in the variety of 
applications. Some of the other desirable characteristics of layer-by-
layer are mechanical stability, elasticity, morphology, biocompatibil-
ity, permeability, and surface characteristics can be adjusted accord-
ingly. The most significant advantages of layer-by-layer assemblies 
are multifunctionality and availability of various stimuli to affect and 
control their properties; also, the permeability is determined by the 
balance of electrostatic interactions within the multilayer (Pomor-
ska et al., 2011). The building blocks of  layer-by-layer assemblies are 
the polyelectrolytes (class of polymers that carry charged functional 
groups) essential to form a container. In order to assemble poly-
electrolyte multilayers complexation of polymers is required which 
results due to opposite charges of polymers. The alternative deposi-
tions can be made to form a spherical or substrate template.

Encapsulation of cargo is possible either during synthesis of 
assemblies (ie, incorporation) or after the formation of assemblies 
(ie, adsorption or physical interaction) (Pomorska et al., 2011). 
The release mechanism of layer-by-layer assembly initiates with 
the ionization of weak polyelectrolyte of the functional groups, 
which tends to increase repulsion between the uncompensated 
charges (Andreeva et al., 2010). In order to balance these charg-
es small counter ions penetrate the layered structure. Further, 
the higher ionic concentration inside the assembly increases the 
osomotic pressure over the nanocontainers shell. Finally when 
the surrounding solute/water enters into the assembly, it leads 
to swelling followed by pore opening into the surrounding area 
(Kozlovskaya et al., 2006). Many of the polymers widely used in 
deposition at surfaces, such as polystyrene sulfonate (PSS) and 
poly(allylamine hydrochloride) (PAH), show extremely slow equil-
ibration times in solution, and chain desorption from surfaces is 
kinetically frozen and usually not observed (Sukhishvili, 2005).

In the extensive review of responsive layer-by-layer materials 
for drug delivery, Wohl and Engbersen described the use of layer-
by-layer (LbL) assemblies for drug and gene delivery (Wohl and 
Engbersen, 2012). The study reports the formation of LbL assem-
blies can be possible wherein therapeutic payload can be encapsu-
lated both in the shell and the interior, and the composition of the 
capsules can be tailored. Apart from other properties of LbL system 
nanoscale dimensions of nanocontainers enables easy circulation 
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during in vivo applications. Recently Parekh et al. (2014) reported 
nanoencapsulation of camptothecin with improved activity using 
LbL approach. The study attempted to reduce the hydrolysis of 
Camptothecin (CPT) nanocapsules to an inactive carboxylic form 
at neutral and alkaline conditions. The result claimed synthesis 
of 160 nm nanocontainer of heparin and block copolymer (poly-
ethylene glycol plus l-lysine). Stability and prolonged delivery of 
nanocontainer was obtained with addition of polyethylene glycol 
(molecular weight: 5 or 20 kDa). The layer-by-layer approach was 
successful in obtaining 7–8 polyelectrolyte bilayers. Gu et al. dem-
onstrated a LbL assembly of PADH (3-dimethylaminopropyl and 
hydrazide grafted PAsp) and PACA (carboxyl and aldehyde grafted 
PAsp) employing hydrazone for crosslinking for protein delivery 
(Gu et al., 2013). Poon et al. (2011) illustrated a promising approach 
for systemic tumor targeting using LbL nanoparticles. The idea was 
the use of charged species to aid or inhibit their cellular uptake and 
extend this idea to enable tumor targeting in vivo by incorporating 
a pH-responsive layer that exposes the underlying charged surface 
when localized in an acidic tumor microenvironment. The nano-
containers functionalized with charged species were not more 
than 90 nm, which significantly indicates the application for in 
vivo studies. The formulation of a novel delivery system for ellagic 
acid formulated via layer-by-layer (LbL) electrostatic deposition 
of biopolymers onto soybean lecithin liposomes was achieved by 
Madrigal-Carballo et al. (2010).

2.3 Silica-Based Delivery System
Mesoporous silica nanoparticles as a promising drug carrier 

have become the new area of interest in the field of biomedical 
application in recent years because of their unique  characteristics 
and abilities to efficiently and specifically entrap cargo molecules 
(Zhu et al., 2014). Mesoporous silicas are inorganic materials syn-
thesized in the presence of surfactants as templates for the poly-
condensation of silica species, originating from different sources 
of silica [sodium silicate, alkoxydes like tetraethylortosilicate 
–(TEOS) and tetramethylortosilicate (TMOS)]. Synthesis condi-
tions such as source of silica, type of surfactant, ionic strength, 
pH, and composition of the reaction mixture, temperature, and 
duration of synthesis affect the surfactant micellar conforma-
tion, the silica–surfactant interactions and the degree of silica 
polycondensation (Renzo et al., 1999). High acidic environment 
of stomach often tend to decompose the pharmaceutical or nu-
triceutical cargo of enzymes, DNAs, and RNAs. This demands a 
drug carrier that would not leak or degrade until it delivers the 
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molecule successfully. Silica is one of the carriers most often used 
for delivery of drug and corrosion inhibitors (Dalmoro et al., 2012). 
Some studies also indicate the delivery of antibiotics using silica 
(Meseguer-Olmo et al., 2006; Radin et al., 2004).

It is found that MSNs can deliver anticancer drugs to tumors 
by accumulating in tumor xenografts and improve the anticancer 
drug efficiency. The promotion of human malignant melanoma 
growth by mesoporous silica nanoparticles through decreased 
reactive oxygen species was studied by Huang et al. (2010). The 
experimental results indicated that the silica nanoparticles were 
not having any toxic effects. Citronelleal fragrant molecule deliv-
ery was made possible with the use of poly[propyl-4 methoxycin-
namamide silsesquioxane] nanocontainers from triethoxysilane 
monomers containing the chromophoric 2,4-dimethoxycinnam-
oyl and 4-methoxycinnamoyl moieties, using the sol–gel process 
(Kidsaneepoiboon et al., 2011). The hydrophobic interaction be-
tween citronellal molecules and the cinnamoyl moieties of the 
silica network structure probably helped retard the release of 
the volatile citronellal molecules, resulting in an obvious slower 
release of citronellal from nanocontainer. Silica nanocontainers 
(140–220 nm) containing fragrances through the miniemulsion 
technique were reported by Cao et al. (2015). The hydrophobic 
liquid droplets consisting of TEOS (tetraethoxysilane) and fra-
grance worked as templates to form container morphology. Fur-
ther an attempt was made to encapsulate hydrophilic perfume 
into the mesoporous silica followed by layer-by-layer deposition 
of poly(diallyldimethylammonium chloride) and poly(sodium  
4-styrenesulfonate) (Wang et al., 2008). The study concluded that 
the absorption of perfume into nanocontainers as well as the poly-
electrolyte layers contributed to retention and prolonged release 
of perfume during release.

2.4 Halloysite
Haollysite nanotubes are aluminosilicate clays mined from 

natural deposits. Chemically Halloysites are similar to kaolin clays 
and are two-layered (1:1) aluminosilicate. The only difference be-
tween Kaolin clay and Halloysite is the morphology of crystals. 
Halloysite nanotube consists of a negative charge on external 
surface and positive charge on internal surface in pH 2∼8 aque-
ous solutions (Vergaro et al., 2010; Xing et al., 2012). Two major 
advantages of Halloysite are that they have hollow nanotubular 
structure in the submicrometer range and a large specific surface 
area (Zhai et al., 2010). The hollow multilayer tubule formation is 
a result of neighboring alumina. During basic structure formation, 
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the presence of water of hydration causes the silica layers to form 
curves and create the rolled statures forming multilayered tubular 
halloysite structures. This provides the advantage of formation of 
cylindrical halloysite nanotubes with very small inner diameter 
and hence can be used as nanocontainers for delivery of mole-
cules for various applications.

Levis and Deasy (2002) have reported the use of halloysite 
for delivery of drug molecules. The surface charge was predomi-
nantly negative over most of the physiologically relevant pH range 
(>2) and the specific surface area of the material was very large 
(∼57 m2/g), indicating that the material has significant poten-
tial for extensive binding of cationic drugs. Further investigation 
of equilibrium, kinetics, release kinetics, and thermodynamic 
aspects for drug (5-aminosalicyclic acid) delivery were studied 
in detail (Viseras et al., 2008; Aguzzi et al., 2013). For prolonged 
release and higher drug loading various efforts have been made. 
Encapsulation/loading of molecules is the result of electorstatic 
attraction of cargo molecules to the inner surface of the tubules. 
Recently, Tan et al. (2013) reported loading and in vitro release of 
Ibuprofen in tubular halloysite. Ibuprofen molecule first tends to 
form a weak bond with –OH. Release of such particles is found to 
be rapid. In order to restrict the molecules to strong bond with 
the drug molecule, 3-aminopropyltriethoxysilane (APTES) was in-
troduced to build a strong affinity through electrostatic attraction, 
between the carboxyl groups of IBU and the aminopropyl groups 
of the grafted APTES. As a result the APTES-modified halloysite 
nanocontainers were found to have the largest IBU loading, which 
was 25.4% greater than that in unmodified halloysite.

Higher loading efficiency is one of the desirable criteria for 
the use of nanocontainers. In this light, some studies necessarily 
focus on increasing the lumen diameter (Abdullayev et al., 2012; 
Zhang et al., 2012). This is predominantly performed by acid 
etching. During etching there is first diffusion of hydrogen ions 
into hollow lumen followed by the interaction of hydrogen with 
alumina and then diffusion of reaction products outside the hal-
loysite nanotubules. As a result there is successful removal of alu-
mina from the inner lumen of halloysite. Lately, Wang et al. have 
studied alkali activation of halloysite for adsorption and release 
of ofloxacin (OFL) (Wang et al., 2013). Herein, alkali activation on 
the physicochemical properties, structure, and morphology of 
halloysite nanotube were performed. Afterward, the adsorption 
and in vitro release properties of halloysite for cationic OFL were 
evaluated. The results indicate that alkali activation dissolves 
amorphous aluminosilicate, free silica, and alumina, which re-
sults in the increase in pore volume and pore size. Considering 
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the ability of halloysite for responsive delivery of active molecules, 
Ghodke et al. (2015) depicted the successful attempts of using 
halloysite nanocontainers for encapsulation of fragrant mol-
ecules. The loaded nanocontainers were analyzed for responsive 
release studies. The release studies were conducted using various 
pH solutions. It is established that the Korsmeyer–Peppas release 
model is best among the six models used to predict the release 
from Halloysite nanocontainers.

2.5 Ultrasonic Technique
One of the most recent techniques used to form nanocontainers 

is ultrasound, in the frequencies from 20 kHz to 1 GHz. This tech-
nique involves formation of microbubble as template on whose 
surface an organic or inorganic shell is formed from monomers, 
precursors, and nanoparticles adsorbed at the cavitation inter-
face (Suslick and Crum, 1997). Bubble collapse in liquids results in 
an enormous concentration of energy from the conversion of the 
surface energy and kinetic energy of the liquid motion into heat 
or chemical energy (Shchukin and Mçhwald, 2007). The high lo-
cal temperatures (5000–7000 K inside the microbubble) and pres-
sures combined with rapid cooling provide unique conditions for 
forming micro- and nanocontainers (Rae et al., 2005). In some of 
earlier works related to container formation, Suslick et al. used 
high-intensity ultrasound air and oil-filled protein microspheres 
(Suslick and Grinstaff, 1990; Suslick et al., 1994). Emulsification 
and cavitation are responsible for formation of microcontain-
ers wherein disulfide cross-linking of cysteine residues between 
protein molecules results in the formation of bubbles. These con-
tainers were found to be much more stable, with high loading 
capacity. The approach described in this discussion is depicted  
in Fig. 16.2.

The characteristics of the ultrasonically obtained containers 
can be changed to increase their stability and loading capacity. 
This can be done by decorating the surface of the nanocontain-
ers with suitable hydrophilic and hydrophobic moieties func-
tioning as selective ligands (such as l-cysteine, l-lysine, chitosan, 
and β-cyclodextrin) (Cavalieri et al., 2006; Shchukin and Mçh-
wald, 2007). Shchukin et al. (2005) described the application of 
polyelectrolyte multilayers for air encapsulation and the forma-
tion of polyelectrolyte microcapsules with a gaseous interior. 
The work further explained the layer-by-layer approach for en-
capsulation of active molecules. Poly(allylamine hydrochloride) 
(PAH) and poly(styrenesulfonate) (PSS) layers were adsorbed on 
containers as forms of positive and negative layers, respectively. 
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Teng et al. (2007) reported a novel approach for encapsulation of 
hydrophobic materials into a hydrophilic multifunctional shell, 
based on combining an ultrasonic technique and a layer-by-layer 
protocol. Uniform, stable, and monodisperse polyglutamate/PEI/
PAA nanocontainers of about 600 nm were obtained. This pro-
vides an opportunity to increase loading efficiency. The results 
also found that, using sodium dodecyl sulfate as surfactant, the 
amount of nanocontainers, their monodispersity, and stability 
can be increased dramatically. However the methods of forming 
organic nanocontainers suffer some disadvantages (Suslick and 
Grinstaff, 1990; Suslick et al., 1994; Cavalieri et al., 2006; Teng 
et al., 2007): first, it is difficult to modify the protein shell by intro-
ducing a desired material in order to attain additional functional-
ity. Second, the method yields large size nanocontainers (almost 
microspheres) with higher polydispersity. Third and last the ultra-
sonic technology used for the preparation of the microcapsules 
is limited to proteins possessing at least one cysteine residue or 
sulfide residue to obtain stable microcapsules.

The characteristics of the product obtained in the synthesis 
of nanocontainers using ultrasound provides a platform of re-
sponsive releases for various applications. Ease of operation also 
plays an important role in the synthesis of nanocontainers. A fu-
ture prospect for this method is fabrication of nanocontainers 

Figure 16.2. Method for encapsulation of active molecule for the use as 
nanocontainers delivery system. (a) Formation of polyelectrolytes nanocontainer; 
(b) coating of nanocontainers by oppositely charged polyectrolytes using layer-
by-layer approach for triggered release.
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using polyelectrolyte followed by a layer-by-layer approach for 
responsive release. Anionic biopolymer–alginate was used to pro-
duce turmeric-oil-encapsulated nanocontainers (Lertsutthiwong 
et al., 2008). Alginate was selected because of some favorable 
properties such as good biocompatibility, biodegradability, non-
toxicity, mucoadhesion, gelation, and film formation properties. 
The lowest nanocontainer size was found to be 95 nm ethanol as 
a solvent and Tween 80 as surfactant. Study concluded that the 
uniform size of the nanocontainer was possible because of use of 
ultrasound. And the size of the nanocontainer could be controlled 
by the time of sonication. Esmaeili et al. (2013) reported the syn-
thesis of oil-filled nanocontainers under ultrasound. Crataegus 
azarolus L. was used as model fragrant molecule to be encapsu-
lated in the triblock copolymer (PEG–PBA–PEG). Results indicated 
that with an increase in amount of polymer added, the average 
size of the nanocontainer increased. However, the size of nano-
container decreased with increase in model fragrant. This is be-
cause the interaction of model fragrance and polymer causes an 
aggregation of polymer in the nanocapsules structure. The degree 
to which this occurs depends on the concentration of the extract; 
when the amount of extract in the nanocapsules increases, the ex-
tract acts as a clog factor, causing an increase in the particle size 
and decreasing the stability.

3 Mechanism of Response
Many studies are reported for environmentally sensitive 

nanocontainers that can respond to elusive stimuli such as pH, 
temperature, ionic strength light, magnetic field, biosensing, 
chemical separation, catalysis, and biomaterials applications 
(Sukhorukov et al., 2005). The mechanism of response is decid-
ed either by nature of nanocontainers material or the nature of 
response desired in the particular application. LbL systems are 
generally considered inherently responsive, as changes in pH 
or ionic strength of the surrounding media obviously influence 
the layer interactions (Wohl and Engbersen, 2012). Electrostatic 
interactions between oppositely charged polyelectrolytes are re-
sponsible for keeping alternating layers of electrolytes in forming 
LbL structures of nanocontainers. Also multilayers are stabilized 
by inter layer hydrogen bonding interactions. At high salt concen-
trations, electrostatically assembled films are destabilized; this is 
because of the fact that the ions shield the charges of the poly-
electrolytes. In LbL structures the protonation/deprotonation of 
the charged group takes place as a result of pH alteration. Further 
protonation leads to stronger repulsion, causing swellings in the 
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nanocontainers that result in increased permeability. And depro-
tonation decreases the polymer interactions, leads to shrinking 
of nanocontainers core. Shrinking of nanocontainers decreases 
permeability (Delcea et al., 2011).

For a drug molecule, release from polymeric nanocontainers 
is due to destabilization of nanocontainers itself or by decompo-
sition of the pH-sensitive linking unit that connects the drug to 
the container (Fleige et al., 2012). In one of the studies of dem-
onstration of mesoporous silica nanoparticles as nanocontain-
ers, the release of corrosion inhibitor (1H-benzotriazole, BTA) is 
the effect of electrostatic repulsion (Borisova et al., 2011). At pH 
values different from neutral, both the silica particles as well as 
the inhibitor molecules have the same charge (positive at pH < 6 
and negative at pH > 6). This leads to larger electrostatic repulsion 
forces and faster releases (Steitz et al., 2002). These results are very 
much favorable for the subsequent application of the loaded silica 
nanocontainers in anticorrosive active coatings, as the corrosion 
is usually followed by alkaline or acidic pH shift. Thus, a release of 
the inhibitor in response to a pH change in the local environment 
is provided without the need for an additional polyelectrolyte shell 
as was employed before (Delcea et al., 2011; Ahrens et al., 2004). In 
case of LbL assemblies it is a well-known fact that the tempera-
ture increase can provide enough thermal energy to surpass the 
barrier necessary for polymeric film rearrangements. Polyelec-
trolyte multilayer films deposited on flat substrates exhibit only 
negligible changes in thickness upon heating. However, they 
shrink  noticeably if heated at 100% humidity, indicating that wa-
ter desorption takes place (Borisova et al., 2011; Steitz et al., 2002; 
Ahrens et al., 2004). In designing thermoresponsive nanocontain-
ers the temperature has to be raised above the glass transition tem-
perature (T

g
) of the polymer complex. Fig. 16.3 indicates a typical  

nanocontainer and the frequent responses used in delivery stud-
ies for various applications. It shows the mechanism of leaching 
out/transport of encapsulated material from the nanoconainer. 
External stimuli may induce partial disintegration of nanocon-
tainer walls, thus obtaining the release of their contents. Physical 
methods induce disintegration of the wall by mechanical (pres-
sure) or thermal (heat) stimulation. Chemical methods induce 
on the other hand the rupture of specific chemical bonds inside 
the nanocontainer walls, thus leading to the collapse of the whole 
structure. Light may be used both to disrupt a nanocontainer wall 
through physical routes for example, local thermal heating (Radt 
et al., 2004; Cui et al., 2011), or to destroy specific bonds in the 
structure (Sarti and Bordi, 2013). Table 16.1 indicates the stimuli 
for nanocontainers loading and release.
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Figure 16.3. Schematic 
illustration of various 
stimuli and mechanism 
of cargo release through 
nanocontainers.

Table 16.1 Stimuli for Nanocontainers Loading and Release
Type of Stimuli Factor References
Physical Temperature (Chen et al., 2004; Wei et al., 2007; Guo et al., 2010; Baier et al., 2013)

Ultrasound (Fomina et al., 2012; Husseini and Pitt, 2008; Schlicher et al., 2006; 
Nyborg, 2001; Aw and Losic, 2013; Rapoport et al., 2009)

Magnetic (Banerjee and Chen, 2008; Franchini et al., 2010; Ding et al., 2012; Hua 
et al., 2011)

Mechanical (impact) (Tedim et al., 2010; Hodoroaba et al., 2014; Zheludkevich et al., 2005; 
Bhanvase et al., 2014; Jafari et al., 2010)

Light (Li et al., 2012; Swaminathan et al., 2014; Fomina et al., 2012)

Chemical pH (Shchukin and Mçhwald, 2007; Pomorska et al., 2011; Shu et al., 2010)

Ionic strength (Yuxi et al., 2012; Antipov et al., 2003)

Electrochemical (Hodoroaba et al., 2014)

solvent (Okubo et al., 2004; Teng et al., 2007)

Biological Enzyme (Zhai et al., 2010)

receptor (Park et al., 2009; Yang et al., 2012)
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4 Active Molecules to be Delivered
4.1 Drugs

In the past decade molecular assemblies with nanometric 
range have shown tremendous potential as diagnostic and ther-
apeutic tools as genuine nanocontainers, able to interact with 
biological systems at molecular levels and with a high degree of 
specificity. In case of delivery of active molecules of drug/pro-
tein, it has a therapeutic concentration range, above which it 
is toxic and below which it is ineffective. When overdosed, the 
protein could potentially cause severe side effects, while the 
variation of the protein concentration in the bloodstream could 
possibly complicate the therapeutic effects. Ideally, the concen-
tration of the therapeutic protein should be maintained continu-
ously within the therapeutic range for a prolonged time period 
to achieve the optimal therapeutic effects without toxicity and 
unfavorable side effects. In this respect, a controlled delivery 
system may be an appropriate choice for protein administration 
(Levis and Deasy, 2003). For this purpose nanocontainers can 
be realized over a much wider range of sizes and shell materials, 
allowing for fine tuning of their properties. Synthesis of such a 
nanocontainer is focused so as to be able to target specific cells 
or tissues.

A major issue of synthesizing or selecting a nanocontainer 
is the biocompatibility and biodegradability of a material. One 
wide class fulfilling the requirement is aliphatic polyester poly-
mers. Polymers and copolymers of poly-lacticacid (PLA), poly- 
glycolicacid (PGA), and poly-lactic-co-glycolicacid (PLGA) are 
used very often for vaccine and drug delivery. Poly ε-caprolactone 
(PCL) possesses several interesting properties, including its high 
permeability to small drug molecules, and an exceptional ability 
to form blends with other polymers (Anderson and Shive, 1997; 
Hillaireau and Couvreur, 2009). Moreover, the slower degradation 
rate of the PCL homopolymer as compared to PLGA and polyg-
lycolic acid-co-lactic acid makes it more suitable for long-term 
delivery systems, extending to a period of more than 1 year (Sarti 
and Bordi, 2013). Chitosan (CS) is a natural polysaccharide similar 
to cellulose, possessing several interesting properties for micro-
sphere realization. Among others, it is mucoadhesive, thus favor-
ing the interaction with tissues, and may induce a relaxation of 
tight junctions between the cells of epi/endothelium tissues, thus 
favoring drug absorption. Finally, it is charged, and can be neu-
tralized by increasing the pH, leading to a transition from soluble 
to insoluble. Based on these characteristics, an innovative method 
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to produce chitosan/DNA nanospheres aimed to gene delivery 
has been recently proposed (Masotti et al., 2008).

Some of the recent studies depict that the aliphatic polyester 
possesses hydrophobic core used for encapsulation of lipophil-
ic drugs. Also the residence time of such nanocontainers in the 
blood system after intravenous injections are increased by pro-
viding hydrophilic coatings. Core-shell polymeric nanoparticles 
like d,l-poly (lactic acid) are found to be advantageous in encap-
sulating lipophilic drugs; this may be due to their hydrophobic 
behavior. Also after intravenous injections in the blood system, 
coating nanoparticles with hydrophilic polymers was found 
to increase their residence time (Knop et al., 2010; Martín del 
 Valle et al., 2009; Alexis et al., 2008). Doughnut- or torus-shaped  
β-cyclodextrin (β-CD) units are found to be such hydrophilic 
polymers, which can be used for coating nanoparticles (Fagui 
and Amiel, 2012).

In one of the studies, Fagui et al. (2011) described well-defined 
core–shell nanoparticles containing cyclodextrin in the shell. The 
investigations showed that the Poly-β-CD is securely adsorbed at 
the surface and the shell can be viewed as a monolayer of poly-β-
CD coils. This ensures formation of core-shell nanoparticles with 
hydrophilic coating with the ability to encapsulate hydrophobic 
core.

Another challenge in delivery system synthesis is success-
ful loading of large protein and drug molecules within the hol-
low lumen of nanocontainers. Weda et al. (2008) demonstrated 
that this can be done by maintaining sufficiently mild conditions 
and encapsulating the large molecules during synthesis of hollow 
shell material. The study elaborated the use of phase separation 
technique for synthesis of poly(nisopropylacrylamide) (PNIPAM) 
nanocontainer. Controlled heating was provided in order to make 
use of lower critical solution temperature (LCST). Dimethacrylate 
(PEG–DMA) and sodium dodecyl sulfate were used as cross-link-
ing agent and surfactant, respectively. The container formation 
and release was found to depend on molar mass and the mass 
distribution of the polymer of PNIPAM. During drug release the 
shell acts as a membrane while the shell thickness or density will 
specify and mark the molar mass range of the core polymer to be 
released. He et al. (2015) has given an excellent review on core-
shell particles for controllable release of drug. The study reports 
two important factors in drug release: (1) the encapsulating shells 
that are responsive to various stimulus such as temperature, light, 
enzyme, or other stimuli enhance the degradation of core or/and 
shell, and thus increase the release of the drugs encapsulated 
within. (2) Drugs encapsulated into core or shell are mostly via 
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chemical bonding or ionic bonding and the release is affected by 
the specific particle form (shape), polymer compositions of core 
and shell, loading approach, and encapsulating locations, and the 
specific characteristics of the drug.

The limitations of shape, size, and surface charge of loading 
material leads to use of a shell material that will not be affected by 
any of these. A certain delivery system requires tailoring different 
functionalities impregnating inorganic and organic substances 
both inside the capsule volume and in the shell. Also certain lipid-
based drugs require versatility and multifunctionality of delivery 
system (eg, encapsulating several drugs in one capsule, magnetic, 
ultrasonic delivery, etc.) (Shchukina and Shchukin, 2011). Drug 
molecules when delivered to the region other than the target site 
cause adverse reactions hence selective permeability is also one 
of the important parameters for developing a delivery system. In 
overcoming these disadvantages LbL techniques have attracted 
much attention for drug delivery because of their unique advan-
tages, especially in terms of their multifunctionality and respon-
siveness to various stimuli. Some prominent properties of these 
nanocontainers are controlled permeability, morphology, and 
surface charges. This is due to the flexibility available in tailoring 
the nanocontainer assemblies during formation. Also biocompat-
ibility, mechanical stability, and elasticity are some characteristics 
offered by LbL approach. Layer-by-layer deposition is as a result of 
electrostatic interactions between oppositely charged polyectro-
lytes. The intrinsic advantage of the LbL fabrication method is un-
met by any other technique, as it offers the potential of entrapping 
simultaneously drugs, fluorescent probes, or colloid nanoparticles 
(eg, quantum dots or magnetic particles) with tunable function-
alities into the biodegradable multilayers of one unique hollow  
capsule (post loading method) (Skirtach et al., 2011; de Villiers 
et al., 2011)

Recently Shu et al. (2010) reported hollow and degradable 
polyelectrolyte nanocapsules for protein drug delivery. The study 
employed bovine serum albumin (BSA) as a model protein for en-
capsulation purpose. Physical interaction as well as electrostatic 
attraction was used to encapsulate the protein molecules. In the 
final step of nanocontainer formation silica core was removed 
at acidic pH (pH 5.4) with the help of 2:8 M solution of HF/NH

4
F 

solution for 5 min. During drug release studies the initial burst re-
lease was decreased to less than 10% (pH 1.4, simulating pH in 
the stomach), the release increased subsequently for about 60% in 
the first 2 h (pH 7.4, simulating pH in the bloodstream). At pH 7.4 
there is significant weak electrostatic interaction between chito-
san and dextran sulfate. This is due to the presence of amino and 
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sulfate groups in the form of –NH
2
 and –SO

3
 groups. This causes 

a swelling in the nanocontainer wall, resulting in increasing BSA 
release.

4.2 Flavor and Aroma Delivery
Uses of nanocontainers have provided advantages like higher 

stability, lower evaporation, and unmasking unpleasant tastes 
for their use in food industries (Jafari et al., 2008; Ezhilarasi 
et al., 2013; Fang and Bhandari, 2010). The idea in developing such 
nanocontainers is that, since encapsulated material is protected 
from other components in the food and from the environment, 
the use of encapsulation can improve the nutritional content of 
food without affecting the taste, aroma, or texture of food, mask 
off-flavors, and enhance the shelf-life and stability of the ingre-
dient and the finished food product (Augustin and Hemar, 2009). 
Microcapsules are reported to be ineffective in offering antimi-
crobial activity; this is because the nanometric dimensions of 
nanocontainers being subcellular sized may increase passive cel-
lular absorption, causing reduced mass transfer resistance (Donsi 
et al., 2011). Most of the flavoring agents are found to be liquids at 
ambient temperature. Most of these food oils exhibit considerable 
sensitivity to air, light, irradiation and elevated temperature (Jafari 
et al., 2008; Quintanilla-Carvajal et al., 2010; Bejrapha et al., 2010).

This leads to the urgent need of synthesizing potential nanoen-
capsulating candidates, which are more bioavailable and stimuli 
specific as compared to microencapsulation (Ezhilarasi et al., 2013; 
Mozafari et al., 2006). As discussed previously α-pinene loaded 
polymeric nanocontainer of 200 nm average size were found to be 
stable for several months (Hofmeister et al., 2014). Nanocontainer 
shell polarity represented by the monomer ratio between MMA and 
BMA and more significantly by the degree of acid functionaliza-
tion, was identified as a main factor to obtain surprisingly higher 
α-pinene encapsulation efficiencies. During nanocontainer batch 
synthesis pH sensitive monomer–methyl methacrylate (MMA) 
served as the main monomer, accompanied by the more hydro-
phobic butyl methacrylate (BMA) in lower amounts, which was 
systematically varied in content to gradually lower the hydrophi-
licity and the T

g
 of the corresponding polymeric shells. Another 

study of encapsulating turmeric oil in alginate nanocontainer was 
found to be producing 100 nm nanocontainers stable for about 
120 days, carrying negative charge (Lertsutthiwong et al., 2008). 
In another successful attempt of encapsulating different fragrant 
molecules, Sansukcharearnpon studied the formation of nanocon-
tainer from a  polymer-blend of ethylcellulose (EC), hydroxypropyl 
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methylcellulose (HPMC), and poly(vinyl alcohol) (PV(OH)) (San-
sukcharearnpon et al. 2010). During nanocontainer formation, the 
chains of PV(OH) and HPMC were found to be useful for creating 
stable structures. They must be present because of good water-sol-
ubility characteristics. During drying these left-out polymers also 
cover up the surface of the nanocontainers, making them readily 
dispersible in water. Due to some desirable properties like non-
toxicity, biocompatibility, and antibacterial activity, chitosan was 
used to fabricate nanocontainer (Xiao et al., 2014). It was observed 
that with the weight ratio of chitosan:tripolyphosphate as 5:1 of 
1.5 mg/mL chitosan and 100% (w/w) tuberose fragrance, 174 nm 
and 20.8 eV TC-NP were obtained. It was found that with increase in 
fragrance loading the size of nanocontainer also increased; this was 
the result of aggregation and adhesion of nanocontainers caused by 
reduction of surface charge.

Mesoporous silica has been reported to be an efficient template 
for fragrance delivery. It is well known to obtain increased loading 
onto silica nanospheres the size pore openings are to be increased 
(Wang et al., 2008; Wang et al., 2011). Use of silica in fabrication of 
perfumed nanocontainers proves to be advantageous due to its 
nonsticky nature (Kidsaneepoiboon et al., 2011). Higher surface 
area (190 m2/g) and mean pore diameter (36 nm) were found to 
be useful for successful encapsulation of perfume molecules (Cao 
et al., 2015). Some other studies are reported in literature high-
lighting the use of nanocontainers on cotton fiber surfaces. This 
is because even if fragrant molecules are added during textile fin-
ishing, the activity of these molecules tends to diminish during 
storage and transport. This disadvantage can be avoided by using 
responsive fragrance-loaded nanocontainers. A model fragrance, 
Osmanthus, was encapsulated in chitosan–sodium tripolyphos-
phate nanocontainers of 130 nm average size (Hu et al., 2012). The 
nanocontainers were simply deposited onto the cotton fabric by 
immersing them into 0.4% solution of nanocontainer. The study 
concluded that SEM displayed that the cotton fabrics treated by 
Osmanthus fragrance-loaded chitosan nanocontainers (OF-NPs) 
had an excellent washing resistance. This was attributed to the 
 hydroxyl group interaction between the cotton fabrics and the 
 OF-NPs. In another attempt of using chitosan for nanocontainer 
formation, the methanol extracts of O. sanctum having antimi-
crobial effect were loaded inside the sodium alginate chitosan  
nanoparticles (Rajendran et al., 2013). About 35 nm sized nano-
containers were loaded onto cotton fabric by pad dry-cure meth-
od. The study highlighted that the cotton fabrics finished with the 
methanol extract of O. sanctum–loaded nanoparticles possessed 
remarkable antibacterial activities with excellent wash durability.
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5 Stimuli for Controlled Release
All the encapsulation and release modalities discussed previ-

ously are having a typical purpose to release the cargo on stimuli 
(change within or surrounding of a nanocontainer). The typical 
stimuli used are of chemical, physical, or biochemical origin, 
which tends to modify the structural composition/conformation 
of nanocontainers. Some nanocontainers are relatively large and 
abrupt physical and chemical changes in sharp response to ap-
plied stimuli (Fleige et al., 2012). Hence it is very important not 
only two select a suitable nanocontainer but also an appropriate 
stimuli.

5.1 Chemical Stimuli for Permeability Changes:  
pH, Ionic Strength, Solvent, Electrochemical Stimuli

Recently various nanocontainers have been developed where-
in deposition of oppositely charged weak polyelectrolytes on 
a desired substrate creates a well-defined system with regulat-
ed storage/release properties (Pomorska et al., 2011; Shchukin 
et al., 2006) in which the permeability of the container shell is de-
termined by the balance of electrostatic interactions within the 
multilayer. During the corrosion process, change in pH or ionic 
strength are followed by ionization of the weak polyelectrolytes 
of the functional groups, which results in increased repulsion 
between uncompensated charges (Andreeva et al., 2010). Also 
the influence of pH and salt concentrations can be both revers-
ible (ie, increased permeability, which is interesting for LbL cap-
sule loading) or irreversible (ie, LbL film disassembly), depending 
on the film composition and presence of crosslinks (Wohl and 
 Engbersen, 2012).

The release of cargo from a polyelectrolyte nanocontainer is 
a result of change in permeability at a particular pH. As a typi-
cal observation it is permeable at pH 3 and impermeable at pH 7. 
This is due to polyelectrolyte interactions in the shell wall. During 
nanocontainer formation the charge densities on both polyelec-
trolytes determine their stoichiometric ratio during adsorption. 
Since the polymers are irreversibly adsorbed in the shell wall, a pH 
decrease does not induce polymer desorption. However, charging 
of one of the polyelectrolytes may occur, which would induce pos-
itive (negative) charge into the shell wall. This may alter the shell-
wall morphology by enhancing the repulsion, which could lead to 
defects in the polyelectrolyte shell (Shchukin and Mçhwald, 2007). 
Shu et al. (2010) developed hollow and degradable polyelectrolyte 
nanocapsules for protein drug delivery. The results concluded 
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that during responsive release, controlled release was possible 
by increasing or decreasing the thickness of the LbL membrane. 
The drug delivery was found to be the result of fickian diffusion. 
The penetration of water into nanocontainer surface resulted in 
rubbery matrix and finally the protein diffused out of the nano-
container. This phenomenon was responsible for obtaining initial 
slow release, which became consistent for an extended period of 
time. QCM (quartz crystal microbalance) study of the adsorption 
of polyelectrolyte-covered mesoporous TiO

2
 nanocontainers on 

SAM (self-assembled monolayer)–modified Au surfaces was car-
ried out by Pomorska et al. (2011). The study confirmed that the 
polyelectrolyte termination layer has a profound influence on 
the surface charge o f the nanocontainers and their subsequent 
adsorption kinetics on SAM-modified gold-coated quartz sub-
strates. Recently, a dual responding with pH and ionic strength 
were developed by Yuxi et al. (2012). Herein, formation and char-
acterization of natural polysaccharide hollow nanocapsules via 
template layer-by-layer self-assembly was demonstrated success-
fully. Screening of electrostatic interaction between the oppositely 
charged polyelectrolyte polymers by salt ions causes change in the 
ionic strength of LbL nancontainers. The responsive release is the 
effect of reduction of the electrostatic attractions inside the mul-
tilayers or forming defects or cavities in the multilayer network 
(Delcea et al., 2011; Antipov et al., 2003). Most of the cargo release 
studies are in water; however, it is reported that the organic sol-
vents induce permeation through the LbL-assembled nanocon-
tainers (Lvov et al., 2001). The presence of ethanol influences the 
activity of urease, which was found to be lower than the activity 
of free urease in bulk solution. The hydration water between the 
polyelectrolytes might have been removed by the organic solvent 
resulting in separation of the polyion network and the forma-
tion of pores (Delcea et al., 2011; Lvov et al., 2001; Shchukin and 
Mçhwald, 2007). Huang et al. (2008) reported that unique hollow 
polypyrrole nanostructured arrays with a conical shape have been 
produced by a stepwise electropolymerization process. The fabri-
cated conical nanocontainers showed a reversible switchable be-
havior between open and closed states. This was possible with the 
movement of counter ions during electrically controlled revers-
ible oxidation and reduction processes. Völker et al. (2008) report-
ed layer-by-layer self-assembled redox polyelectrolytes on passive 
steel. Electrochemical experiments have shown that the oxidation 
reduction of the osmium sites lies in the passivity potential inter-
val and the rate of electron transfer from the underlying metal to 
osmium sites in the polymer over layer is significantly hindered as 
compared to thiolated gold electrodes.
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5.2 Physical Stimuli for Affecting Permeability: 
Temperature, Light, Ultrasound, Magnitude Field, 
Mechanical Deformation

As discussed in an earlier section it is found that most of the 
polymer nanocontainers reported until now load and release 
guest molecules from their interior only by diffusion. It is there-
fore rather difficult to control the loading or releasing process. 
Also some applications require external stimulus for delivery of 
active molecule. This leads to development of nanocontainers 
wherein physical stimuli is required for controlled delivery appli-
cation. Typical physical stimuli are temperature, laser, ultrasound, 
magnitude field, mechanical deformation. In this context one may 
 design a nanocontainer that can undergo reversible structural 
transitions from a closed to an open state with the help of external 
stimuli (Chen et al., 2004). This would result in a targeted release 
of encapsulated material between nanocontainer and the target 
environment. Thermo-responsive polymers are the important 
building blocks of any temperature responsive nanocontainer. 
Two distinct classes of thermos-responsive polymers are available 
for nanocontainer formation. Both the classes report the points at 
which the polymers and solvents are completely miscible (Meng 
et al., 2009). And hence these classes of polymers represent lower 
critical solution temperature (LCST) as well as upper critical so-
lution temperature (UCST). Practically when the surrounding 
temperature reaches above LCST the polymer solution becomes 
turbid whereas the clear polymer solution is obtained when sur-
rounding temperature is below LCST. The temperature responsive 
release may be because of the balance between segment–segment 
interactions and segment–solvent intermolecular interactions 
can be shifted by temperature changes (Motornov et al., 2010).

The most common polymer used to design temperature 
responsive nanocontainers is poly(N-isopropylacrylamide) 
(PNIPAAm). All biomedical applications require a nanocontainer 
suitable to the body temperature (typically 37°C). PNIPAAm is 
found to have the LCST value at 32°C and hence is found to be use-
ful for temperature responsive delivery systems pertaining to bio-
medical delivery application (Lehner et al., 2012; Wei et al., 2007). 
The typical thermoresponsive polymers used in delivery system 
are listed in Table 16.2. Poly(N,N-diethylacrylamide) is typically 
used for synthesis of hydrogels for drug delivery applications 
(Chen et al., 2009; Panayiotou and Freitag, 2005). Niu et al. re-
cently studied crosslinkable PEO-PPO-PEO triblocks as building 
blocks of thermo-responsive nanoshells (Niu et al., 2011). During 
synthesis amphiphilic block copolymers based on PEO-PPO-PEO 
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poly(ethylene oxide)-poly-(propylene oxide)-poly(ethylene oxide) 
block copolymer (Pluronic) and poly (ε-caprolactone) (PCL) were 
synthesized by ring-opening polymerization of ε-caprolactone 
in the presence of PEO-PPO-PEO block copolymer having hy-
droxyl groups at two ends of chains. Stannous octoate acts as a 
catalyst. Dialysis process in deionized water was used to form 
indomethacin (IMC)-loaded and unloaded nanospheres using 
pluronic/PCL block copolymer with different composition. The 
size of pluronic/PCL block copolymeric nanospheres increased 
with increase in temperature. This was justified with a reason of 
strong chain–chain aggregation due to the increase of intermo-
lecular and intramolecular interaction due to change of the solu-
bility and hydrophilicity of the PPO block. Moreover, this change 
of size exhibited a reversible tendency according to the repetitive 
thermal cycles. Skirtach et al. (2004) reported remote activation 
of capsules containing Ag nanoparticles and IR dye by laser light. 
Ag nanoparticles or IR dye was introduced into the PAH/PSS cap-
sules. A near-infrared continuous-wave laser diode was used dur-
ing release studies. It was found that the release properties were 
dependent on the intensity of the laser beam, absorption prop-
erties of the materials constituting the shell of the capsules, and 

Table 16.2 Thermoresponsive Polymers Used in 
Designing Nanocontainers for Delivery System

Polymer
LCST 
Range (°C) Active Molecule References

Poly(N-isopropylacrylamide) 
(PNIPAAm)

32 Prednisone acetate, 
aminophylline

(Wei et al., 2007; Chen 
et al., 2009)

Poly(N,N-diethylacrylamide) 
(PDEAAm)

25–32 Aminophylline, insulin (Panayiotou and Freitag, 2005; 
Vihola et al., 2008)

Poly(N-vinlycaprolactam) (PVCL) 25–35 Nadolol, propranolol, 
ketoprofen, salicylic acid

(Guo et al., 2010)

Poly[2-(dimethylamino)ethyl 
methacrylate] (PDMAEMA)

50 Paclitaxel (Guo et al., 2010)

Poly(ethylene oxide) (PEO) 85 Paclitaxel (Shahin and Lavasanifar, 2010)

Poly(propylene glycol) 27–31 Methyl orange (Allı and Hazer, 2008)
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their composition. A novel and versatile method of forming cross-
linked self-assembled structures using a combination of ring-
opening and RAFT (radical) polymerization was given by Hales 
et al. (2004). The process encompasses addition-fragmentation 
equilibria superimposed on a normal free radical chain polymer-
ization. This result into formation of polymers with thiocarbon-
ylthio end-groups and a narrow molecular weight distribution 
(Barner-Kowollik et al., 2003). The synthesized nanocontainer 
was comprised of a polylactide core, a cross-linked shell, and a 
thermosensitive corona. During turbidity studies via UV spec-
troscopy, significant changes to the thermal transition behavior 
of the aggregates was observed because of cross-linking (hexan-
diol diacrylate was used as a cross linker). One of the recent stud-
ies depicted cross-linkable PEO-PPO-PEO triblocks as building 
blocks of thermo-responsive nanoshells (Geest et al., 2007). This 
was made possible by shell-cross-linking poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) di-
methacrylate  triblocks.

The near–infrared (IR) laser light (800–1200 nm) is less harm-
ful and has a much deeper penetration depth in tissues than vis-
ible light, and light-responsive capsules have potential for in vivo 
drug delivery. This laser light can then induce structural changes 
in drug-containing vesicles injected in tissues located at the sur-
face of the body (Angelatos et al., 2005). During stimuli genera-
tion the short pulse of IR light is irradiated on the noble metal 
particles (like gold nanoparticles). The irradiation causes energy 
absorption by metal nanoparticles, which transform it into heat, 
which locally disturbs the integrity of the polyelectrolyte capsules. 
Li et al. (2012) reported the photo and pH dual-responsive polydi-
acetylene smart nanocontainer. For this study photo-responsive 
azobenzene derivative/cyclodextrin (AzoeCD) supramolecular 
complex showed the photo activity. Polydiacetylene (PDA) vesi-
cles matrix showed the pH responsiveness.

Recently Swaminathan et al. published a review article on pho-
toresponsive polymer nanocarriers with multifunctional cargo 
(Swaminathan et al., 2014). It demonstrates that encapsulation of 
multiple photoresponsive species with distinct functions within 
the very same polymer nanocontainer/nanocarrier is possible. 
This is because of the solvophobic interactions between the hy-
drophobic domains of the macromolecular components and their 
guests are responsible for these supramolecular events. In an-
other review it was reported that in the case of gold nanoparticles 
used for photothermal effects, thermal stability of the potential 
cargo must be considered due to local heat generation (Fomina 
et al., 2012). Also, there is a requirement to create systems that 
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degrade into small molecules upon irradiation or completion of 
function. These fully degradable systems would be desirable for a 
variety of biomedical applications.

Another physical phenomenon practiced very regularly is use 
of ultrasound triggered drug release. Ultrasound (US) consists of 
pressure waves having frequencies of 20 kHz or greater and is gen-
erated by piezoelectric transducers. Change in voltage applied to a 
transducer results into mechanical displacement of surface that is 
in contact of media (water, gel, etc.). During stimuli generation the 
US transducers needs to be in direct contact with the tissue or skin. 
The air present surrounding should be excluded through the ap-
plication of a fluid such as water or ultrasonic gel. The movement/
mechanical displacement creates physical push and stress in the 
cell walls and tissues. The magnitude is not so strong to disrupt 
the cell membrane unless the gas bubbles are present ( Husseini 
and Pitt, 2008; Schlicher et al., 2006; Nyborg, 2001). Recently, Aw 
and Losic (2013) studied US-enhanced release of therapeutics 
from drug-releasing implants based on titania nanotube arrays. A 
pulsating sonication probe was used to generate stimuli in phos-
phate buffered saline (PBS) at pH 7.2 as the medium. The system 
was found to be advantages as stimulated release can be obtained 
throughout the lifespan of TNT (Titania nanotube). With such a 
study, it is observed that such dug release implant systems can be 
utilized for practical applications of feasible and tenable releases. 
In one of the application of chemotherapy ultrasound activated 
nanoemulsions/microbubbles were used for controlled drug de-
livery (Rapoport et al., 2009). The strategy used during application 
was to inject drug-loaded nanoemulsion that convert into micro-
bubble in-situ under the action of therapeutic ultrasound.

Magnetic materials and their oxides can be incorporated with-
in the nancontainer shells so as to respond to the magnetic field 
for drug delivery applications. When external magnetic field is ap-
plied to the magnetic nanoparticles, the particles could be retained 
within the targeted organ for a specific period. The container en-
capsulating these magnetic particles plays a vital role in delivery 
systems (Banerjee and Chen, 2008). Heated in high frequency the 
magnetic nanocontainer trigger the drug release. One of the stud-
ies reports a potential theranostic approach in cancer treatment 
of bovine serum albumin (BSA)–based magnetic nanocarrier for 
MRI diagnosis and hyperthermic therapy (Franchini et al., 2010). 
The study reported synthesis of novel BSA-based nanocarrier 
containing CoFe

2
O

4
 NPs as a promising nanosystem to perform 

theranostic treatment. The results were monitored using MRI 
in brain and liver of normal rats and hyperthermic treatments 
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in standard human tumor cell line hela cells. For delivery of hy-
drophobic drugs Ding et al. (2012) reported a double- targeted 
magnetic nanocarrier. Solution evaporation technique was used 
to fabricate the nanocontainer (20–60 nm) wherein magnetite 
(Fe

3
O

4
) nanoparticles encapsulated in self-assembled micelles of 

the amphiphilic copolymer MPEG–PLGA [methoxy poly(ethylene 
glycol)-poly(d,l-lactide-coglycolide)]. The nanocontainer was 
found to be highly stable and displayed superparamagnetic be-
havior at room temperature. Nanocontainers were also found to 
be noncytotoxic even after 24 h incubation at a concentration of 
400 µg/mL. Superhigh-magnetization nanocarrier as a doxorubi-
cin delivery platform for magnetic targeting therapy was studied 
by Hua et al. (2011). During nanocontainer formation an aqueous 
stable self-doped poly[N-(1-onebutyric acid)]aniline (SPAnH) was 
used as a nanocontainer shell in order to house a magnetic Fe

3
O

4
 

core. Emphasis on the possibility of obtaining maximum magne-
tization. In the magnetization property the value (89.7 emu/g) was 
found to be more (73.7 emu/g) typical value is than the commer-
cial grade contrast agent used for magnetic resonance imaging 
application. Covalent bonding between the –NH

2
 of DOX and the 

–COOH of nanocontainers was found to be responsible for immo-
bilization of doxorubicin (DOX) to enhance the thermal stability 
of doxorubicin (DOX) and magnetic targeting (MT) efficiency.

One or more causes for failure of a typical coating are wrong 
mechanical damage, choice of coating, misapplication of coat-
ing, defective coating, and exposure to unwanted/unanticipated 
environment (Samadzadeh et al., 2010). Once corrosion starts the 
coating no longer protects the defective zone and paint creepage 
is initiated at the defect and it becomes necessary to provide coat-
ings with ability to repair the defects in an autonomous way and 
provide long-term protection (Tedim et al., 2010). Shchukin and 
Mçhwald (2007) presented a review on self-repairing  coatings con-
taining active nanoreservoirs. The concept of such nanocontain-
er-based systems is based on incorporating corrosion inhibitor, 
which is subsequently released upon mechanical shock/stress/
damage. Fig. 16.4 shows the mechanism where the coating has 
 undergone a mechanical deformation. A scratched or impacted 
coating produces a small rupture on the core of a  nanocontainer, 
causing leakage of corrosion inhibitor. Seepage of inhibitor 
then fills the micro cracks produced because of deformation. 
 Zheludkevich et al. (2005) studied oxide nanoparticle reservoirs 
for storage and prolonged release of the corrosion inhibitors. Dur-
ing the study oxide nanoparticles were used as a reinforcement 
of the hybrid sol–gel matrix and also as a reservoir for corrosion 
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inhibitors. Zirconia was used to absorb the inhibitor ions during 
the preparation procedure and then slowly release them in con-
tact with moisture. The nanocontainers were found to have an 
effective inhibiting effect on the corrosion processes on alumi-
num alloys, suppressing the cathodic reactions. Enhancement of 
active corrosion protection via combination of inhibitor-loaded 
nanocontainers was studied by some authors (Tedim et al., 2010; 
Hodoroaba et al., 2014). Zheludkevich et al. (2005) studied poly-
mer-based polyepoxide (PE) capsules and SiO

2
 based inorganic 

capsules filled with a corrosion inhibitor. The nanocontainers 
formed were synthesized from oil-in-water emulsions as prod-
ucts of polymerization (PE) or polycondensation (SiO

2
) reactions, 

wherein the corrosion inhibitor (2-methylbenzothiazole) is the oil 
phase. Recently Bhanvase et al. (2014)  reported kinetic properties 
of layer-by-layer-assembled cerium zinc molybdate nanocontain-
ers during corrosion inhibition. Cerium zinc molybdate (CZM) 
nanoparticles were used as a core material in the CZM nanocon-
tainer. CZM nanocontainer was prepared by LbL by depositing 
polyaniline (PANI), imidazole, and polyacrylic acid (PAA) layers 
on CZM nanoparticles in the presence of US irradiation. The study 
also showed the presence of US irradiation can accelerate the 
nucleation rate resulting in reduction of CZM nanoparticles size 
and which was found to be 26 nm.  Jafari et al. (2010) reported that 
the polyelectrolyte-coated assemblies such as SiO

2
 nanoparticles, 

halloysite nanotubes, and polyelectrolyte nanocapsules are able 
to successfully transport corrosion inhibitor such as benzotriazole 
in coating matrix. The release of benzotriazole (BTA) was found to 
depend on the polyelectrolyte shell components and the quantity 

Figure 16.4. Self-healing coating mechanism of corrosion inhibitor form nanocontainers: nanocontainer loaded with 
inhibitor and the point of rupture due to mechanical shock. (a) Broken nanocontainer spilling the loaded inhibitor in 
the region of microcracks; (b) inhibitor layer formation onto the metal surface (c).
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of BTA. Corrosion inhibitor release rate followed the sequence of 
PAH/PSS + PMA > PAH/PSS > PAH/PMA.

5.3 Biological Stimuli for Release and Targeting: 
Enzyme Triggering, Receptor Implementing Triggering

In case of disease or injury, a particular biological system 
 secretes a specific enzyme. Such secretion can then be used to 
trigger the drug release in the biological system. A biologically 
relevant molecule or phenomenon can be used in order to pro-
duce biological stimuli. The enzyme secretion is generally spatial 
and temporal and this can be used as a stimulus for the nano-
container. Some studies report use of hydrogel for spatial deliv-
ery of proteins (Williams et al., 2011). Wen et al. presented the 
controlled protein delivery based on enzyme-responsive nano-
capsules (Wen et al., 2011). During study, bovine serum albumin 
(BSA) and vascular endothelial growth factor (VEGF) were used 
as the model proteins. During release studies it was found that, 
in the presence of plasmin, nVEGF (protein nanocontainer) deg-
radation leads to release of the encapsulated VEGF. In one more 
study, hyaluronic acid (HA)-based nanocapsules containing the 
antimicrobial agent polyhexanide were specifically cleaved in the 
presence of hyaluronidase (Baier et al., 2013). For release study, 
a model dye and the antimicrobial polyhexanide was monitored 
using fluorescence and UV spectroscopy. Mesoporous silica 
nanoparticles coated with molecular valves having an ester-linked 
stopper and the other with an amide-linked stopper, were used  
to deliver a tracer dye (Rhodamine B) (Patel et al., 2008). Subse-
quently, Park et al. (2009) studied enzyme responsive nanocon-
tainers with cyclodextrin gatekeepers and synergistic effects in 
release of guests. Stimuli-responsive gatekeepers were introduced 
onto the stimuli-responsive silica nanoparticles. Cyclodextrin 
(CD) gatekeepers and two enzymes (α-amylase and lipase) were 
used during the study. First the silica nanoparticles (∼60 nm) were 
functionalized with amine groups by treatment with 3-aminopro-
pyltriethoxysilane to obtain Si-MP-NH

2
, which was then allowed 

to react with propargyl bromide to provide Si-MP-alkyne. Further 
Yang et al. (2012) reported the enzyme-responsive  nanocontainer 
as an intelligent signal-amplification platform for a multiple pro-
teases assay. It was found the addition of protease to the substrate 
solution induces pore opening with the subsequent release of 
the entrapped dyes. The results seem promising in order to use 
in the diagnosis of protease-related disease and screening of 
 potential drugs with high sensitivity in a high throughput way.
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6 Case Study
Various fields such as cosmetics, foods, medicine, tobacco, 

textiles, leather, paper making, and so on primarily employ fra-
grance and aromas at large. These fragrant/perfume molecules 
are obtained from natural sources and are volatile in nature. Most 
volatile fragrance materials are easily lost during the manufac-
ture, storage, and use of the perfumes or the perfumed consumer 
products (Xiao et al., 2014). We recently attempted to encapsu-
late and deliver the fragrant molecules within the hollow lumen 
of a halloysite nanocontainer (Ghodke et al., 2015). The purpose 
was to safeguard the volatile fragrant molecule and provide pH 
responsive delivery system. The attempts were successful in em-
ploying hollow lumen for housing the fragrance molecules and the 
polyelctrolyte coating provided adequate sensitivity within vari-
ous pH environments. The nanocontainers were found to be pH 
responsive and the responsive nature was analyzed in the range 
of pH 3–7. The structural analysis of nanocontainer indicated 
that the container material is essentially aluminosilicate clay with 
surface morphology indicating outside diameter in the range of 
30–50 nm, 15 nm lumen, and length equal to 800 ± 300 nm.

The fragrance release studies were obtained in a batch mode. 
In a typical batch 1 g of loaded nanocontainers were added to 
deionized water of desired pH. Fig. 16.5 release rate of perfume 
molecules from halloysite nanocontainers. The release from these 
containers was found to be consistent. The results indicate that 
the release rate of perfume molecules increased with respect to 
time and gets stabilized. This behavior is because of decrease in 

Figure 16.5. Release rate of perfume molecules from halloysite nanocontainers.
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diffusion rate of perfume with decrease in concentration gradi-
ent with respect to exposure time. The release rate of perfume was 
found to increase from 1.62 to 3.86 mg/L per g of nanocontainer.
min with decrease in pH from pH value from 7 to 3. Also at lower 
values of pH increased repulsion between moieties was produced 
in the inner lumen causing increase in the amount of fragrance 
release.

7 Future Prospects
A wide variety of stimuli responsive nanocontainers are available 

for regulating the permeability, attachment and targeting, encap-
sulation, and release of active molecules. Efforts are made to avoid 
unwanted environment by protecting vulnerable active molecules 
from degradation by light or by enzymatic attack in their passage 
through the digestive tract. According to Barratt (2000), nanocon-
tainers can increase the therapeutic efficacy of active molecules 
because their biodistribution follows that of the carrier, rather than 
depending on the physicochemical properties of the active mole-
cule itself. The nanocontainers formed in the range of 250–500 nm 
can be injected directly into the systemic circulation without the 
risk of blocking blood vessels (Barratt, 2000;  Mora-Huertas et al., 
2010; Letchford and Burt, 2007). Formation of polymeric nanocon-
tainers is relatively simple and easy but the stability and structural 
integrity is to be controlled by varying the degree of cross-linking. 
For these polymeric nanocontainers, biocompatibility and biode-
gradability has been analyzed as an imminent challenge for drug 
delivery systems. The hollow spherical polymer nanocontainers 
are found to have greater ability to encapsulate large quantities 
of guest molecules or large-sized guests within the “empty” core 
domain as compared to polymer microspheres or micelles (Chen 
et al., 2004). During polymeric nanocontainer formation the cova-
lent or ionic interactions provides sufficient mechanical strength 
as compared to polymer vesicles.

Many times the strategy to design a nanocontainer depends 
upon the physicochemical characteristics of cargo, particularly its 
solubility and the therapeutic objective of nanocontainer admin-
istration, for example, the route chosen and drug release profile 
(Mora-Huertas et al., 2010). Another major challenge in nano-
container synthesis is the identification of formulation strategies 
that enhance the circulation time of cargo, thus allowing them ad-
equate time to reach targeted sites. Also many biological delivery 
applications require capsules of size less than 50 nm with a narrow 
size distribution (Motornov et al., 2010). One of the most prom-
ising candidates in this regard is LbL assembly. They have been 
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found to be responsive to a large range of different stimuli, both 
chemical and physical. Substantial efforts have been taken in de-
velopment of multilayers with responsiveness to multiple stimuli. 
However in vivo drug release studies has only tentatively been ex-
plored but has recently received more and more concern (Wohl 
and Engbersen, 2012). The nanocontainer designed has particular 
material requirements, for example, specific charge densities. The 
template based LbL methodology is another method of forming 
nanocontainer but has a shortcoming of getting the final con-
tainer size in the micrometer scale. An increasing amount of re-
search is ongoing for using halloysite nanocontainer for delivery 
systems. Halloysite is found to possess negative electrical poten-
tial of c. –50 mV, which allows halloysite good dispersibility and 
colloidal stability in water and is nontoxic up to concentrations 
of 75 µg/mL (Vergaro et al., 2010). For using halloysite for encap-
sulation, one fact to be noted is that the surface hydroxyl groups 
and external surface siloxane (Si–O–Si) groups only have weak 
interactions with guest molecules through hydrogen bonding or 
Van der Waals forces, which limits the loading of guest molecules 
(Tan et al., 2013; Aguzzi et al., 2007). Also it is practically possible 
to modify halloysite surface with specific functional groups. Some 
efforts have been put forward to increase the hollo lumen of hal-
loysite by changing the physicochemical properties, structure, 
and morphology (Abdullayev et al., 2012). However sufficient re-
search on surface area increment and host-guest interaction is yet 
to come to offer different examples.

Silica-based nanocontainers are reported to have a large sur-
face area (>900 m2/g) tuned from 50 to 300 nm allowing a facile 
endocytosis by living animal and plant cells without any signifi-
cant cytotoxicity (Slowing et al., 2008). More and more in vivo 
studies related to circulation properties in blood, possible immu-
nogenicity, and accumulation are necessary to come to valuable 
conclusions. Use of ultrasound not only produces emulsions but 
also induces the cross-linking of protein molecules adsorbed at 
the surface of oil. Ultrasound improves the mobility of droplets in 
the emulsion; this causes increased chances of bigger droplets to 
being close to the sound-emitting surface of the ultrasonic probe 
wherein big droplets are easily broken to small (nanoscale) drop-
lets (Han et al., 2010). Ultrasonic protein nanocontainers proved 
to be having good biocompatibility having features such as higher 
loading capacity and multistage controlled release. Plenty of op-
portunities in these kinds are available. One may look over the 
possibility of use of inorganic substrate to develop the bottom 
approach for building responsive nanocontainer. However, this 
becomes difficult because of the absence of functional groups for 
selective binding.
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Photo-triggered nanocontainers are also of interest because 
of ability to apply at with extremely high spatial and temporal 
precision. These nanocontainers are designed to respond to UV 
or visible light. However, the application is found to have limited 
use, such as in the field of cosmetics (topical applications) where 
stimulus penetration is not necessary (Swaminathan et al., 2014). 
One should also be aware of detrimental effects of short length-
high energy irradiations. This can be overcome by a system that 
is sensitive to NIR (near infrared region) light. More efforts in de-
sign and synthesis of such systems are needed. Another method 
that is harmless is use of ultrasound to trigger the release. It has 
the advantages such as the absence of ionizing radiations, and the 
facile regulation of tissue penetration depth by tuning frequency, 
duty cycles, and time of exposure (Mura et al., 2013). Ultrasound- 
triggered drug delivery systems have strong potential; however, 
many of the systems reported in literature are still in the early 
stage of development. Encapsulation of functional food is still 
performed at lower levels (1–5%); this is because of the encapsula-
tion data and feasible encapsulation scale-up techniques (Verica 
ðordevic, 2014).

8 Conclusions
In a variety of industrial applications the need for smart and 

innovative nanocontainer delivery system has become critical. 
From the present literature analysis, we find that a wide range of 
nanocontainer modalities for responsive release have been de-
veloped. It is very much necessary to understand the principles 
and underlying mechanisms of these stimuli so as to develop re-
sponsive nanocontainers for delivery of active molecules. Con-
tainer materials and the release phenomenon are the two major 
aspects that pose a real challenge to the researchers. The present 
study highlights the various materials used for fabrication of the 
nanocontainer and the mechanisms that play a role in bringing 
about the responsive release. Although various nanocontainer as-
semblies are reported with great flexibility in the design, most of 
the studies report in vitro release studies and a very few report in 
vivo releases. Sometimes, the complexity of designing a nanocon-
tainer makes it difficult to scaling up and hence has a limited prac-
tical use. Hence simpler the architecture of the system better the 
chances of scale up and practical use. With this one should look af-
ter the good mechanical stability, reproducibility and responsive-
ness to various stimuli so as to get the prolonged release. All the 
results and discussions reported in the literature are promising 
and encouraging but still needs more systematic and fundamental 
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investigations. The nanocontainer for delivery system could find 
potential applications in corrosion protection, personal care, drug 
delivery, intelligent catalyst, and so forth.
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718  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

1 Introduction
Cyclodextrins (CDs) belong to a wide group of low-molecular 

mass organic compounds classified as macrocycles or donut-
like compounds, due to their three-dimensional shape. In 1891 
Villiers published the paper describing methodology of starch 
digestion by Bacillus amylobacter culture and isolation of crystal-
line substance (3 g of pure target compound from 1 kg of starch) 
(Villiers, 1891). He discovered that this substance, which was char-
acterized by molecular composition (C

6
H

10
O

5
)

2
 × 3H

2
O, was stable 

under acid hydrolysis conditions and did not posses reducing 
properties. He named this substance cellulosine. Moreover, he de-
scribed two distinct crystalline forms of this substance, that to our 
present knowledge were very likely alpha and beta-cyclodextrins 
(α-, β-CD), composed of six and seven glucopyranose units. Fun-
damentals of cyclodextrins chemistry were laid down a few years 
later, mainly by Schardinger, which described the analytical pro-
tocol for distinguishing of α-dextrin from β-dextrin using iodine 
reaction resulting with different colors of thin layers containing α- 
or β-dextrin/iodine complexes (Schardinger, 1911; Szejtli, 1998). 
Cyclic structure of pure dextrins fractions composed of maltose 
units containing only α-1,4-glycosidic linkages was hypothesized 
in 1936 (Freudenberg et al., 1936). A few years later the chemical 
structure of native dextrins named α-, β- cyclodextrin was finally 
recognized and next the molecule (γ-cyclodextrin) was discovered 
(Freudenberg and Cramer, 1948; French, 1957). Chemical structure 
of congeneric series of native cyclodextrins and general scheme 
of their biosynthesis involving cyclodextrin glucosyltransferase 
(an enzyme that is present in several microorganisms including 
Bacillus macerans, Klebsiella oxytoca, Bacillus circulans, or Alkalo-
phyllic bacillus; Szejtli, 1998) from the starch natural polymer are 
presented in Figs. 17.1 and 17.2, respectively.

With the beginning of the 1950s the inclusion properties 
of cyclodextrins were recognized and extensively investigated 
(Cramer, 1954). This research, which is based on host–guest 
supramolecular complexes formations involving native cyclodex-
trins or CDs dertivatives (acting as the host molecules) and pleth-
ora of low-molecular mass organic chemicals (guest molecules) is 
still dominating all the aspects of cyclodextrins chemistry, physics 
as well as analytical, medical, and industrial applications.

From a practical point of view three native cyclodextrins (α-, β-, 
γ-CD) and their derivatives are most extensively investigated. They 
are homogonous, can be easily extracted resulting with high pu-
rity crystalline products and relatively nonexpensive (particularly 
β-cyclodextrin and its hydroxypropyl derivatives). Cyclodextrins 
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are water soluble and due to the polar hydroxyl groups location 
(outside of the donut surface) the internal cavity is relatively non-
polar in comparison to different water nonsoluble macrocycles, 
for example, calixarenes (Fig. 17.3).

Dimensions of the cyclodextrin cavity increase with the num-
ber of glucose units in the macrocyclic ring (0.47–0.53, 0.6–0.65, 

Figure 17.1. Chemical structure of native cyclodextrins: congeneric series composed of 6–9 maltose units.

Figure 17.2. Enzymatic synthesis of cyclodextrin from starch polymer.
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and 0.75–0.83 nm for α-, β- and γ-CD, respectively). However, 
it is noteworthy to say that the height of the cavity remains the 
same for all of them. Generally, the ability of macrocycles to form 
a host–guest (inclusion) complex with external (guest) molecule 
is a function of two critical factors. The first key factor is steric 
and depends on relative size/shape of the cyclodextrin cavity to 
the size/shape of interacting guest molecule. Without particular 

Figure 17.3. Polarity distribution within cyclodextrin and calixalene structures.
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size and shape of the guest molecule, the proper fit into the cy-
clodextrin cavity is not possible. The second key factor involves 
the thermodynamic interactions between components of the 
cyclodextrin-guest-solvent system. Successful complex formation 
requires favorable net of electrostatic driving force that pulls the 
guest molecule into cyclodextrin cavity and to remove from this 
space already included guest molecules, especially solvent mol-
ecules (Lamparczyk, 1985; Lamparczyk et al., 1987; Lehn, 1995).

The key physicochemical parameter limiting number of ana-
lytical, medical and industrial applications is CDs solubility in 
water. Particularly, α- and γ-cyclodextrin is one order of magni-
tude more soluble than β-cyclodextrin. Solubility of cyclodextrins 
is strongly affected by the presence of organic cosolvents (eg, de-
creasing with methanol addition or increasing with several organ-
ic liquids at given concentration range like ethanol, acetonitrile or 
solid additives including urea) as well as temperature (Fig. 17.4) 
(Chatjigakis et al., 1992; Zarzycki et al., 2006).

The great interest in cyclodextrins applications, which is ob-
served over the last decades in analytical chemistry, medicine, 
pharmacy, cosmetology, and the food industry, particularly in com-
parison to other macrocyclic compounds, is due to several sub-
jects that were highlighted in a number of books and experimental 
as well as review papers (Szejtli, 1982; Szejtli, 1983; Duchene, 1987; 
Lehn, 1995; Szejtli, 1998; Hedges, 1998; Uekama et al., 1998):
1. Cyclodextrins can be produced in large amounts from natural 

and nonexpensive materials like starch via simple green chem-
istry protocols.

2. Host–guest complexes involving CDs can significantly modify 
the physicochemical properties of initial guest molecules, for 
example, increasing solubility and bioavailability that is the 
key issue in food and pharmaceutical industry.

3. Stereoselective interaction (CDs are chiral molecules) with 
target substances can be conveniently controlled by simple 
factors including pH, temperature, and the presence of low-
molecular mass additives. This enables a number of analytical 
applications of these macrocycles and their derivatives.

4. Cyclodextrins are basically nontoxic if delivered per os in rea-
sonable amounts and therefore, they can be consumed by the 
humans as food or can be used as cosmetics ingredients.
Generally, the modern applications of cyclodextrins are as fol-

lows: (1) in analytical chemistry, as selective and chiral complex-
ation agents, improving fluorescence, absorbance, electrochemi-
cal reactions and chromatographic separation; (2) in cosmetology, 
as protective active ingredients in perfumes; (3) in food industry, 
as, for example, the medium for removing cholesterol from egg 



722  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

and dairy products; and (4) in medicinal and pharmaceutical 
chemistry, enabling molecular encapsulation as well as increasing 
solubility of target chemicals and drugs in water. According to the 
literature search through the Web of Science databases, the num-
ber of research papers focusing on industrial applications of cy-
clodextrins associated with pharmaceuticals, food products, and 
cosmetics is systematically increasing (Fig. 17.5).

2 Cyclodextrins and Their Complexes
As is evident in the picture presented in Fig. 17.3, the interior 

of cyclodextrin cavity is relatively nonpolar. It is formed by a circu-
lar configuration of hydrogen atoms and glucoside oxygen atoms, 
while all the hydroxyl groups are located outside of the macrocyclic 
structure. This particular 3D structure strongly affects solubility of 

Figure 17.4. Solubility of various cyclodextrins in water and binary solvents 
(mole fraction Xs=0.16) at different temperatures. Source: Data published by 
Chatjigakis et al. (1992), Zarzycki et al. (2006).



 Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION  723

Figure 17.5. Comparison of the manuscripts number associated with topics: 
cyclodextrin in (a) pharmaceuticals, (b) food, and (c) cosmetics, respectively, that 
were published up to 2014 (according to Web of Science database).



724  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

their inclusion complexes, and usually CDs complexes even with 
nonpolar guest organic compounds are more soluble in water. The 
main advantage of CD complexation is that this process is highly 
stereoselective. Cyclodextrins molecules working as active compo-
nent of chromatographic stationary or mobile phases can selective-
ly recognize given low-molecular mass enantiomers, for example, 
polycyclic aromatic hydrocarbons, steroids, and their derivatives 
(Sybilska et al., 1993; Lamparczyk et al., 1994; Zarzycki et al., 2008).

The development of food, cosmetic, or pharmaceutical indus-
tries, where very often volatile, slightly soluble (eg, in human body 
fluids) compounds are used, demands application of newly invent-
ed substances or their mixtures that increase durability of edible 
products and availability of bioactive substances from pharma-
ceutical formulations. Cyclodextrins were recognized as nontoxic 
encapsulation candidates that may complex hydrophobic com-
pounds, causing an increase of their solubility in hydrophilic sol-
vents. Many compounds (eg, pesticides) in a humid environment 
are released from the CD torus, hence their use in the agronomy 
(Ramos-Campos et al., 2015). It should be highlighted that de-
spite of long-term extensive research, the detailed mechanism of 
the host–guest supramolecular complexes formation based on 
cyclodextrins guest molecules, particularly in multicomponent 
liquid phase environment, as well as properties of such complexes 
are still not exactly known (Zarzycki and Lamparczyk, 1998; Głód 
et al., 2000). As can be seen from the pictures presented within 
Fig. 17.6, even considering very simple system (water solution of 
β-cyclodextrin at room temperature) the results of supramolecular 
interaction between CD and inert gas (n-hexane) molecules can be 
surprising. Under such conditions within a few seconds after gas 

Figure 17.6. Solid host–guest complex formation between n-butane and 
β-cyclodextrin molecules in water at room temperature. Experimental data 
provided by P.K. Zarzycki.
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injection through the small pipe located within the solution, the 
nonsoluble complex of β-cyclodextrin and n-butane molecules 
can be observed and isolated. By replacing native β-cyclodextrin 
with its hydroxypropyl derivative a solid complex cannot be gener-
ated. There is a similar result if n-alkane molecules are replaced by 
their n-alcohol derivative.

For many industrial applications the cyclodextrins as encap-
sulation agents must act in a more complex environment, in-
cluding a number of host–guest competitive substances: mainly 
low-molecular mass organic additives. Therefore, prediction of 
host–guest complexes stability with target molecules can be diffi-
cult. As an example we may consider a still relatively simple chro-
matographic system, which is composed of octadecylsilane (C18 
n-alkane) stationary phase (chromatographic plates) and binary 
mobile phases consisting of water and organic additive (acetoni-
trile, methanol). Native β-cyclodextrin, its methyl derivative and 
very well soluble in water hydroxypropyl derivative are selected as 
the chromatographic analytes. According to planar chromatogra-
phy principles the strong interaction of chromatographed com-
pounds with stationary phase results with R

F
 values less than 0.1 

(in such a case an analyte spot is located close to the start line) 
and weak interaction is observed if analyte migrates close to the 
mobile phase front (R

F
 > 0.9). As can be seen from the retention 

profiles presented in Fig. 17.7, the composition of mobile phase 
is spectacularly changing the cyclodextrins retention, particularly 

Figure 17.7. Retention profiles of β-cyclodextrin and its methyl as well as 
hydroxypropyl derivatives using n-alkane stationary phase (low carbon load 
octadecylsilica–water tolerable layer) and whole range (0–100%) binary mobile 
phases acetonitrile/water and methanol/water, according to data published by 
Zarzycki et al. (1995, 1997, 1999).
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if acetonitrile is used as the mobile phase additive. Interestingly, 
there is no massive difference in retention between low soluble 
native β-cyclodextrin and its very well soluble in water hydroxy-
propyl derivative. In contrast, methyl derivative shows completely 
different chromatographic behavior despite of mobile phase com-
position, except pure water and pure acetonitrile, where all CDs 
are strongly retarded by stationary phase, despite their solubil-
ity. This illustrates the fact that host–guest complexes formation 
based on cyclodextrins can be significantly affected by a number 
of factors and prediction of complex stability may be fairly difficult 
for samples composed of multicomponent liquid matrix, which is 
typical for food products or pharmaceutical formulations.

In spite of sample composition problems some of the 
cyclodextrins-based complexes have been recognized as the tem-
perature supersensitive objects (Zarzycki and Lamparczyk, 1996). 
This phenomenon is illustrated in Fig. 17.8, where thermochromic 
properties of alkaline solution of β-cyclodextrin and phenolphtha-
lein (PP) are shown. At subambient temperature, CD-PP complex 
is almost colorless (association constant K

1:1
 = 152,000, calculated 

at 0°C), while at elevated temperature, addition of cyclodextrin  

Figure 17.8. Termochromic solution composed of β-cyclodextrin-
phenolphthalein host–guest complex (right bottles) and reference solution 
consisting of alkaline phenolphthalein solution without CD additive (left bottles) 
at temperatures 0°C (top), 40°C (middle), and 100°C (bottom).
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does not strongly affect the phenolphthalein purple color inten-
sity (K

1:1
 = 769 for 100°C) (Zarzycki and Lamparczyk, 1998). Re-

ported above stoichiometric proportion and binding constants 
K were calculated from spectrophotometric data using Scott’s 
approach involving Eq. (17.1) (Scott, 1956; Ikeda et al., 1975;  
Connors, 1987):

C A C C C K/ /( ) 1/( )-CD -CD PP PPε ε∆ = ⋅∆ + ⋅∆ ⋅β β 
(17.1)

where: Cβ-CD
 and C

PP
 are the total molar concentrations of 

β-cyclodextrin and phenolphthalein, respectively, while ∆A is the 
change in absorbance after addition of β-cyclodextrin (∆A = A

PP
 

Aβ-CD•PP
), K is the binding constant and ∆ε is the difference of the 

molar absorbance for free and complexed phenolphthalein. If 
resulting plot of Cβ-CD

/∆A against Cβ-CD
 yields a straight line, the 

1:1 complexation stoichiometry can be expected. According to 
Fig. 17.8 the phenolphthalein alkaline solution without CD addi-
tive remains purple in all temperatures investigated.

Described phenomenon can be strongly disturbed by competi-
tive interaction with low-molecular mass molecule like tetrahy-
drofuran (THF). In a water environment, a small amount of THF 
addition may permanently block the cyclodextrin cavity for other 
host molecules and CD-PP complex cannot be formed (Zarzycki 
and Lamparczyk, 1998). Competitive interaction with cyclodex-
trin cavity is particularly significant for molecules containing long 
n-alkanes chains, that was previously demonstrated using chro-
matographic experiment involving C-18 stationary phase, con-
sisting of long n-alkanes structures (Fig. 17.7).

Based on the previously mentioned phenomenon number of 
chromatographic protocols for efficient multiple separation of 
steroids stereoisomers from complex biological materials includ-
ing blood and plasma as well as environmental samples derived 
from surface waters, treated and untreated sewage waters, or acti-
vated sludge extracts were established (Zarzycki and Smith, 2001; 
Clifton et al., 2007; Zarzycki et al., 2009). Principles of temperature-
dependent inclusion chromatography can be illustrated through 
the scheme within Fig. 17.9, where retention profiles of (I) target 
analyte (chromatographed using plain binary mobile phase with-
out cyclodextrin), (II) target analyte interacting with cyclodextrin 
acting as the host additive and (III) free complexing agent (under 
conditions, in which CD is not retarded by stationary phase due to 
proper selection of binary mobile phase components for example, 
using optimization graph from Fig. 17.7) are visualized at different 
temperatures (Lamparczyk et al., 1994; Zarzycki and Smith, 2001). 
It has been discovered that the chromatographic retention of a 
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number of steroids and related compounds is strongly influenced 
by temperature when the mobile phase is modified with cyclo-
dextrin. At a wide range of subambient temperatures investigated 
the retention of cyclodextrin is significantly lower than the reten-
tion of target analytes chromatographed using an unmodified 
mobile phase. The experimental data indicates that retention of 
inclusion complexes can be varied between two lines formed by 
the Van’t Hoff plot of the cyclodextrin and the Van’t Hoff plot of 
the uncomplexed solute. The deviation magnitude from the line 
I presented in Fig. 17.9 and temperature in which the deviation 
begins depends on the target molecule stereochemistry and cy-
clodextrin cavity shape/size. It is noteworthy to say that at subam-
bient temperature the retention of target analyte can be shorter 
than retention of uncomplexed analyte at elevated temperature, 
which is uncommon for classical chromatographic system involv-
ing binary mobile phases.

The widespread use of cyclodextrin has led to a number of 
methods that are used to study the properties of their complexes 
including high-performance liquid chromatography (Lamparczyk 
and Zarzycki, 1995; Zarzycki et al., 2008; Wantusiak and Głód, 2012), 
UV-Vis spectrophotometry (Zarzycki and Lamparczyk, 1996; Zar-
zycki and Lamparczyk, 1998; Filipský et al., 2013), IR, 1H, and 13C 
NMR spectroscopy (Chandrasekaran et al., 2015) as well as fluo-
rescence, circular dichroism (Soumitra and Suresh, 2015), differ-
ential scanning calorimetry, laser Raman spectroscopy, scanning 
electron microscopy (Krishnaswamy et al., 2012), X-ray diffraction 
(Poorghorban et al., 2015), AFM (Ramos-Campos et al., 2015), con-
ductometry, viscosimetry (Ali et al., 2015), cyclic and differential 

Figure 17.9. General scheme illustrating principles of temperature-dependent 
liquid chromatography. The lines and curve represent retention profiles observed 
under column liquid chromatography conditions for target analyte in different 
temperatures using binary mobile phase (I), analyte interacting with cyclodextrin 
applied as complexation agent (II), as well as cyclodextrin that is nonretarded by 
stationary phase under selected mobile phase conditions (III), based on steroids 
and β-cyclodextrin. Source: Data published by Zarzycki and Smith (2001).
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pulse voltammetry or polarography (Ferreira et al., 2010; Głód 
et al., 2014). These analytical techniques based on different work-
ing principles allow to determine the key physicochemical pa-
rameter reflecting supramolecular interaction—the complexation 
constants—and to examine the effect of such interaction on the 
properties of the formed complexes. Worthy of note, the electro-
chemical techniques are used when a “guest” molecule has no 
chromophoric groups.

During the examination of complex compounds the two types 
of stability constants of complexes, kinetic and thermodynamic, 
are considered. Thermodynamic stability determines the com-
pound’s tendency to stay in the thermodynamic stability state. 
The thermodynamic stability constant, K, depends on the en-
thalpy and entropy of the system. The higher its value the more 
stable is the complex. The kinetic stability is expressed by the rate 
of complexation reactions.

Thermodynamic stability constant can be determined using, 
for example, the absorption spectroscopy (Naseri et al., 2007). 
The complexation constant can be calculated from the Benesi-
Hildebrand equation (17.2). The equation was derived for the 
complexes of the 1:1 stoichiometry, assuming that one of the 
reactants is present in large excess (Benesi and Hildebrand, 1949; 
Filipský et al., 2013; Liu et al., 2013). The measurement of the ab-
sorption are performed twice, before and after the complexing 
reaction. In such case the K value can be computed based on the 
following equation:

A G K G H
1 1

[ ]
1

[ ] [ ]0 0 0ε ε∆
=

∆
+

∆ 
(17.2)

where: ∆A, difference between the absorbance of the “guest” mol-
ecule compound and its complex with the “host” (cyclodextrin)l; 
[G]

0
, concentration of included compound; [H]

0
, concentration of 

cyclodextrin; K, complexation constant; ∆ε, difference between 
the absorption coefficients.

Complexation constant can be also determined from the NMR 
chemical shifts, using a modified Benesi-Hildebrand equation 
(17.3), assuming the fact that the magnetic properties of com-
pounds result from the presence of unpaired electrons or mag-
netic nuclei in their molecules:

K CD
1 1 1

[ ]
1

C C0δ δ δ∆
=

⋅∆
⋅ +

∆ 
(17.3)

where: ∆δ, difference between chemical shifts of the tested com-
pound and complex; ∆δ

C
, difference between chemical shifts of 



730  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

the test compound and cyclodextrin; [CD], concentration of cyclo-
dextrin. Advantage of this approach is that the changes in proton 
chemical shifts of guest and host molecules allow researchers to 
determine the structure of the complex created (Dias et al., 2008).

3 General Information about Free Radicals
The human body is exposed to free radicals generated under 

the influence of many internal or external (environmental) fac-
tors. Recently, the increased interest in free radicals is observed. 
Thus, the compounds neutralizing their action, namely the free 
radical scavengers, usually identified with antioxidants, are also 
intensively investigated (Głód et al., 2009). Compounds charac-
terized by antioxidative properties are used as food additives and 
dietary supplements.

The term “free radicals” refers to molecules, atoms, or ions, 
which are capable of independent existence and have at least 
one unpaired electron. The last parameter determines paramag-
netic properties of radicals. Free radicals, in general, are char-
acterized by high reactivity. Their reactivity is caused by their 
tendency to join or get rid of the excess electron (Głód et al., 2000; 
Halliwell, 2012).

Approximately one quarter of the Earth’s mass falls on oxygen. 
The original Earth’s atmosphere was a mixture of gases charac-
terized by reducing properties. The free oxygen in the molecular 
form first appeared on the Earth with the development of pho-
tosynthetic organisms, around 2 billion years ago. At the end of 
the Precambrian interval (560 million years ago, approximately) 
the increased concentration of oxygen caused the extinction of 
more than 99% of living organisms. Oxygen dissolved in water 
was necessary for the appearance and further development of 
higher organisms (eukaryotes and multicellular). During oxygen 
reduction, the so-called reactive oxygen species (ROS) were pro-
duced. Besides oxygen-free radicals ROS include, among others, 
singlet oxygen or hydrogen peroxide. As the source of reactive 
oxygen species may be external or internal factors. The internal 
factors include, among others, mitochondrial respiratory chain, 
some of enzymatic reactions or immune cells. External factors 
include, for example, ionizing or UV radiation, ultrasounds or 
toxic compounds, like cigarette smoke. Free radicals are involved 
in some functions of a living organism, such as the regulation 
of metabolism or supporting of the immune system. Howev-
er, above certain concentrations radicals can damage the cell 
membranes, DNA molecules and contribute to the carcinoma 
formation (Głód et al., 2009).
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4 Antioxidants
Some of free radicals adversely affect the human body. They are 

removed from biological systems and living organisms by the free 
radical scavengers or antioxidants. Antioxidants are substances 
that in low concentrations, compared with the oxidized compound, 
inhibit or retard the oxidation of this compound. Concentration of 
the antioxidants decreases with the organism age or as a result of 
various diseases. This deficiency can be supplemented, for exam-
ple, with food. The most important antioxidants include ascorbic 
acid (vitamin C), α-tocopherol (vitamin E), melatonin, beta-caro-
tene and the polyphenolic compounds, in particular, flavonoids.

The flavonoids comprise a large group of polyphenolic com-
pounds characterized by a 15-carbon skeleton. They consist of two 
aryl groups and heterocyclic ring with the oxygen atom (Sokolová 
et al., 2012). There are six main classes of flavonoids: flavones, flavo-
nols, flavanones, flavanols, isoflavones, and anthocyanidins. They 
are the plant pigments that are mainly found in flowers, leaves, 
fruits, and stems. Mostly, they impart yellow color, while anthocya-
nins impart hues between red and blue. These colors depend on 
the pH and the presence and concentration of metal ions. They are 
produced in response to damage to the plant stress or UV radiation. 
Such substances are commonly presented in a number of food 
products like grapes, green tea, cabbage, tomatoes, and onions.

Many flavonoids are strong antioxidants. Their antioxidant 
activities are mainly due to the presence of hydroxyl groups in 
compound. They depend on their number and location. In partic-
ular, the two hydroxyl groups in ortho or para positions determine 
the extremely strong antioxidative properties of the compound. 
The antioxidant activities (reduction of free radicals) of the flavo-
noids are based on the cleavage of hydrogen atom from the hy-
droxyl group. Flavanoids are oxidized to phenoxy radicals, which 
are stabilized by resonance structures. The greater the number of 
these structures, the more stable the radical that is formed; flavo-
noid is characterized by the stronger antioxidant properties. Thus, 
double bonds, hydroxyl, and carbonyl groups increase the num-
ber of mesomeric structures and increase the antioxidant proper-
ties of the compound. Phenolic compounds can also transfer the 
electrons and chelate the transition metals. Moreover, they en-
hance the effects of other antioxidants and protect them.

Antioxidative properties of flavonoids are caused mainly by the 
reductive properties of hydroxyl groups (in particular, a catechol 
group) in the ring B. Another mechanism involves the complex-
ation of transition metals, which prevents the production of free 
radicals (De Souza and De Giovani, 2005). It was shown that the 



732  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

complexed flavonoids were better DPPH radical scavengers than 
the corresponding flavonoids (Dias et al., 2008). Similar results 
were obtained using cyclic voltammetry (CV). The CV data show 
a considerable decrease of the oxidation potentials (De Souza and 
De Giovani, 2005) of the complexes in comparison to the flavo-
noids. It means the flavonoid-metal complexes are more effective 
antioxidants than the flavonoids.

5 Analysis of Antioxidants
Antioxidants can be determined chromatographically (by 

HPLC, high-performance liquid chromatography, or by TLC, thin-
layer chromatography), electroanalytically (potentiometrically or 
using one of voltammetric techniques) spectrophotometrically, 
and so forth (De Rijke et al., 2006). The samples often contain a lot 
of antioxidants of different powers and concentrations. The weak 
antioxidants are frequently present in high concentrations. They 
can react with each other or act synergistically. Finally, the sample 
composition is often unknown (eg, a newly discovered herb or 
medicines or blood samples of a patient with an unusual illness). 
It turned out that in such cases much more information is ob-
tained by measuring the total antioxidant potential (TAP). In the 
literature there are a number of other names, like total antioxidant 
capacity, activity, reactivity, and so forth (Głód et al., 2000). The 
measure of TAP is the sum of all antioxidants in a given sample, of 
the products of their concentrations (c

i
) and the reaction rate con-

stants with the corresponding radical (k
i
) (Głód et al., 2009):

k ci i
ii

∏∑=TAP
 

(17.4)

From the point of view of the measurement mechanism TAP can 
be divided into the method (1) based on the transfer of hydrogen 
(HAT), (2) a single electron (SET) or (3) the intermediate methods.

The TAP assay techniques can be divided into direct (eg, po-
tentiometric or voltammetric) and indirect. In the indirect ones, 
the sample reacts with a stable or produced by enzymatic, redox, 
photo-, thermo-, electro- or radio-chemical reaction radicals 
(Malinka et al., 2003). The reaction can be monitored by analyzing 
the change of the radicals’ concentration. If it is not possible, then 
so-called sensor (spin trap) is added to the reaction mixture (Głód 
et al., 2011; Głód et al., 2012a; Piszcz et al., 2014a). Then, the chang-
es of concentration of the reaction product of sensor with radicals 
(with and without the sample) are determined. The measure-
ments can be carried out either after a specified time of reaction 
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or during the reaction (kinetic measurements). The literature 
describes a number of related methods, such as the determination 
of the total concentration of polyphenols, flavonoids, -SH groups, 
color or acidity of lipids.

The measure of the antioxidative properties is the redox 
potential. Alternatively, it may be a potential at the maximum of the  
voltammetric peak height or surface area of the anode part of  
the voltammetric curve. The stronger the antioxidant is, the lower 
the oxidized potential. The concentration of antioxidant in turn 
influences a peak height and area. From the other side the peak 
area is independent on the oxidation potential.

The determination of TAP of pure compound (antioxidant) is 
relatively simple (eg, the redox potential). The problem occurs 
when the sample contains many various antioxidants. Their 
voltammetric peaks overlap. It was proposed (Głód et al., 2014) 
that in this case the TAP’s measure is the surface area under 
the voltammetric curve in which the potential is related to the 
reduction potential of the hydroxyl radical (strongest naturally 
occurring in biological systems radical; 2.08 V vs Ag/AgCl), and is 
presented in a exponential scale (Głód et al., 2014):
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(17.5)

where I denotes current and I
min

 baseline current.
The disadvantage of the voltammetric measurements is their 

low sensitivity and high detection limit. These parameters can 
be improved by eliminating the capacitive current. This current 
hardly arises in the flowing systems (eg, in the electrochemical de-
tection in HPLC). A small volume of the detector cell (causing a 
large linear flow rate of liquid) and stable flow of liquid results in 
a very large convection current. As a result, the detection limit is 
more than a trillion times smaller in comparison with the classical 
voltammetry (Piszcz et al., 2014b). In the case of complex samples 
(a mixture of compounds) the TAP measure is the sum of the sur-
face areas of all peaks recorded at the anode potential of the work-
ing electrode (Wantusiak and Głód, 2012).

6 Encapsulation of Selected Antioxidants 
by Cyclodextrins

Low-molecular mass antioxidants as well as the transition met-
al ions may act as the host molecules and can interact with mac-
rocyclic structures including cyclodextrins. The formation of the 
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cyclodextrin inclusion complexes changes the redox potentials of 
included compounds. Complexation of the depolarizer increases 
its size, in general decreasing the diffusion current. Change of the 
formal potential (as well as the half-wave potential and/or the 
potential of voltammetric peak maximum) during the complex-
ation is described by the de Ford and Hume equation (De Ford 
and Hume, 1951; Georgieva et al., 2010):

E RT nF K c CD/ ln(1 ).∆ = + ⋅
↓ 

(17.6)

Sign of this change depends on whether the stronger the sub-
strate or the product of the electrode reaction is complexated.

Cyclodextrins may encapsulate a number of different low-
molecular mass antioxidants, in particular flavonoids and/or 
phenolic acids (Carlotti et al., 2011; Vilanova and Solans, 2015). 
CDs as food additives may affect the antioxidant and antibacterial 
properties and particularly decrease the rates of degradation of an-
tioxidants (Dominguez-Canedo et al., 2015). Encapsulated antiox-
idants can be released under the pH change (acidification) or the 
increase of temperature (Ferreira et al., 2007). It has been reported 
that target compounds can be complexed by CDs to increase their 
resistance to high temperatures (Milanovic et al., 2010), moisture, 
oxygen, visible, and UV light (Ferreira et al., 2007; Quirós-Sauceda 
et al., 2014), solubility in water (Kolanowski et al., 2004), controlled 
transfer and release (Soottitantawat et al., 2004), strengthening an-
timicrobial properties, stabilizing smelt (Chun et al., 2015). They 
are used, inter alia, for the preparation of nanoparticles based 
on iron, using environmentally friendly plant extracts (Zhuang 
et al., 2015) and the selective electrodes (Sheng et al., 2012).

Using voltametric technique, the interaction of cyclodextrins 
and selected antioxidants that are present in edible products can 
be investigated. Particularly, at the voltammetric curves of quer-
cetin two peaks are observed. Cyclodextrins slightly decrease the 
voltammetric peak heights, due to the decreasing of diffusion 
coefficient during complexation. This confirms the formation of 
inclusion complexes (proves the complexation of quercetin by 
cyclodextrins). Small peak shifts toward positive values mean de-
crease of antioxidative activity of the sample. Similar results were 
obtained for other flavonoids (Piszcz, 2014b).

Measurements of TAP related to the strong radicals (eg, 
hydroxyl ones) are disturbed by reaction of these radicals with 
cyclodextrins. In turn, larger in size, weak radicals (eg, DPPH; 
2,2-diphenyl-1-picrylhydrazyl) can be complexed by cyclodex-
trins. In practice, cyclodextrins may increase or decrease the 
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antioxidative properties of target compounds encapsulated 
(Folch-Cano et al., 2010), depending on which part of molecule 
“enter” into the cyclodextrin torus. If the hydroxyl groups of the 
flavonoids B ring are in the CD torus then decrease of antioxidant 
activity is observed. Cyclodextrins usually decrease TAP values 
measured voltammetrically. The complexation of flavonoids by 
cyclodextrin may increase as it was described earlier for quercetin 
(Liu et al., 2013) or decrease the TAP value measured in relation to 
the DPPH radicals in case of different target oxidant for example, 
catechin (Folch-Cano et al., 2010).

Flavonoids can be complexed by cyclodextrins. On the 
other hand, flavonoids can complex transition metal ions (De 
Souza and De Giovani, 2005; Dias et al., 2008; Ebrahimzadeh 
et al., 2009). These complexed ions are not able to catalyze Fenton 
reaction. In this sense, cyclodextrins are antioxidants. Complex-
ing in this case affects the antioxidant properties of both metals 
and the flavonoids. It turned out that the antioxidative proper-
ties (determined using Folin-Ciocalteau or DPPH methods) of 
complexes are smaller than the combined antioxidant properties 
of the transition metal ion and the ligand. The flavonoid–metal 
complex may be complexed by cyclodextrin. In this case the ef-
fect of cyclodextrin on the antioxidative properties of flavonoids 
is relatively small too. It turned out that TAP of such double com-
plex dos not depend on the order of complexation.

7 Recent Advances of Cyclodextrins 
Application in Pharmaceutics, Food, 
and Cosmetics Products

According to data concerning literature search, which was 
presented in Fig. 17.5, an increasing interest in cyclodextrins re-
search, especially investigating their encapsulation properties, is 
still recorded. There are a number of experimental and review pa-
pers that were published over the past few years, highlighting the 
unique properties of cyclodextrins based on supramolecular com-
plexes and dealing with industrial applications of these nontoxic 
macrocycles. Data gathered in Tables 17.1–17.3 consist of several 
typical examples of CD/target compounds inclusion complexes, 
which in our opinion may give the general picture of the modern 
applications of native cyclodextrins and their derivatives as well 
as the studies trends within three major areas including: pharma-
ceutical formulations (Table 17.1), food (Table 17.2), and cosmet-
ics (Table 17.3).



736  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

Table 17.1 Examples of Cyclodextrins-Drugs Related 
Preliminary Studies, Applications in Pharmaceuticals 

and Drug Supplements

No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

1. Peptide–
cyclodextrin 
conjugates

3-monoamino-β-CD The study of a LHRH (luteinizing hormone-
releasing hormone) analogue conjugated with 
modified β-cyclodextrin revealed the existence of 
intramolecular interactions that could lead to an 
improved drug delivery. Particularly, both the phenyl 
group of tyrosine (Tyr) as well as the indole group 
of tryptophan (Trp) can be encapsulated inside the 
cyclodextrin cavity.

Kordopati 
et al. (2015)

2. Cordycepine 
inclusion 
complexes

α-, β-, and γ-CD In this study, the CDs were used to enhance the 
water solubility, dissolution rate, and bioavailability 
of cordycepin, a natural herbal medicine. 
Successful cyclodextrins encapsulation of target 
molecule may be considered as an important step 
in the design of novel formulations of cordycepin 
for herbal medicine or healthcare products.

Zhang et al. 
(2015)

3. Carriers for drug 
delivery and 
optical imaging

β-CD In this research two soluble cyanine/beta-
cyclodextrin derivatives have been synthesized 
under simultaneous ultrasound/microwave 
irradiation conditions. The potential use of 
investigated supramolecular systems as a versatile 
carriers for drug delivery and optical imaging 
has been evaluated via in vitro experiments on 
HeLa cells and by monitoring cell entrance using 
confocal laser scanning microscopy.

Carmona et al. 
(2015)

4. Complexes of 
norfloxacin with 
cyclodextrin 
for oral 
administration

β-CD This article describes the research focusing 
on norfloxacin and beta-cyclodextrin complex 
formation increasing drug solubility and maximizing 
the oral drug absorption. Guest-host interactions 
were investigated through physicochemical 
characterization and the dissolution as well as 
microbiological activity study. Provided data 
demonstrated that the complex could represent an 
efficient drug delivery system.

Mendes et al. 
(2015)
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No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

5. Acetazolamide 
encapsulated by 
HP-β-CD

Hydroxypropyl-β-CD The article reports encapsulation of acetazolamide 
inside hydroxypropyl-β-cyclodextrin, which leads to 
more convenient drug administration and improved 
treatment efficacy with decreased side effects. 
In the authors’ opinion results obtained could be 
useful for the design and development of novel 
ACZ formulations that can reduce gastrointestinal 
toxicity, while still maintaining their essential 
therapeutic efficacies. Presented research involved 
animal (rat) studies.

Mora et al. 
(2015)

6. Salmon 
calcitonin 
particles for 
nasal delivery

β-CD Research focusing on preparation of a nasal 
powder formulation of salmon calcitonin (sCT) 
using number of absorption enhancers including β-
cyclodextrin to improve its bioavailability. Reported 
research involved in vivo pharmacokinetic study in 
rats.

Cho et al. 
(2015)

7 Injectable 
supramolecular 
hydrogel with 
γ-cyclodextrin

γ-CD Study of injectable hydrogel formed by 
γ-cyclodextrins and polymers used as a 
biocompatible, biodegradable, and controllable 
drug delivery system. This research demonstrated 
the formation of an insulin/γ-CD SMGel of 
PCL-PEG-PCL, based on the self-assembly of 
PEG threaded with γ-CD without any covalent 
interactions. Reported data suggested the potential 
use of the prepared hydrogel as an injectable 
sustained-release system for insulin.

Khodavedi 
et al. (2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
Preliminary Studies, Applications in Pharmaceuticals 

and Drug Supplements (cont.)

(Continued )
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No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

8. Nanoplatform 
composed of 
cyclodextrin/
multiwalled 
carbon 
nanotubes 
nanohybrid 
for guanine-
based drugs 
entrapment and 
delivery

β-CD Cyclodextrin/multiwalled carbon nanotubes 
(CD-MWCNT) nanohybrid platform for the 
entrapment and delivery of guanine-based drugs 
was synthesized by click chemistry approach and 
characterized by several complementary techniques. 
The preliminary antiviral data indicated that the 
Acyclovir loaded into β-CD-MWCNT nanoplatform 
interferes with HSV-1 replication and the 
antireplicative effect was higher than the free drug. 
The release studies showed a sustained delivery of 
Acy without initial burst effect confirming a strong 
interaction of drug with the nanoplatform sites.

Innazzo et al. 
(2014)

9. Various 
pharmaceutical 
formulations 
including oral, 
parenteral, 
nasal, 
pulmonary, and 
skin delivery of 
drugs

α-, β- and γ-CD In this review publication the application of 
cyclodextrins was described particularly for 
oral, parenteral, nasal, pulmonary, and skin 
delivery of drugs. Reported experimental and 
clinical data suggest that CDs can be used not 
only as excipiens for centrally acting marked 
drugs like antiepileptics, but also as active 
pharmaceutical ingredients to treat neurological 
disease (Niemann-Pick type C disease, stroke, 
neuroinfections, and brain tumors).

Vecernyes 
et al. (2014)

10. Drug delivery 
systems to the 
skin

β-CD Skin permeation studies highlighted that β-NS-
PYRO (β-CD nanosponges cross-linked with 
pyromellitic dianhydride) in gels and cream-gels 
containing diclofenac significantly decreased the 
amount of drug permeated through the skin while 
increasing its amount in stratum corneum and viable 
epidermis. The authors concluded that CD contained 
nanosponges seems to be a multifunctional 
coingredient with potential in topical monophasic 
and biphasic formulations to stabilize light-sensitive 
drugs and to localize the action of highly penetrating 
drugs in the external layers of skin.

Conte et al. 
(2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
Preliminary Studies, Applications in Pharmaceuticals 

and Drug Supplements (cont.)
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No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

11. Electrospun 
nanofibrous 
materials 
containing 
naproxen-
cyclodextrin 
complex

β-CD
HP- β-CD

Naproxen (NAP) and its β-CD, HP-β-CD inclusion 
complexes were prepared by freeze-drying process. 
Prepared NAP/β-CD and NAP/HP-β-CD inclusion 
complexes were loaded to electrospun thermoplastic 
polyurethane fibers separately and their release 
characteristics were compared with pure NAP loaded 
fibres. This research indicates that NAP–inclusion 
complex loaded into electrospun nanofibres could 
be used as drug delivery systems for acute pain 
treatments since they possess a highly porous 
structure that can release the drug immediately.

Akaduman 
et al. (2014)

12. Sildenafil 
pressurized 
metered dose 
inhalers

HP-β-CD, γ-CD, 
α-CD

Sildenafil citrate was complexed with cyclodextrins 
to enhance its water solubility prior to development 
as an inhaled preparation for pulmonary 
hypertension using pressurized metered dose 
inhalers (pMDI). It has been documented that the 
available sildenafil in the blood vessels of chicken 
egg embryos after spraying sildenafil-CDs pMDIs 
was within the range of 751–825 ng/mL, which was 
much higher than that of a sildenafil only pMDI.

Sawatdee 
et al. (2014)

13. Multifunctional 
bioreducible 
targeted and 
synergistic 
codelivery 
system for 
anticancer drug 
paclitaxel (PTX)

γ-CD For potential cancer therapy a multifunctional 
bioredycible targeted and synergistic codelivery 
system for anticancer drug paclitaxel (PTX) and p53 
gene supramolecular self-assembling inclusion 
complex (IC) was prepared. This system was based 
on PTX and star-shaped cationic polymer containing 
γ-CD and multiple oligoathlenimine (OEI) arms with 
folic acid (FA) conjugated via a disulfide linker. The 
IC, termed as γ-CD-OEI-SS-FA/PTX complex was 
formed between PTX and the hydrophobic cavity 
of γ-CD core of the star polymer. The authors state 
that multifunctional self-assembly system with the 
synergistic effects of redox-sensitive folic-acid-
targeted and PTX-enhanced p53 gene delivery may 
be promising for cancer therapeutic application.

Zhao et al. 
(2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
Preliminary Studies, Applications in Pharmaceuticals 

and Drug Supplements (cont.)
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No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

14. Gel ointments 
containing 
tranilast 
nanoparticles 
and additives 
including HP-
β-CD

2-hydroxypropyl-
β-CD

The authors reported that tranilast nanoparticles 
can be applied to the formulation of a transdermal 
system, and that a transdermal formulation using 
drug nanoparticles and several additives including 
2-hydroxypropyl-β-CD might be a delivery option 
for the clinical treatment of rheumatoid arthritis. 
This study involved animals (rats) research.
In this study, they prepared a gel ointment 
containing Tranilast (antiallergic agent, clinically 
used in the treatment of bronchial asthma) 
nanoparticles and investigated its usefulness.

Nagai and Ito 
(2014)

15. Bioresorbable 
chlorhexidine 
delivery 
systems based 
on modified 
paper points

β-CD This research reports application of adsorbent 
points transformed into bioresorbable 
chlorhexidine delivery systems for the treatment 
of the periodontal pocket by preventing its 
recolonization by the subgingival microflora. The 
paper points (PPs) were first oxidized to promote 
their resorption, then grafted with β-cyclodextrin 
(CD) or maltodextrin (MD) in order to achieve 
sustained delivery of chlorhexidine. The optimized 
oxidized-dextrin-grafted PPs responded to the 
authors’ initial specifications in terms of resorption 
and chlorhexidine digluconate (digCHX) release 
rates and therefore could be adopted as a 
reliable complementary periodontal therapy. The 
biological evaluation proved the nontoxicity of 
modified material itself, in contrast to the digCHX 
loaded material, which showed important in vitro 
cytotoxicity comparable to that of PerioChip®.

Tabary et al. 
(2014)

16. R-α lipoic acid 
cyclodextrin 
(RALA-CD) 
complex

γ-CD The aim of this study was to determine the effect 
of RALA-CD on energy expenditure and underlying 
molecular targets in female laboratory mice. 
The authors’ conclusion was that RALA-CD is a 
regulator of energy expenditure in laboratory mice

Nikolai et al. 
(2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
Preliminary Studies, Applications in Pharmaceuticals 

and Drug Supplements (cont.)
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No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

17. Multifunctional 
cotton 
containing silver 
nanoparticles 
and cyclodextrin

β-CD, 
monochlorotriazinyl-
β-cyclodextrin

The protocols for functionalization of cotton 
fabrics against antibacterial was reported. The 
fabrics were reacted with cyclodextrin polyacrylic 
acid copolymer, which was newly synthesized. It 
has been found that the use of the copolymer for 
reduction of silver ions to silver nanoparticles was 
a better selection than sodium borohydride, which 
represents the conventional reducing agents. The 
new products displayed superior antibacterial 
activity along with good fabric stabilization.

Hebeish et al. 
(2014)

18. Liposomal gels 
containing 
glutathione/
cyclodextrins 
complexes 
for cutaneous 
administration

β-CD, HP-β-CD, 
Methyl-β-CD

The aim of this work was to develop and 
characterize a formulation intended for the 
cutaneous administration of glutathione (γ-
glutamylcysteinylglycine, GSH), potentially useful 
for cellular defense against UV-induced damage. 
Particularly, liposomes containing GSH or GSH/
cyclodextrins (CDs) inclusion complexes as well as 
liposomes dispersed within a hydrophilic gel, were 
evaluated. These formulations were designed in 
order to obtain a system combining the advantages 
of liposomes as vehicles for topical drug delivery 
with those of CDs as penetration enhancers, 
which can be potentially useful for cutaneous 
administration

Cutrignelli 
et al. (2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
Preliminary Studies, Applications in Pharmaceuticals 

and Drug Supplements (cont.)
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No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

19. Microbeads 
containing 
cod-liver oil 
encircled 
with natural 
cyclodextrins

γ-CD, α-CD, β-CD, 
HP-α-CD, HP-β-CD, 
HP-γ-CD

The authors evaluated ability of cyclodextrins to 
solubilize cod-liver oil in aqueous solutions. It 
has been found that only native (unmodified with 
hydroxypropyl groups) cyclodextrins were able to 
fully disperse 10% (v/v) cod-liver oil in aqueous 
solutions. Results of this research revealed that 
encapsulating cod-liveroil with γ-CD delays 
oxidative degradation when oxygen is present, 
but does not significantly decrease or increase the 
long term stability of cod-liver oil under anaerobic 
conditions. Cod-liver oil/γ-CD microbeads could be 
compressed into tablets without decreasing the 
integrity of encapsulation, therefore such product 
might be pharmaceutical industry interest as a 
efficient carrier for lipophilic drugs.

Konrádsdóttir 
et al. (2014)

20. Emulgel 
formulation 
containing 
inclusion 
complex of 
calcipotriol 
with 
cyclodextrin

Anionically charged 
CD (Captisol®)

This study focusing on development a new 
topical drug delivery system of calcipotriol in 
order to improve the solubility and dissolution 
characteristic of the drug and reduce the 
undesirable side effects. This delivery system was 
developed for psoriasis treatment. Dissolution 
profiles of calcipotriol from emulgel formulations 
were compared with a commercial product of the 
drug. The drug release was significantly increased 
with the emulgel formulations compared to the 
commercial cream product.

Badilli et al. 
(2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
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No.
Product 
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Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

21. Fast-dissolving 
tacrolimus solid 
dispersion-
loaded 
prolonged 
release tablet

HP-β-CD The goal of this research was to develop a 
novel prolonged release tablet bioequivalent 
to the commercial sustained release capsule. 
The tacrolimus-loaded fast-dissolving solid 
dispersions formulated with HP-β-CD and dioctyl 
sulphosuccinate with the solvent evaporation 
method remarkably raised the solubility and 
dissolution of poorly water-soluble tacrolimus. The 
tacrolimus loaded fast drying solid dispersion was 
prepared and such pharmaceutical formulation 
was intended to use in the prophylaxis of organ 
rejection. It has been found that tacrolimus-loaded 
prolonged release tablet might be bioequivalent to 
the tacrolimus-loaded commercial capsule.

Cho et al. 
(2014)

22. Photostable 
gel formula-
tion protecting 
diclofenac from 
photodegrada-
tion

β-CD The authors invented the gel containing 
the light-absorbers such as octisilate, octyl 
methoxycinnamate, and a combination thereof. 
The best protection from light was obtained by 
incorporating of drug (diclofenac) in β-cyclodextrin. 
New gel formulations were designed to increase 
the photostability of diclofenac by incorporating 
chemical light-absorbers or entrapping the drug 
into cyclodextrin.

Ioele et al. 
(2014)

23. Ocular inserts 
containing 
lodocaine 
HCl/β-CD 
complex

β-CD Ocular insert containing lidocaine HCl/β-CD 
complex was designed to give a sufficient 
level of anesthetic. The results of in vivo study 
showed that the addition of β-cyclodextrin may 
significantly increase the drug content in the 
aqueous humor when compared with ocuserts 
containing lidocaine HCl alone.

Shukr (2014)

Table 17.1 Examples of  Cyclodextrins-Drugs Related 
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24. Cyclodextrins 
derivatives as 
the antioxidant 
agents and 
metal-induced 
antiaggregants

6A-deoxy-6A-[(8-
hydroxyquinolyl)-
2-methylamino]-
β-cyclodextrin

The authors synthesized and evaluated new 
cyclodextrin derivatives, their potential as 
multifunctional drug-like molecules, the 
metal-binding ability and antioxidant activity. 
Moreover, new ligands and their metal complexes 
were tested. In particular, the metal-induced 
antiaggregants property has been applied in the 
development of an effective assay that exploits the 
formation of amyloid fibrils when β-lactoglobulin A 
is heated in the presence of metal ions.

Oliveri et al. 
(2014)

25. Transdermal 
delivery of 
the in situ 
hydrogels of 
curcumin and 
its inclusion 
complexes of 
HP-β-CD for 
melanoma
treatment

Hydroxypropyl-β-
cyclodextrin

The increasing solubility of curcumin (Cur) was 
achieved due to CD encapsulation and the 
photochemical stability of Cur was improved. The 
in situ hydrogels (ISGs) of Cur and its inclusion 
complexes were prepared using poloxamers 407 
and 188 as the matrix. It has been demonstrated 
that the cytotoxicity of Cur on melanoma cells was 
related to blocking of cellular proliferation in the 
G2/M stage followed by cellular apoptosis. The 
authors concluded that the ISGs of Cur inclusion 
complexes are a promising formulation for 
melanoma treatment.

Sun et al. 
(2014)

26. Encapsulation 
agent involving 
β-cyclodextrin-
based 
dendrimers

β-CD based 
glycodendrimer

The encapsulation behavior of the β-CD-dendrimer 
was examined using naproxen and naltrexone as 
the guest molecules. The structure of the designed 
β-CD-dendrimer allowed two types of possible 
sites for encapsulation of the guest: in cavities of 
the dendritic structure and in hydrophobic cavities 
of β-CDs. Investigated dendrimer demonstrated 
the ability to encapsulate both small and large 
model drug compounds, with sufficiently high drug 
loading, which could be potentially useful in drug 
delivery systems.

Namazi and 
Heydari 
(2014)
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27. Bioadhesive 
tablets 
containing 
cyclodextrin 
complex of 
itraconazole for 
the treatment 
of vaginal 
candidiasis

HP- β-CD, γ-CD, 
Met-β-CD, SBE- 
β-CD (sulphobutyl 
ether)

Bioadhesive tablets containing CD complex of 
itraconazole (ITR) for treatment of vaginal candidiasis 
were investigated. The antifungal activity of the 
complexes was analyzed on Candida albicans strains. 
The swelling, matrix erosion, and bioadhesion 
properties of formulations and the drug release 
rate of these tablets were analyzed, and the most 
therapeutically effective vaginal formulation was 
determined. The mucoadhesive tablet containing 
ITR-SBE7-β-CD inclusion complexes prolonged the 
residence time and the drug release on the vaginal 
mucosa. This formulation could be an alternative to 
commercially available ITR formulations.

Cevher et al. 
(2014)

28. Dry powder 
for inhalation 
containing 
ciclesonide 
encapsulated 
within CD

Metylated β-CD The aim of this work was to verify if it is possible 
to obtain a dry powder for inhalation containing 
ciclsenide (corticosteroid hormone) included 
within methylated β-CD by applying the simple 
and inexpensive technique of kneading. It was 
concluded that the kneading method is feasible 
for production of a ciclesonide-CD inclusion 
complex with a reasonable inclusion efficiency and 
a good aerodynamic behavior, suitable for lung 
administration via inhalation.

Arriagas and 
Cabral-
Marques 
(2014)

29. Orally 
disintegrating 
tablets of type-
2 antidiabetes 
agent 
glimepiride 
with 
cyclodextrin 
additive

γ-CD, α-CD, β-CD, 
HP-β-CD, HB-β-CD

The direct compression method was employed for 
the preparation of glimepiride tablets, containing 
CDs and Sangelose® (hydroxypropylmethylcellulose 
stearoxy ether). Obtained results suggested that 
α-CD and β-CD can be particularly useful for the 
Sangelose®-based orally disintegrating tablets 
formulation, compared to γ-CD, HP-β-CD and 
HB-β-CD because of the short disintegration time 
of the tablets containing α-CyD and β-CyD, their 
shear-thinning effect on Sangelose® solutions and 
their solubility enhancing effect on the drug.

Aldawsari 
et al. (2014)
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30. Transdermal 
drug delivery of 
zaltoprofen

HP-β-CD In this study, zaltoprofen (nonsterodial 
antiinflammatory drug) gels were prepared using 
carbomer with mixture solution of PEG 400, Tween 
80, and HP-β-CD. It has been demonstrated 
that zaltoprofen transdermal delivery did not 
cause dermal irritations in the animals and such 
mixture might be used as a universal vehicle for 
development of transdermal formulations.

Baek et al. 
(2013)

31. Doxorubicin 
loaded 
multifunctional 
vesicles

β-CD The authors developed the gold nanoparticle 
(AuNP) in which polyethylene glycol (PEG) and 
poly(N-isopropylacrylamide) (PNIPAM) were 
attached on the surface of a gold nanocrystal 
through the host–guest inclusion between 
adamantane groups (ADA) and β-cyclodextrin
(β-CD). It has been demonstrated that developed 
vesicle can effectively load doxorubicyn anticancer 
drug.

Ha et al. 
(2013)

32. Cardiovascular 
effects of HP-
β-CD

HP-β-CD HP-β-CD was infused intravenously over 10 min. 
in anesthetized dogs in nondenervated animals 
and at 40% in denervated animals. CD increased 
renal arteriolar resistance and decreased renal 
blood flow at all doses, almost immediately after 
infusion start, more drastically in females. Results of 
studies performed suggest that autonomous nervous 
feedback loops are functional in normal animals and 
that HP-βC-D has no direct chronotropic effect. It 
was concluded that systemic and renal hemodynamic 
changes should be considered as potential 
background effects at 200–400 mg/kg. At higher 
doses (800 mg/kg), changes are more pronounced 
and could mask/exacerbate hemodynamic response 
of drug candidate; such doses should be avoided in 
nonclinical safety studies.

Rosseels 
et al. (2013)
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33. Ofloxacin 
supramolecular 
complexes 
with native 
cyclodextrins 
and their 
derivatives

α-, β- and 
γ-CD and their 
hydroxypropyl, 
methyl, trimethyl, 
carboxymethyl, 
carboxyethyl, 
sulfopropyl, 
sulfobutyl, succinyl, 
and 6-monoamino-
6-monodeoxy 
derivatives

In this study the enantiomer-specific 
characterization of ofloxacin–cyclodextrin 
complexes was carried out by a set of 
complementary analytical techniques. It has been 
concluded that the α-cyclodextrin cavity can 
accommodate the oxazine ring only, whereas the 
whole tricyclic moiety can enter the β- and γ-
cyclodextrin cavities. Molecular modeling studies 
provided evidence that the substitution pattern 
plays an important role in the complex stability. 
These equilibrium and structural information offer 
molecular basis for improved drug formulation.

Tóth et al. 
(2013)

34. Inclusion 
complexes of 
sulphanilamide 
drugs and β-
cyclodextrin

β-CD Theoretical approach was applied to access 
and compare the relative stability of inclusion 
complexes formed by number of sulphanilamide 
drugs including sulphadiazene, sulphisomidine, 
sulphamethazine, and sulphanilamide with 
β-cyclodextrin. The main goal of this study 
was to predict that (1) the heterocyclic ring is 
encapsulated in the hydrophobic part and aniline 
ring is present in the hydrophilic part of the β-CD 
cavity and (2) intermolecular hydrogen bonds were 
formed between host and guest molecules.

Venkatesh 
et al. (2013)

35. Inclusion 
complex of 
Rifabutin with 
β-cyclodextrin

β-CD The effect of cyclodextrin additive on the 
improvement of solubility and antimicrobial 
activity of poorly water-soluble drug Rifabutin 
was investigated. The in vitro antimicrobial 
and antibiofilm activity of rifabutin sensible 
microorganisms was significantly increased by on 
inclusion complexation process.

Priya et al. 
(2013)
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36. Benznidazole/
cyclodextrin 
complexes 
for oral 
administration

β-CD, HP-β-CD, 
Me β-CD

The aim of this study was to evaluate the impact 
of stoichiometric and nonstoichiometric complex 
between benznidazole (BZL) and various CDs. 
The authors state that the inclusion complexes 
were found to improve the dissolution rate of 
BZL by 4.3-fold in comparison with BZL alone. 
Complexation of BZL with CDs derivatives 
increased its plasma concentrations when fed to 
rats, with AUC0–5values increasing up to 3.7-
fold and Cmax increasing 2.5-fold in comparison 
with BZL alone. Remarkable increase in these 
parameters was observed in the case of the 
nonstoichiometric complexes. Thus, these CDs 
complexes may be used to efficiently deliver BZL in 
patients suffering from Chagas’ disease.

Leonardi et al. 
(2013)

37. Inclusion 
complexes of 
propafenone 
with α- and β-
cyclodextrins

α-CD, β-CD Host–guest inclusion complexes of cyclodextrins 
with a potential cardiovascular drug propafenone 
hydrochloride (PFO), were prepared and 
characterized using number of spectroscopic 
techniques. Investigations of thermodynamic and 
electronic properties confirmed the stability of the 
inclusion complexes.

Siva et al. 
(2013)

38. Ternary system 
of dihydroar-
temisinin with 
hydroxypropyl-
β-cyclodextrin 
and lecithin

HP-β-CD Main purpose of this study was to simultaneously 
improve the solubility and stability of 
dihydroartemisinin (DHA) in aqueous solutions by 
a ternary cyclodextrin system comprised of DHA, 
hydroxypropyl-β- cyclodextrin and a third auxiliary 
substance. The authors concluded that the ternary 
system investigated enhance DHA solubility and 
stability in aqueous solutions, and such mixture 
might have an important pharmaceutical potential in 
the development of a better oral formulation of DHA.

Wang et al. 
(2013)
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39. β-Cyclodextrin 
hydrogels for 
the ocular 
release of 
antibacterial 
thiosemicarba-
zones

HP-β-CD The work investigated the development of soft 
contact lenses functionalized with CDs and 
loaded with thiosemicarbazone active substance 
that displays a broad antibiotic spectrum. 
Microbiological tests against P. aeruginosa 
and S. aureus confirmed the ability of TSC-
loaded pHEMA-co-β-CD (poly(2-hydroxyethyl 
methacrylate)) network to inhibit bacterial growth.

Glisoni et al. 
(2013)

40. Dexametha-
sone eye drops 
containing 
γ-cyclodextrin-
based nanogels

2-hydroxypropyl-
γ-CD

The authors designed and tested in vivo the 
aqueous eye drops of dexamethasone, based 
on 2-hydroxypropyl-γ-CD nanogels. The eye 
drops consisted of an aqueous solution of 
dexamethasone in 2-hydroxypropyl-γ-cyclodextrin 
medium containing γ-CD nanogels. The nanogel 
eye drops (containing 25 mg dexamethasone 
per mL) were tested in rabbits and compared to 
the commercially available product Maxidex® 
(suspension with 1 mg dexamethasone per mL). 
It has been documented that the dexamethasone 
nanogel eye drops were well tolerated with no 
macroscopic signs of irritation, redness or other 
toxic effects.

Moya-Ortega 
and Alves 
(2013)

41. Solid forms of 
norfloxacin and 
β-cyclodextrin

β-CD In this study the solid-state properties of 
inclusion complexes of β-CD and two different 
solid forms of norfloxacin were investigated to 
obtain promising candidates for the preparation 
of alternative matrices used in pharmaceutical 
oral formulations. The authors highlighted that 
investigated complexes can be valid tools for the 
preparation of pharmaceutical dosage products. 
Moreover, they represent an option to promote 
the pharmaceutical design for the improvement of 
physicochemical properties.

Chattah et al. 
(2013)
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In general, the main focus of pharmaceutics-related latest 
research is to design the effective and specific carriers for drugs de-
livery (Carmona et al., 2015), improving active substances stabil-
ity, including photostability of pharmaceutical formulations (Ioele 
et al., 2014; Sun et al., 2014) and enhancing drugs bioavailability 
(Zhang et al., 2015). Supramolecular complexes are composed of 
common native cyclodextrins (α-, β-, γ-CD), their more soluble 
derivatives (for example, hydroxypropyl-CDs), but also involving 
more complex encapsulation structures like β-cyclodextrin-based 
dendrimers (Namazi and Heydari, 2014). Inclusion complexes are 
extensively applied for a number of pharmaceutical formulations 

No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules, and 
Macrocyclic Additive Application References

42. Cyclodextrin 
nanocompos-
ites of telmis-
artan for oral 
drug delivery

β-CD Presented research explores a particle engineering 
approach which synergistically coalesce two 
principally different solubility enhancement 
strategies namely ternary β-cyclodextrin 
complexation and top-down nanonization in a unit 
process. As a result of this study improvement in in 
vitro dissolution characteristics in multimedia and 
biorelevant media was observed, in comparison 
with plain drug and marketed formulation.

Sangwai and 
Vavia (2013)

43. Baicalein 
and HP-γ-CD 
complex in 
poloxamer 
thermal 
sensitive 
hydrogel 
for vaginal 
administration

Hydroxypropyl-γ-CD This study aimed to prepare a chemically and 
physically stable formulation of baicalein (Ba) in 
an in situ thermally sensitive hydrogel for vaginal 
administration. An inclusion complex of Ba and 
HP-γ-CD was developed to increase the stability and 
solubility of Ba in an aqueous solution. The authors 
documented that in animal study (female Sprague–
Dawley rats), treatment by using Ba/HP-γ-CD 
thermosensitive hydrogel could produce a restoration 
of damaged tissues. Moreover, thermosensitive 
hydrogel formulation of the Ba/HP-γ-CD complex 
appears to be a promising treatment for cervicitis.

Zhou et al. 
(2013)
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Table 17.2 Typical Applications of Cyclodextrins in 
Food Products, Food Supplements and Packaging 

Technology

No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules 
and Macrocyclic Additive Application References

1. Active packag-
ing involving 
nanocrystal-
reinforced soy 
protein films 
and cyclodex-
trins

β-CD This research demonstrated that β-CD-
containing soy protein isolate films were able to 
sequester cholesterol when brought into contact 
with cholesterol-rich food such as milk. This 
effect was more marked as the amount of CD 
into the films increased. Developed protocols 
allowed yielding biodegradable films with 
optimized physical and mechanical properties, 
which were assayed as active food coating.

Gonzales and 
Igardzabal 
(2015)

2. Vitamin A 
palmitate/β-
cyclodextrin 
inclusion 
complex

β-CD In this paper the formation of water-soluble 
inclusion complexes of Vitamin A Palmitate 
with β-cyclodextrins, without the use of organic 
solvents, is described. The objective was to 
increase the water solubility of Vitamin A 
palmitate and its stability against different 
external factors to eventually enrich aqueous-
based products. The stability of target compound 
in the complexes toward temperature, oxygen, 
and UV light was investigated. The results 
showed a notably increase of Vitamin A 
palmitate water solubility and stability in 
front of those variables when encapsulated. 
Moreover, β-CDs encapsulation agent seem 
to be a promising vehicle to increase the 
water solubility, stability and thereby the 
bioavailability of Vitamin A palmitate in food 
fortification to treat Vitamin A deficiency.

Vilanova and 
Solans (2015)

3. Interaction of 
ochratoxin A 
with quater-
nary ammonium 
β-CD

β-CD, 2-hydroxy-
3-N,N,N-trimeth-
ylamino)propyl-
β-CD chloride

Interaction of ochratoxin A (OTA) quaternary 
ammonium beta-CD (QABCD) was investigated. 
The authors hypothesized, that QABCD may 
be a suitable tool for the decontamination 
of different OTA-contaminated drinks; 
furthermore, for alleviation of the toxic effects 
of OTA, such complex formation may reduce its 
absorption from the intestine.

Poór et al. 
(2015)

(Continued )
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4. α-Cyclodextrin 
enzymatic 
production and 
food applica-
tions

α-CD, β-CD, γ-CD This review focuses on the properties, 
enzymatic production, and food applications 
of α-cyclodextrin, as well as its differences 
with β- and γ-CDs. Compared with other native 
cylodextrins, α-CD has the smallest internal 
cavity and highest resistance to enzymatic 
hydrolysis. It was documented that this 
macrocyclic molecule has special applications 
in food industry, especially as a natural, soluble 
dietary fiber.

Li et al. (2014)

5. Improved 
solubility and 
stability of stil-
bene antioxi-
dants involving 
cyclodextrins 
encapsulation

HP-β-CD, HP-γ-CD Aiming at the development of an active food 
packaging, the goal of this study was to 
increase stilbenes (resveratrol, pterostilbene, 
pinosylvin) aqueous solubility and stability 
using HP-CDs and bile salts. This work 
showed that stable stilbene solutions can be 
achieved via CD encapsulation, contributing 
for their incorporation in several materials 
for the food and pharmaceutical industries. 
Besides improving stilbene solubility, CDs 
also increased their photostability, which can 
avoid stilbene reactivity and encourage their 
application not only in the food industry but 
also in the pharmaceutical industry.

Silva et al. 
(2014)

6. Antimicrobial 
packaging of 
fresh chicken 
breast fillets

HP-β-CD Chitosan/cyclodextrin films (CS:CD) 
incorporating carvacrol were proposed as 
antimicrobial packaging of fresh chicken 
breast fillets. Active films were used to inhibit 
microbial growth in packaged chicken breast 
fillets. A general microbial inhibition was 
observed, increasing with the
size of the active device.

Higueras et al. 
(2014)
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Research Objects, Target Molecules 
and Macrocyclic Additive Application References

7. Natural 
colorant in 
yogurt based 
on inclusion 
complexes of 
red bell pepper 
pigments with 
β-CD

β-CD The aim of this study was to prepare inclusion 
complexes between red bell pepper pigments 
and CD using two different procedures as 
well as to characterize the prepared inclusion 
complex and to evaluate the color stability of 
host–guest complex added to yogurt. The final 
product was characterized by a higher color 
stability during storage.

Gomes et al. 
(2014)

8. Resveratrol pro-
duction involv-
ing cyclodextrin 
additive

Dimethyl-β-CD, 
Sulfo-β-CD, 
2-hydroxypropyl-
β-CD

The authors reviewing experimental papers 
dealing with resveratrol production at large 
scale using plant cell suspensions improved by 
complexation with cyclodextrins and several 
elicitors. The main compounds used for 
resveratrol elicitation were methyljasmonate, 
CDs, being the two latter often combined for 
their synergistic action, and chitosan.

Jeandet et al. 
(2014)

9. Complexation 
of chlor-
propham with 
HP-β-CD and 
its application 
in potato sprout 
inhibition

HP-β-CD The authors investigated the effect of HP-β-CD 
on the improvement of chlorpropham (CIPC) as 
a potato sprout inhibitor. The inclusion complex 
was found to significantly improve the water 
solubility, thermal stability, and dissolution rate 
of CIPC. Moreover, supramolecular complex 
displayed a better effect on sprout inhibition.

Huang et al. 
(2014)

10. Canthaxanthin/
HP-β-CD inclu-
sion complex

HP-β-CD Phase-solubility, storage stability and 
antioxidant activity of the inclusion complex 
of 2-HP-β-CD with canthaxanthin (CTX) was 
investigated CTX was biosynthesized by 
Dietzia natronolimnaea HS-1 in a continuous 
bioreactor. The studies revealed that the CTX/
CD complex showed higher scavenging capacity 
than native CTX against DPPH, ABTS and 
hydroxyl radicals. The authors suggested that 
complex formation can be used as a promising 
strategy to improve the food application of CTX.

Gharibzahedi 
et al. (2014)

(Continued )
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No.
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Cyclodextrin 
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Research Objects, Target Molecules 
and Macrocyclic Additive Application References

11. Chitosan/
cyclodextrin 
membrane 
for gallic acid 
encapsulation 
and controlled 
release

2-Hydroxypropyl-
β-CD

A new type of chitosan/2-hydroxypropyl-β-
cyclodextrin composite membrane have been 
developed for the encapsulation and controlled 
release of gallic acid. The composite membrane 
based with gallic acid/CD supramolecular 
complex showed improved antioxidant 
capacities compared to plain chitosan 
membrane. The authors highlighted that 
presented experimental data will facilitate the 
design and preparation of composite membrane 
based on chitosan and could open a wide 
range of applications, particularly its use as an 
antioxidant in food, food packaging, biomedical 
(biodegradable soft porous scaffolds for 
enhance the surrounding tissue regeneration), 
pharmaceutical and cosmetics industries.

Paun et al. 
(2014)

12. Nanoen-
capsulated 
black pepper 
oleoresin using 
HP-β-CD for 
antioxidant and 
antimicrobial 
applications

Hydroxypropyl-β-cyclodextrin inclusion complex 
with black pepper olereosin was synthesized 
using the kneading method and characterized 
for its physico-chemical properties, 
antioxidant and antimicrobial activities. The 
authors reported that black pepper oleoresin 
encapsulated within CD was able to inhibit 
Salmonella at lower (P < 0.05) concentrations 
than its corresponding free extract. Therefore, 
black pepper oleoresin/CD nanocapsules could 
have important applications in the food industry 
as antimicrobial and antioxidant system.

Teixeira et al. 
(2013)
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13. Immobiliza-
tion of β-CD 
on glass for 
cholesterol 
reduction from 
milk

β-CD β-Cyclodextrin was converted into β-CD-N3 
by chemical modification and subsequently 
attached covalently on glass surface by click 
reaction. β-CD on solid surface was used 
to make a complexation with cholesterol to 
remove it from milk. It has been demonstrated 
that modified surface was used repeatedly for 
eight cycles and maintained its efficiency, with 
68 ± 2% cholesterol reduction.

Tahir and Lee 
(2013)

14. Encapsulation 
of volatiles in 
nanofibrous 
polysaccharide 
membranes for 
food packaging 
applications

β-CD In this research a single-step electrospinning 
process was applied to a blend of edible 
carbohydrate polymers (pullulan and β-
cyclodextrin) to encapsulate bioactive aroma 
compounds for a humidity-triggered release. 
According to reported data the membrane hosts 
small and homogeneously dispersed crystals of 
cyclodextrin–aroma complexes that are formed 
during the electrospinning. With this type of 
structure, the release of aroma compound is 
negligible at ambient conditions (23°C and 
55% UR) even at high temperature (up to 
230°C), and it occurs beyond a given relative 
humidity threshold (90%), therefore the system 
demonstrates promising features for the food 
packaging industry.

Mascheroni 
et al. (2013)
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Table 17.3 Examples of Inclusion Complexes 
Applications in Cosmetics and Related Products

No.
Product 
Category

Cyclodextrin 
Type

Research Objects, Target Molecules and 
Macrocyclic Additive Application References

1. Complexation of 
estragole with 
cyclodextrins

α-CD, β-CD, HP-
β-CD, randomly 
methylated-
β-CD), low 
randomly 
methylated-β-
CD, γ-CD

This work was aimed on characterization of inclusion 
complexes of estragole (as pure compound and as 
main component of basil and tarragon essential oils) 
with a number of cyclodextrins. Inclusion complexes 
formation allowed the controlled release of estragole. 
Moreover, increased DPPH radical scavenging activ-
ity and photostability of target compounds were 
observed in the presence of macrocycles. These 
findings suggest that encapsulation with CDs could be 
an efficient tool to improve the use of estragole and 
related compounds in aromatherapy, cosmetic, and 
food fields.

Kfoury et al. 
(2015)

2. Monoterpenes 
complexated 
with HP-β-CD

HP-β-CD The results of this research indicated that comlex-
ation of HP-β-CD and eight monoterpenes including 
eucalyptol, geraniol, limonene, α- and β-pinene, 
pulegone. and thymol could be a promising strategy to 
enlarge the application of monoterpens in cosmetic, 
pharmaceutical, and food industries.

Kfoury et al. 
(2014)

3. Cyclodextrins 
as encapsula-
tion agents for 
plant bioactive 
compounds

Native cyclodex-
trins and their 
derivatives

This review paper highlighted the use of cyclodextrins 
as encapsulating agents for bioactive plant molecules 
in the pharmaceutical and cosmetology fields.

Pinho et al. 
(2014)

4. Thermogelling 
hydrogels of cy-
clodextrin/polox-
amer polypseu-
dorotaxanes as 
aqueous-based 
nail lacquers

Methylated-
β-CD

This work investigated the use of in situ gelling 
hydrogels based on polypseudorotaxanes of Pluronic 
F-127 and partially methylated β-cyclodextrin as 
aqueous nail lacquers. Particularly, the formulations 
were tested for their ability to deliver ciclopirox and 
triamcinolone across human nail plate and bovine 
hoof. It has been documented that the new polypseu-
dorotaxanes formulation delivered more ciclopirox 
across human nail than a marketed organic lacquer. 
This supports the growing hypothesis that aqueous-
based nail lacquers represent a superior formulation 
strategy in nail topical delivery.

Nogueiras-
Nieto et al. 
(2013)
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5. Improved 
stability of the 
essential oils 
components 
involving CD 
encapsulation

β-CD The authors combined molecular encapsulation of the 
lavender and mint essential oils volatile components 
by cyclodextrins and sol-gel process. Protected from 
both the cyclodextrin and silica matrix, the essential 
oils components became more resistant versus the 
effects of the environment factors. The authors 
concluded that the resulted powders can find ap-
plications in domains as agriculture, food industries, 
cosmetics, pharmaceutical and medicine.

Raileanu 
et al. (2013)

6. Cyclodextrin 
stabilized 
emulsions and 
cyclodextrino-
somes

β-CD, α-CD This report deals with preparation of o/w emulsions 
stabilised by microcrystals of cyclodextrin–oil inclusion 
complexes. The inclusion complexes are formed by 
threading cyclodextrins from the aqueous phase onn-
tetradecane or silicone oil molecules from the emulsion 
drop surface which grow further into microrods and mi-
croplatelets depending on the type of cyclodextrin (CD) 
used. The authors concluded that the CD-stabilized 
emulsions can be applied in a range of surfactant-free 
formulations with possible applications in cosmetics, 
home, and personal care. Cyclodextrinosomes could 
find applications in pharmaceutical formulations as 
microencapsulation and drug delivery vehicles.

Mathapa and 
Paunov (2013)

7. Application of 
cyclodextrins 
for delivery 
systems in 
cosmetics

Native cyclo-
dextrins

In this review paper the authors identify and discuss 
some delivery systems used in consumer health 
products, also based on cyclodextrins encapsulation 
for example, to improve the penetration and action of 
vitamin C into the skin to inhibit melanin formation.

Hougeeir and 
Kircik (2012)

8. Cyclodextrin-
grafted viscose 
loaded with 
aescin formula-
tions for a 
cosmeto-textile 
materials

β-CD The authors developed an efficient synthetic procedure 
for the preparation of β-cyclodextrin (β-CD)-grafted 
viscose by means of a two-step ultrasound-assisted 
reaction. This cosmeto-textile applications can be used 
in the treatment of chronic venous insufficiency in legs 
by means of elastic bandages loaded with natural prod-
ucts which possess flebotonic properties (eg, aescin, 
menthol, Centella asiatica and Ginkgo biloba). Accord-
ing to presented data the invented cosmeto-textile can 
be easily recharged and has the strong base character-
istics needed for possible industrial production.

Cravotto et al. 
(2011)
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designed for nasal (Cho et al., 2015), parenteral (Vecernyes 
et al., 2014), skin (Conte et al., 2014) and pulmonary (Sawatdee 
et al., 2014) drugs delivery as well as oral administration 
(Mendes et al., 2015). In spite of typical water-based CDs solutions 
that are used for improving solubility, stability, and drugs bioavail-
ability, there is an increasing interest in designing more sophisti-
cated and complex systems, also involving common solids or new 
discovered nanomaterials, for example:
•	 nanoplatforms	composed	of	cyclodextrin/multiwalled	carbon	

nanotubes nanohybrid for guanine-based drugs entrapment 
and delivery (Innazzo et al., 2014)

•	 electrospun	 nanofibrous	 materials	 containing	 naproxen-
cyclodextrin complex (Akaduman et al., 2014)

•	 bioresorbable	chlorhexidine	delivery	systems	based	on	modi-
fied paper points (Tabary et al., 2014)

•	 multifunctional	 cotton	 containing	 silver	 nanoparticles	 and	
cyclodextrin (Hebeish et al., 2014)

•	 liposomal	gels	containing	glutathione/cyclodextrins	complex-
es for cutaneous administration (Cutrignelli et al., 2014)

•	 microbeads	 containing	 cod-liver	 oil	 encircled	 with	 natural	
cyclodextrins (Konrádsdóttir et al., 2014)

•	 emulgel	formulation	containing	inclusion	complex	of	calcipot-
riol with cyclodextrin (Badilli et al., 2014)

•	 fast-dissolving	 tacrolimus	 solid	 dispersion-loaded	 prolonged	
release tablet (Cho et al., 2014)

•	 ocular	 inserts	 containing	 lodocaine	 HCl/β-CD complex 
(Shukr, 2014)

•	 bioadhesive	 tablets	 containing	 cyclodextrin	 complex	 of	 itra-
conazole for the treatment of vaginal candidiasis (Cevher 
et al., 2014)
Applications of cyclodextrins driven host–guest complexes in 

food technology (Table 17.2) are mainly focusing on the packaging 
techniques involving “smart membranes,” which are designed to 
protect the food products from the oxygen or for selective extrac-
tion of low molecular mass impurities as well as for improving the 
food properties like color, flavor and overall stability. Particularly, 
the latest applications demonstrate:
•	 active	packaging	involving	nanocrystal-reinforced	soy	protein	

films and cyclodextrins (Gonzales and Igardzabal, 2015)
•	 antimicrobial	packaging	of	fresh	chicken	breast	fillets	(Higueras 

et al., 2014)
•	 preserving	natural	colorant	in	yogurt	based	on	inclusion	com-

plexes of red bell pepper pigments with β-CD (Gomes et al., 2014)
•	 complexation	 of	 chlorpropham	 with	 HP-β-CD and its 

application in potato sprout inhibition (Huang et al., 2014)
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•	 production	of	chitosan/cyclodextrin	membrane	for	gallic	acid	
encapsulation and controlled release (Paun et al., 2014)

•	 inventing	of	nano-encapsulated	black	pepper	oleoresin	using	
HP-β-CD for antioxidant and antimicrobial applications 
(Teixeira et al., 2013)

•	 immobilisation	of	β-CD on glassfor cholesterol reduction from 
milk (Tahir and Lee, 2013)

•	 encapsulation	 of	 volatiles	 in	 nanofibrous	 polysaccharide	
membranes for food packaging applications (Mascheroni 
et al., 2013)
A relatively low number of experimental papers was recently 

devoted to cosmetics applications; however, this topic is closely re-
lated to pharmaceutical applications and therefore also within this 
group several novel applications were investigated (Table 17.3). 
They were mainly focused on the stability improvement of the 
volatile target components derived from the essential oils. Addi-
tionally, applications of inclusion complexes for aqueous-based 
lacquers, emulsions, and cosmeto-textile materials used in the 
treatment of chronic venous insufficiency in legs by means of 
elastic bandages loaded with natural products possessing flebo-
tonic properties were also reported, particularly:
•	 cyclodextrins	as	encapsulation	agents	for	plant	bioactive	com-

pounds (Pinho et al., 2014)
•	 thermogelling	hydrogels	of	cyclodextrin/poloxamer	polypseu-

dorotaxanes as aqueous-based nail lacquers (Nogueiras-Nieto 
et al., 2013)

•	 improved	stability	of	 the	essential	oils	components	 involving	
CD encapsulation (Raileanu et al., 2013)

•	 cyclodextrin	 stabilised	 emulsions	 and	 cyclodextrinosomes	
(Mathapa and Paunov, 2013)

•	 cyclodextrin-grafted	 viscose	 loaded	 with	 aescin	 formulations	
for cosmeto-textile materials (Cravotto et al., 2011)

8 Conclusions
Although cyclodextrins were discovered over 100 years ago, 

these relatively simple macrocyclic compounds are still of inter-
est for a number of researchers’ communities, particularly: ana-
lytical chemists, pharmacists, cosmetologists, and food engineers. 
This is mainly due to water solubility, lack of toxicity, high thermal 
stability, and unique physicochemical properties, which allow 
researchers to modify the solubility, stability, bioavailability, and 
antioxidant properties of the active components of interest via sim-
ple electrostatic interactions. Cyclodextrins-involved host–guest 



760  Chapter 17 PRINCIPLES OF SUPRAMOLECULAR COMPLEXES FORMATION

complexation can be fairly well controlled by competitive interac-
tions with a number of low-molecular mass compounds as well as 
physicochemical parameters like pH, humidity, or temperature. 
There are an increasing number of nontrivial applications involv-
ing smart or active packaging and nanomaterials-driven carriers for 
drugs delivery through newly invented structures, which are based 
on cellulose and chitosan polymers in the form of nanocapsules, 
electrospinning nanofibers, or carbon nanotubes. Researchers 
are also focusing on the large three-dimensional structures com-
posed of a battery of CDs units, including dendrimers that enable 
selective encapsulation of chiral active substances, particularly 
nonpolar chemicals. For that reason cyclodextrins may very likely 
dominate the future macrocycles applications in the food, phar-
maceutics, and cosmetics industries for the foreseeable future.
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18
NANOENCAPSULATION OF 
FLAVORS AND AROMAS BY 
CYCLODEXTRINS
Eva Fenyvesi, Lajos Szente
CycloLab Cyclodextrin Research & Development Laboratory Ltd., 
Budapest, Hungary

1 Introduction
Cyclodextrins (CDs) are cyclic oligosaccharides produced 

from starch by fermentation. The mixture of dextrins obtained 
by hydrolysis of starch is treated by a special enzyme, CD glyco-
syl transferase (CGTase) able to catalyze the cyclization of linear 
maltooligosacharides to yield CDs (Szejtli, 1982; Schmid, 1996). 
The enzymatic conversion results in a so-called “conversion mix-
ture” (CMx) containing cyclic and acyclic dextrins. The acyclic 
dextrins are called also linear dextrins and maltodextrins. They are 
glucose-1,4 oligomers of various length, consisting of usually 3–20 
glucose units. The cyclodextrins are separated from this mixture 
by selective precipitation/complexation (Fig. 18.1).

Cyclodextrins are natural compounds produced by some soil 
living bacteria (eg, B. macerans, B. subtilis, B. coagulans) hav-
ing CGTase enzyme. For these microorganisms the degradation 
of CDs is one of the consecutive reactions in the metabolism of 
starch: the formation, uptake, and intracellular degradation of 
CDs is a beneficial starch-degradation pathway for bacteria pos-
sessing both CD-forming and CD-degrading enzymes (Usanov 
et al., 1990; Pocsi, 1999).

CDs are glucose oligomers similar to amylose in starch and 
contain at least 6 glucopyranose units. The three major CDs, α-, β-, 
and γ-CDs (ACD, BCD, and GCD) are the smallest members of this 
family and consist of 6, 7, and 8 glucopyranose units, respectively 
(Fig. 18.2). These CDs are produced in thousands of tons yearly 
while the large-ring CDs are still of academic interest and are pre-
pared in small quantities as fine chemicals.
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The arrangement of the glucose units gives conical shape to the 
CDs, forming a cavity. All the hydroxyl moieties are located at both 
edges facing outside (the primary hydroxyls at the narrower pri-
mary face, the secondary hydroxyls at the broader secondary face) 
and provide a polar surface to the molecule while the cavity is less 
hydrophilic because of the glucosidic bonds. Owing to the pecu-
liar structure of CDs (hydrophilic outside, less hydrophilic inside 
the cavity) they are able to include various organic molecules and 
form inclusion complexes. The driving force is the replacement of 
high-energy water molecules in the cavity of the host CD with a 
hydrophobic “guest.” The prerequisite of complex formation is the 
geometrical fit similarly to key and hole. ACD, BCD, and GCD dif-
fer in their size (0.5–0.9 nm in diameter), which gives a choice to 
select the most proper host for a given guest. The stoichiometry 
of the complex is usually 1:1; that is why this process is called also 

Figure 18.2. Chemical structure of α-, β- and γ-cyclodextrins.

Figure 18.1. Flow diagram of cyclodextrin production.
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molecular encapsulation. The larger guest molecules can interact 
with two or more CDs, and it can happen that two of the smaller 
guests are included into one (larger) cavity. As both the empty CDs 
and the complexes can aggregate different stoichiometries can be 
also observed (Loftsson et al., 2002).

The included guest usually shows enhanced solubility because 
of the hydrophilic carbohydrate shell. It is protected against hy-
drolysis, and light- or heat-induced degradation if the sensitive 
part of the molecule is included. The opposite effects (catalytic de-
composition) may occur when the sensitive part of the molecule 
is protruding from the cavity. Also the volatility of the compounds 
is decreased. By complexation the bitter taste and malodor of 
compounds can be reduced. The versatile applications including 
pharmaceutical, food, cosmetic, environmental, agricultural, and 
other fields are based on these effects of inclusion complex for-
mation. These effects are utilized in the flavor encapsulation by 
cyclodextrins, too.

2 History of Flavor Encapsulation 
by Cyclodextrins

Cyclodextrins were discovered by chance by the French phar-
macist Villiers (1854–1932), who studied the bacterial decomposi-
tion (putrefaction) of starch (Crini, 2014). It was Franz Shardinger 
(1853–1920) working in the Food Research Institute in Vienna who 
could isolate them in a yield enough for detailed studies. He iso-
lated also Bacillus macerans, the microbes producing the crystal-
line α- and β-dextrins, discovered the complex forming ability and 
postulated their cyclic structure. As his findings were fundamen-
tal on these materials they were called Schardinger dextrins in his 
honor.

The most important milestones of cyclodextrin research were 
the discovery of γ-dextrin (Karl Freudenberg, 1886–1983), proving 
the cyclic structure (Dexter French, 1918–1981), and recognizing the 
main effects of the inclusion complex formation (Friedrich Cramer, 
1923–2003). At the beginning of the 1970s József Szejtli (1931–2004) 
proved that the CDs were not toxic and initiated the industrial 
production. In a few years the production was started not only in 
Hungary, but also in Germany, France, and Japan.

The global market of CDs is continuously increasing. The pro-
duction was estimated to reach 250,000 tons per year with Japan 
sharing the 40% of it (Zhiyuan Bio-tech, 2013). Although this estima-
tion seems to be exaggerating, it should be around several hundred 
thousand tons (Fenyvesi et al., 2015). In Asia, China, South Korea, 
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and India also produce CDs. In China there are around 50 compa-
nies producing various CDs; 20 of them contribute with more than 
1000 tons per year. In Japan nearly 90% of CDs were used for foods in 
1988 (Hashimoto, 1988), in the United States 14% of CD production 
was utilized by the food industry in 2008 (Frost and Sullivan, 2008).

Rogers and Whaley patented stabilization of fruit aromas by a 
mixture of cyclic and acyclic dextrins Rogers and Whaley (1962). 
According to the claims, starch is hydrolyzed by α-amylase to get 
a mixture of acyclic dextrins that, however, similarly to amylose 
have helical structure and are able to include smaller compo-
nents of aromas forming inclusion complexes as the CDs do. A 
cyclic dextrin (α-, β-, γ-, δ- and/or ε-cyclodextrin) is added and a 
very versatile host mixture is obtained: the various components 
of food flavors and aromas can find their proper counterpart eas-
ily. In this way the taste of orange concentrate was improved by 
orange aroma encapsulated by ACD and hydrolyzed starch to get 
a drink which closely resembles the taste of fresh orange juice. D-
limonene, menthol, and shiitake flavor, respectively, were stabi-
lized with a mixture of BCD and maltodextrins (Furuta et al., 1994; 
Liu et al., 2000; Shiga et al., 2004).

Also amylose (unlike to amylopectin) can bind some flavor 
components (volatile aliphatic alcohols, aldehydes, ketones, es-
ters, amines of some aromatic and heteroaromatic compounds) 
via H-bonding and inclusion (Kuge and Takeo, 1968; Maier and 
Bauer, 1972; Wulff et al., 2005). Enhanced solubility of flavor com-
pounds was obtained with high-amylose maize starch via inclu-
sion complex formation (Tapanapunnitkul et al., 2008).

Most flavors are sensitive to oxygen, heat, and light. Complex-
ation can protect them from these harmful effects. Szejtli in his 
early review showed that 90% less oxygen was used by anethole 
(one of the main components of anise and fennel oils) in complex 
form compared to the uncomplexed compound (Szejtli, 1977). 
Also the volatility is reduced significantly: while the uncomplexed 
anethole is fast evaporated, no detectable anethole can be found 
in the head space of the complex as long as it is stored in solid, dry 
state. The unpleasant odor of sweet potato juice was reduced by 
applying maltosyl CDs that bind the flavor components and re-
duces their volatility (Tamaki et al., 2007). Odorless garlic powder 
was prepared (Kawashima, 1986).

The extracts of spices, such as garlic, onion, dill, and caraway 
were stabilized by CD complexation (Lindner et al., 1981). The 
aroma content hardly decreased after 10 years of storage under 
ambient conditions (Szente and Szejtli, 1988b).

Fig. 18.3 shows the storage stability of some essential oil/BCD 
complexes after 14 years of storage (Szente and Szejtli, 2004).
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The flavors are usually multicomponent systems. For instance, 
about 950 individual components in coffee flavor and aroma have 
been identified (Yeretzian et al., 2003). Natural and synthetic cof-
fee flavors were successfully stabilized against heat and light by 
BCD (Szente and Szejtli, 1986). Upon contact with water the fla-
vor substances were released immediately. The transformation of 
greasy, oily, or liquid coffee aroma concentrates into a microcrys-
talline stable inclusion complex may have practical importance 
as an additive to enhance the sensory properties and quality of 
instant coffee products. GCD is suitable for stabilization of several 
coffee flavor components (Schmid et al., 1995). In Japan instant 
coffee with additional coffee flavor stabilized by CD complexation 
has been already on the market (Hashimoto, 2002).

Not only the flavors but also the antioxidants in coffee can 
be complexed by CD resulting in enhanced antioxidant effect 
and decreased bitter taste (Zhao et al., 2010, 2011; Szejtli and 
Szente, 2005).

Gray and Roberts (1970) studied the volatile food aromas in the 
presence of various aroma-adsorbing materials including BCD. 
Among the aldehydes, ketones, alcohols, amines, and sulfides 
from various substrates especially the amines (triethylamine and 
ethylamine) showed preferential sorption on BCD.

The volatility decreasing effect of complexation was re-
ported using terpenes as model flavors by Reineccius and Risch 
(1986). Later on these authors published several books on flavor 

Figure 18.3. Essential oil content in BCD complexes stored for years under ambient conditions.
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encapsulation comparing various techniques: such as extrusion, 
coacervation, microencapsulation, and molecular inclusion by 
CDs (Risch and Reineccius, 1988, 1995).

The stability of essential oils, such as lemon, orange, hop, 
and chamomile oil was improved by CD complexation (Thoss 
et al., 1994). Candies with maltosyl CD-stabilized strawberry fla-
vor were patented (Takaku et al., 1989).

The hygroscopicity of freeze-dried pineapple juices can be re-
duced by applying BCD as additive (Phanindrakumar et al., 2005).

Szejtli (1982) summarized the advantages of molecular encap-
sulation of flavors and aromas in various fields of utilization:
•	 In	households	the	simpler	processing	(no	need	to	bother	with	

plants, for example, with chopping onion), extended shelf life 
and reliable quality have to be mentioned. Furthermore, the 
aroma powders or tablets don’t require large room for storing.

•	 In	 the	 catering,	 trade	 work	 and	 storage	 room	 can	 be	 saved,	
transport is simple, loss on storage is low, the choice is high 
independent of the season and location.

•	 In	dietetics	and	hospitals,	the	main	advantage	is	that	the	taste	
can be provided without the fibrous plant components that 
might irritate the digestion system of the patients. Delicious 
dishes can be prepared even for those on diets.

•	 In	canned	meat	and	food,	the	standard	composition	and	low	
risk of microbial contamination make the encapsulated flavors 
and aromas an attractive choice.

•	 Flavoring	 animal	 feed	 and	 fodder	 helps	 maintain	 consistent	
feed consumption, maximizing feed intake and growth of the 
animals. Doing this with molecularly encapsulated flavors, 
which are powders with long shelf life, instead of solid or liquid 
plant extracts is not only more convenient but also easier to 
standardize.
The exponential increase of the publications related to cyclo-

dextrin encapsulation of flavors and aromas for food industry 
shows the high potential of this technology (Fig. 18.4). The main 
advantages of the complexation: decreased volatility, improved 
stability against oxygen, light and hydrolysis, elongated shelf-life, 
controlled release, and so forth have been shown in various re-
views (Szejtli et al., 1979; Szente and Szejtli, 1988a; Szente et al., 
1988b; Hedges et al., 1995; Bhandari et al., 2001; Furuta et al., 2001; 
Szente and Szejtli, 2004; Cravotto et al., 2006; Hashimoto, 2008; 
Astray et al., 2009; Marques, 2010; Ciobanu et al., 2013; Martina 
et al., 2013, Martina and Cravotto, 2015).

In spite of the abundant literature on flavor and aroma com-
plexation the studies are still continued with various compounds 
and various techniques. For instance, a recent paper gives results 
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on the salting-in (volatility decreasing) effect of CD complexation 
on two model fruit aroma compounds: ethyl butanoate and butyl 
ethanoate (Baránková and Dohnal, 2015). This effect was contrast-
ed with the salting-out (volatility increasing) effect of inorganic 
salts, such as sodium chloride and sodium hydrogen carbonate.

Mixtures of ACD and highly branched cyclic dextrins (BrCD) 
were used to improve the flavor retention in spray-dried rice flavor 
oil (Kawakami et al., 2009).

More recently, a single-step electrospinning process was ap-
plied to encapsulate flavors: a blend of pullulan and BCD was mixed 
with aroma compounds and the resulting membrane released the 
aroma only in humid conditions (Mascheroni et al., 2013). Elec-
trospinning technique was used to produce poly(vinyl alcohol) 
nanowebs containing vanillin complexed by CD and poly (methyl 
methacrylate) nanofibers containing menthol complex. The in-
clusion complexes enhanced the stability of vanillin, reduced the 
volatility of menthol and provided slow release of both flavors 
(Uyar et al., 2009; Kayaci and Uyar, 2012).

Some of the latest inventions on utilizing CDs for flavors in the 
Espacenet Patent database include fragrant and crispy sliced gar-
lic stabilized with BCD (Chao and Li, 2015), yellow-head catfish 
sausage with BCD-stabilized flavor (Li et al., 2015), powder sea-
soning for dressing water-containing food material, capable of 
maintaining the flavor by using BCD (Ando and Tanimoto, 2015), 

Figure 18.4. Cumulative number of scientific papers related to cyclodextrin-encapsulation of flavors, aromas, and 
spices used for food industry in CyclodextrinNews.
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red wine powder prepared by spray drying red wine together with 
BCD, which ensures long storage stability for red wine flavor and 
functional components (Wang et al., 2015), cucumber powder 
(Shi, 2014), mulberry fruit, and raspberry combined health drink 
(Wu and Wu, 2014), and so forth.

3 Approval Status of Cyclodextrins
Although it is conceivable that the mankind has been con-

suming cyclodextrins for thousands of years as CDs, at least their 
branched variations (glucosylated and maltosylated) can be de-
tected in beer and bread and other food products containing 
enzyme- and heat-processed starch (Szente et al., 2006), it was not 
easy to get approval for food application.

The authorization process was the fastest in Japan where CDs 
were declared to be enzymatically modified starch and, there-
fore, their use in food products has been permitted since 1978. All 
CDs produced by methods not using any organic solvents are ap-
proved as natural food additives (Horikoshi, 1988). In addition to 
the parent ACD, BCD, and GCD also the enzymatically modified 
branched CDs: glucosyl CD and maltosyl CDs, as well as the con-
version mixture containing the three parent CDs and some resid-
ual dextrins are authorized in food (Tanada and Kawasaki, 2012).

In Hungary, the Ministry of Health approved the use of BCD for 
stabilization of natural flavors (flavor/BCD complexes) in 1983. In 
France, S.A.L. International in cooperation with Chinoin (Hun-
gary) received a limited approval for the use of BCD as a flavor 
carrier in 1986.

In the Netherlands, and later on in the Benelux countries (Bel-
gium, Luxemburg, and the Netherlands) CDs were approved as 
enzymatically modified starch products. In 1987, the Spanish au-
thorities also approved the utilization of BCD in foods.

Based on the toxicological data JECFA (Joint FAO/WHO Expert 
Committee on Food Additives) classified both ACD and GCD as 
“ADI not specified” (ADI = Allowed Daily Intakes), which means 
both CDs can be used in food at any concentration and quan-
tity (JECFA, 1999, 2001). GRAS (generally recognized as safe in a 
wide range of intended uses in food) approvals were obtained in 
the United States and novel food applications have been filed in 
Europe (FDA, 2000, 2001, 2004). For BCD ADI of 0–5 mg/kg body 
weight (bw) was allocated based on the NOEL (no effect level) of 
1.25% in the diet (equal to 470 mg/kg bw/day) in a 1-year study 
in dogs and a safety factor of 100 (JECFA, 1995). It has been clas-
sified as GRAS for the use as a flavor protectant in human food 
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(Wacker Chemie, 2013). In Australia and New Zealand ACD and 
GCDs are regarded as Novel Food.

The three parent CDs, ACD, BCD, and GCD are registered in 
the Codex Alimentarius of Joint FAO/WHO Expert Committee on 
Food Additives (JECFA, 2013) with INS (International Numbering 
System) No. 457, 459, and 458, respectively, among the General 
Food Standard Additives (GFSA). BCD is registered in EU as E-459 
additive (Commission Directive 2003/95/E, 2003).

CDs are allowed to be used in bread, cracker, soft drinks, bev-
erages, fruit juices, instant coffee and tea, coffee whitener, dairy 
products, candy, chewing gum, spices, and seasonings, carrier 
for vitamins and polyunsaturated fatty acids (PUFA), nutritional 
supplements, and so forth.

Recently a Japanese company, Ezaki Gliko Ltd. (Osaka, Japan) 
received approval for branched cyclic dextrin (BrCD) (FDA, 2012). 
This product is a mixture of branched oligosaccharides composed 
of α-D-glucose monomers with at least 80% of cyclic dextrin mol-
ecules with molecular weights ranging from 30,000 to 1,000,000. 
Cyclic dextrin is a partially degraded maize starch containing 
short linear chains that are composed of α-(1,4)-linked glucose 
units with branching through α-(1,6) glucosidic bonds. The meta-
bolic fate of cyclic dextrin is similar to that of GCD.

As ACD and BCD are not digestible and they are metabolized 
only by the colon microflora, these CDs are considered as solu-
ble fibers. On the other hand, GCD is easily digestable similarly 
to starch. The recently discovered antiobesity and antidiabetic ef-
fect makes these flavor-encapsulants bioactive food supplements 
(Asp et al., 2006; Comerford et al., 2011; Jarosz et al., 2013).

4 Formulation of Flavors with Cyclodextrins: 
Methods of Preparation, and Analysis

The most frequently applied methods for complex formation 
are coprecipitation, freeze-drying or spray drying of common so-
lutions or suspensions, and kneading. There are some examples 
on the preparation of the complex by mechanochemical activa-
tion that is by grinding (cogrinding) using ball milling or vibrating 
mill. In the case of volatile guest molecules, such as most of the 
flavors, the sealed heating method works as well.

In the case of coprecipitation the solution of the guest com-
pound is added drop wise to the aqueous solution of CD at 
ambient or at slightly enhanced temperature. After cooling the 
forming complex precipitates and the crystals are filtered out 
and dried.
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There is a special variation of this method when supercritical 
carbon dioxide is used as solvent (Locci et al., 2004; He and Li, 2009).

In the suspension method CD is suspended in water and the 
guest is added as it is or diluted with/dissolved in ethanol or 
aqueous ethanol. The solid complex is obtained by freeze-drying 
(Maier et al., 1987; Karathanos et al., 2007) or spray-drying. A variety 
of flavor compounds were encapsulated by the three natural CDs 
using spray-drying and the following general conclusions were 
drawn (Reineccius et al., 2002):
•	 The	 relative	 retention	 of	 flavor	 is	 decreasing	 with	 increasing	

flavor/CD ratio (CD excess is favorable in this respect);
•	 Initial	flavor	retention	was	the	highest	with	GCD,	but	the	losses	

upon storage at enhanced humidity were also the highest with 
GCD compared to ACD and BCD;

•	 The	release	of	flavor	 from	the	complex	 into	aqueous	ethanol	
solution varies among flavors and CDs and depends on the 
temperature as well. Thus, the flavor profile and accordingly 
the perception of flavor may be altered by complexation.
Another possibility for preparing the flavor/CD complexes is 

kneading: CD and the guest compound are mixed in stoichio-
metric ratio and a small amount of water is added. The flavor can 
be dissolved in/diluted with ethanol. During kneading the water 
molecules in the cavity are replaced by the guest molecules. Hav-
ing finished the kneading (the consistency of the dense suspen-
sion is changed) the solvent is removed by drying. Some examples: 
lemon oil was microencapsulated by kneading with BCD and the 
resulting paste samples of the complex were vacuum- or spray-
dried. Ten selected lemon oil flavor volatiles (α- and β-pinene, sa-
binene, β-myrcene, limonene, γ-terpinene, terpinolene, linalool, 
neral, and geranial) complexed with BCD by kneading. The opti-
mum mixing time (15 min) ensures the maximum encapsulation 
of lemon oil (97.7 mg/g of BCD) (Bhandari et al., 1999). Preparing 
limonene/CD complexes by kneading a minimum amount of wa-
ter (∼1%) is necessary; the completely dry CD does not include 
the flavor (Furuta et al., 1993). Inclusion complex formation is not 
hindered by ethanol for BCD and GCD/ limonene systems, par-
ticularly at lower moisture content but is inhibited for ACD as this 
will complex ethanol, too. Comparing various alcohols, the small-
er (in molecular size) the alcohol is, the more enhanced is the in-
clusion of D-limonene to BCD.

The grinding technology is similar to kneading but no solvent 
is used. Mandelic acid cogrinded with CDs was only partially 
complexed; 10–20% uncomplexed mandelic acid remained in the 
product (Fodor et al., 1997). This method has been very popular in 
the pharmaceutical industry when both the host and the guest are 
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crystalline and an amorphous complex of improved solubility is 
obtained. There are only a few examples when flavors or essential 
oils are encapsulated by cogrinding, for example, citrus reticulata 
oil by BCD (Cai et al., 1995), borneol, linalool, and vanillin by BCD 
(Song et al., 2000; Zhao and Sheng, 2007; Gao et al., 2006).

As CD contains some water even in dry state, the complex for-
mation with sealed heating method is also possible. The compo-
nents are weighed in a container and sealed. After heating for a 
while the water gets replaced with the guest and the complex is 
obtained without drying. The complex of borneol/methyl-beta-
cyclodextrin was prepared by this method and a well soluble, 
amorphous powder was obtained (He and Li, 2009).

4.1 analysis of flavor complexes
Before starting the preparation of a complex it is advisable to 

perform an interaction study to see if the compound to be includ-
ed in the CD cavity has affinity to the specific CD. The simplest 
and most frequently used method is the phase solubility study: 
the solubility of the guest compound is measured in aqueous so-
lutions of increasing CD concentration. If there is an interaction 
usually an enhancement in solubility can be observed. The solu-
bility versus CD concentration curves (solubility isotherms) are 
classified according to Higuchi and Connors (1965) into A and B 
type. The type A isotherms show continuous increase while the 
type B reach a plateau at a given CD concentration. The affinity 
for complex formation is characterized by the complex associa-
tion constant, which can be calculated from the initial slope of the 
isotherms and the intrinsic solubility of the guest compound. As 
the latter is often not easy to determine because of practical in-
solubility, the term complexation efficiency (CE) was introduced 
(Loftsson et al., 2005, 2007). It expresses the ratio of CD in complex 
and in free form. The method can be used for one component at a 
time when the concentration of the flavor is measured by UV pho-
tometry. Such solubility study was reported by Ikeda et al. (1982) 
who studied the interactions of 12 compounds from different es-
sential oils, such as anethole, d-camphor, linalool, and so forth 
with parent ACD and BCD using the phase solubility method. In 
this way also the apparent complex stability constants were deter-
mined and it was found that binding constants of BCD complexes 
were greater than those obtained for ACD complexes. These com-
plex stability differences were due to the steric (host-guest fitting) 
and hydrophobic factors of the studied terpenoids.

When non-UV active component is studied, a competition 
method with methyl orange can be used (Decock et al., 2006). 
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For the multicomponent systems chromatographic methods 
(HPLC, gas chromatography) or capillary electrophoresis (CE) 
are  suggested.

The decreased concentration of the flavor in the headspace 
of aqueous solutions of increasing CD concentration gives the 
possibility to compare the affinity of flavors to various CDs and 
calculate the complex association constants (Decock et al., 2008; 
Ciobanu et al., 2013). As an example, the interaction of 13 aroma 
components with various CDs (ACD, BCD, GCD and BCD deriva-
tives) was compared by head-space gas chromatography (HSGC) 
to establish the order of complexation affinity.

The CE method is simple but needs a special apparatus. The 
method can be used only if either the flavor or the CD is ioniz-
able in the buffer used for the measurement. The mobility of the 
charged flavor compound(s) in the electric field is changed when 
complexed. From this change as a function of the CD concentra-
tion in the background electrolyte the complex association con-
stant can be calculated (Rundlett and Armstrong, 1996).

CE is useful also for quantitative determination of the ionizable 
flavor compounds in the complexes. In the case of racemic mix-
tures, the enantiomer ratio can be measured, too (Varga et al., 2015).

The flavor content of the complexes depends on the molecu-
lar mass of the components. The molecular mass of ACD, BCD, 
and GCD is 972, 1135, and 1297 g/mol, respectively. The molecular 
mass of the majority of the flavor components, mono- and ses-
quiterpenoids, and phenylpropane derivatives falls in the range of 
120–160 g/mol. As usually the molar ratio of included flavor to the 
CD is 1:1, the flavor content in the complex is 9–16%.

The flavor content for the UV active flavors can be measured by 
UV photometry, HPLC, CE (if ionizable), or HSGC. For the non-UV 
active components HSGC is the most suitable technique.

While phase solubility, HSGC, and CE use solutions, the solid 
complexes can be characterized by thermoanalytical methods 
(Giordano et al., 2001). Comparing the thermal behavior of the 
single components with their physical mixture and complex gives 
information on the extent of inclusion and on the stoichiometry 
of complex. The high thermostability of CDs (they start to decom-
pose above 220–250oC) makes possible to differentiate between 
the strongly bound (included into the cavity) and only surface-
bound fraction of less stable guests. In thermogravimetry (TGA) 
or differential thermogravimetry (DTG) the mass loss is mea-
sured as a function of increasing temperature. It can be coupled 
to flame ionization detector and the release of the volatile organic 
components from the complexes can be followed by this evolved 
gas analysis (EGA) method (Novak et al., 2006). In differential 
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scanning calorimetry (DSC) the heat flow is detected. The absence 
of melting, evaporation, or sublimation peaks or their shifting to-
ward higher temperature is the sign of complex formation. Ther-
mogravimetry coupled with mass spectrometry detector is useful 
for studying the complexation of multicomponent essential oils 
(Fernandes et al., 2009).

Also HSGC proves the enhanced thermal stability of the encap-
sulated flavors (Vincieri et al., 1986).

Earlier also the pyrolysis thin layer chromatography (TAS) was 
used, which demonstrated the difference in volatility of the com-
plexed and uncomplexed components (Szente and Szejtli, 1988b). 
As this technique needs special apparatus and gives rather quali-
tative results nowadays it is not applied.

When crystalline components are used for complex formation 
the change in crystallinity (amorphization) can be a sign of inclu-
sion complexation (Szejtli et al., 1979; Furuta et al., 1994; Tapana-
punnitkul et al., 2008).

The structure of the flavors inclusion complexes can be charac-
terized by various spectroscopic methods, such as NMR (Mulinacci 
et al., 1996; Divakar and Maheswaran, 1997; Karathanos et al., 2007; 
Pirnau et al., 2009), Raman (Moreira da Silva et al., 1995), fluores-
cence (Ishikawa et al., 2007), infrared (Kayaci and Uyar, 2011), and 
UV spectroscopy (Astray et al., 2010).

Dynamic HSGC can be applied for characterizing the dynamic 
release of the components from essential oils and their complexes 
(Kfoury et al., 2015). The headspace above the sample is extract-
ed several times to be injected into the GC. The continuous de-
crease of the concentration of the flavor components in the head 
space allows researchers to calculate the retention efficacy of each 
component.

5 Flavor Complexes in Food Processing
Tea aromatizing essential oils were encapsulated by BCD and 

mixed to Ceylon black tea to get a long-lasting aroma retention 
(Szente et al., 1988a). The aroma components were immediately 
released in hot water.

Retention of aroma compounds during heat treatment in the 
presence and absence of BCD was measured by HSGC (Jouquand 
et al., 2004). There was no general rule: the retention of the hy-
drophobic flavors (2-heptanone, ethyl butanoate, 2-octanone, 
and hexanal) did not change with heating, that of 1,2-hexanal 
and 2-hexanone increased, while of 2-butanone and 1-hexanol 
decreased with increasing temperature. The equilibrium between 
the inclusion complex formation and H-bonding with the water 
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molecules is influenced by temperature depending on the struc-
ture of the less hydrophobic flavor molecules.

CDs have been widely used to improve the color of different 
fruit juices. The enzymatic browning of fruits and vegetables (apple 
and potato) is controlled by combining ascorbic acid with cinna-
mate and BCD (Sapers and Hicks, 1989) or ascorbate triphosphate 
with BCD (Gacche et al., 2003). The mechanism is the encapsu-
lation of the substrates of polyphenol oxidase (Irwin et al., 1994), 
such as complexation of catechol (Ohnishi and  Matsubara, 1996) 
and chlorogenic acid (de la Rosa et al., 2010).

The effects of the addition of ACD, BCD, and GCD on pear juice 
were compared and ACD was found the most beneficial signifi-
cantly increasing the global quality of the pear juice by reducing 
its browning but without producing a significant reduction in the 
aroma quality (Andreu-Sevilla et al., 2011). Among the samples of 
freeze-dried pear juice containing dissolved ACD, BCD, or GCD, 
the juice with ACD retained the greatest amount of aliphatic ace-
tate esters characteristic compounds of La France pear (Tobitsuka 
et al., 2005). The ACD concentration necessary for the complete 
inhibition of browning (90 mM) decreased the sensory quality, so 
an optimum concentration (15 mM) of ACD was used to get a pear 
juice with an acceptable color but intensive fruity and pear-like 
odors and aromas (Lopez-Nicolas et al., 2009).

Application of lemon oil/BCD complex in juices and juice-
based beverages can eliminate the off-note development, main-
tain the lemon profile, minimize packaging interaction in PET, 
and ensure high photostability (Strassburger et al., 2010).

Apricot powder prepared by drying the juice aromatized with 
BCD-encapsulated natural extracts or natural-identical model 
mixture encapsulated with BCD showed higher volatile com-
pounds retention than that produced without BCD (Di Cesare 
et al., 1996). The sensorial properties (color, odor, aroma, and 
taste) of the reconstituted juices were acceptable.

6 Cyclodextrins in Aroma Preserving 
and Antibiotic Active Food Packaging

Traditional food packages are passive barriers designed to de-
lay the adverse effects of the environment on the food product. 
Active packaging, however, allows packages to interact with food 
and the environment and play a dynamic role in food preservation. 
The inhibition of the release of the aroma components through the 
packaging would be desirable. On the other hand, nowadays there 
is a growing interest in the application of essential oils as natural 
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antioxidants and antibiotics instead of synthetic preservatives 
both in food and food packaging. CDs, being stable to >200oC are 
suitable encapsulating agents for these volatile flavor components. 
They are not decomposed and protect the encapsulated flavor 
during the processing of packaging materials.

Allylisothiocyanate (mustard flavor with antibiotic properties) 
is used as CD complex incorporated into the material of packag-
ing plastic films, and used for packaging of meat, or in the material 
of the sandwich boxes in Japan (Hashimoto, 2002). Essential oils 
complexed with BCD in chitosan film have long lasting antimicro-
bial properties (Sun et al., 2014).

Allylisothiocyanate (AITC) and menthol complexed by CDs 
and incorporated into polyethylene films showed controlled 
release of these flavors (Balogh et al., 2008). CDs in PVC packaging 
films inhibited the release of plasticizers (Fenyvesi et al., 2007) as 
another advantage of their application.

The high volatility, strong odor, and poor water solubil-
ity of AITC can be improved by complexation. Incorporating 
its inclusion complex with ACD and BCD into polylactide-co-
polycaprolactone films antibacterial packaging for cheese was 
developed (Plackett et al., 2006, 2007). The concept was to avoid 
preservatives added to the food by placing them into the packag-
ing. The controlled release not only lengthens the shelf-life of the 
product packaged but the consumption of the preservatives can 
also be avoided. Another advantage is the biodegradability of CDs 
and their complexes. Even the AITC complex of BCD was fast bio-
degraded (Verstichel et al., 2004).

Another biodegradable packaging material was prepared by 
electrospinning of AITC/BCD complex mixed in soy protein isolate/
poly(ethylene oxide) blend and poly(lactic acid) (PLA) (Vega-Lugo 
and Lim, 2009). The complexation of AITC with ACD but not with 
BCD suppressed the decomposition of AICD (Ohta et al., 2000; 
Jiang et al., 2006). The release was accelerated with increased rela-
tive humidity (Li et al., 2007) as it is generally observed in the case 
of CD inclusion complexes. This behavior makes this kind of en-
capsulation so attractive in food packaging: the moisture-triggered 
release is exactly what is required. The antimicrobial activity of PLA 
films with AITC/BCD and carvacrol/BCD ensured complete inhi-
bition of B. cinerea growth during 10 days (Raouche et al., 2011).

Various other packaging systems were also elaborated
•	 BCD	 inclusion	 complexes	 with	 flavor	 volatiles,	 such	 as	 D-

limonene, alpha-pinene, and 2-methoxy-3-methylpyrazine, 
have been incorporated into low-density polyethylene (LDPE) 
powder by dry mixing and then thermally pressed into films 
providing extended food shelf-life (Koontz and Marcy, 2007).
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•	 BCD	complex	of	trans-cinnamaldehyde	was	embedded	into	ed-
ible coating consisting of chitosan and pectin and this coating 
was applied to fresh cut fruits, such as papaya (Brasil et al., 2012).

•	 Films	produced	by	extrusion	of	ethylene-vinyl	alcohol	copoly-
mer with 10–40% BCD were prepared for aroma-preserving food 
packaging (Lopez-de-Dicastillo et al., 2010). The presence of 
BCD slightly increased the fragility and crystallinity of the poly-
mer. Terpene flavors were preferentially absorbed by the film.

•	 Chitosan/hydroxypropyl-BCD	 composite	 films	 showed	 high	
retention of carvacrol (Higueras et al., 2013).

•	 Joo et al. (2011) made a masterbatch first by mixing BCD with 
PLA, extruding and pelletizing, then this masterbatch with 
30% BCD content was used for casting films. This technique 
increased the compatibility between BCD and PLA. Films 
containing trans-2-hexanal, a naturally occurring plant flavor 
with antibiotic properties reduced the microbial growth (Joo 
et al., 2012). On the other hand, incorporation of the complex 
into the film resulted in impaired physico-chemical character-
istics, reduced tensile strength, decreased elongation at break, 
and increased permeability.

•	 Grafting	of	CDs	derivatives	to	cellulose	surface,	as	in	coffee	fil-
ter paper, flavor components are stabilized and released in a 
controlled way (Bergamasco et al., 2006). Tissue paper modi-
fied with CDs (by using monochlorotriazinyl β-CD) is useful for 
tea bags and coffee bags to preserve the aroma and improve 
freshness (Wintersgill, 2004). Cellulosic web coated with a layer 
containing CD can be also used for this purpose (Wood and 
Beaverson, 1999).

•	 Cellulose	acetate	films	modified	with	CDs	were	used	for	pack-
aging of ground, roasted coffee. Both the organoleptic proper-
ties and the HSGC chromatograms showed that CD-modified 
cellophane preserves the aroma and hinders oxidation better 
than the unmodified cellophane (Asslisi, 2011).

7 Conclusions
A thorough literature survey on encapsulation of food flavors 

and aromas covering the history, approval status, production, and 
analysis as well as on application in food processing and packag-
ing is given. The main advantages of flavor encapsulation by CDs 
are as follows:
•	 Enhanced	 stability	 (decreased	 volatility,	 enhanced	 heat-	 and	

photostability, inhibited hydrolysis, etc.)
•	 Moisture-triggered	release	(controlled	release)
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•	 Biodegradable	encapsulating	agents	derived	from	plants	(sus-
tainable raw materials)

•	 Approved	as	safe	food	ingredient	(GRAS,	novel	food)
•	 Have	 beneficial	 bioactive	 effect	 on	 lipid	 and	 carbohydrate	

metabolism
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1 Introduction
There is a growing recognition about the role of the func-

tional foods and nutraceuticals in improving health and quality 
of life. This has been mostly derived from the scientific evidences 
to support the concept of health-promoting ingredients, health 
awareness, and the proactive role of consumers in their health 
management. The potential health effects of numerous food bio-
active ingredients have been described including phytochemicals, 
vitamins, bioactive peptides, antioxidants, essential fatty acids, 
and so forth. The characteristic properties of free forms of many 
micronutrients are responsible for the encountered difficulties in 
their incorporation in commercial food products. The observed 
constraints can be summarized in the following:
1. Many micronutrients have low solubility in oil and/or water.
2. The susceptibility of many micronutrients to degradation by 

physical treatments, or chemical and enzymatic reactions dur-
ing food processing, transport, storage, or preparation

3. The reduced acceptability of food products fortified with mi-
cronutrients because of distinct off-flavors. Therefore, masking 
the off-flavors of these micronutrients is needed before their 
addition to foods.

4. Some micronutrients can interact with other food constituents. 
They may adversely affect the bioavailability of the micronutri-
ent and/or the product stability. In order to avoid these effects, 
added micronutrients should be isolated from other food con-
stituents.
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5. Some micronutrients have an inherently low or variable oral 
bioavailability. It is noteworthy that the enhancement of the 
bioavailability is desirable for many bioactive food ingredients 
since their effective bioactivity can be increased and a lower 
amount might be needed (Acosta, 2009).

6. The small micronutrients quantities needed for fortification 
make it difficult to incorporate them homogenously in the food 
matrix.
Therefore, it is necessary to protect these bioactive ingredi-

ents from harsh environmental conditions, and to mask their 
disagreeable sensory properties to ensure the retention of their 
health benefits without affecting the quality of the carrier food. 
This can best achieved by encapsulation of the bioactive ingredi-
ents before their inclusion in foods. One of most important ap-
plications of food nanotechnology has been the development of 
nanodelivery systems for micronutrients. Colloidal nanoparticles 
(NPs) are among these systems that can protect and release the 
encapsulated micronutrients (McClements et al., 2009). Nanopar-
ticles include nanospheres in which the encapsulated material is 
uniformly dispersed in the matrix and nanocapsules in which the 
entrapped material is confined in a cavity surrounded by a layer of 
the used polymer.

Polymer-based NPs can be fabricated easily into variable 
designs, which can offer effective stability of the encapsulated 
bioactive ingredient against adverse environmental condi-
tions. Also NPs allows for sustained and controlled release of 
the entrapped bioactives in the target site. Various functional 
materials have been developed for micro/nanoencapsulation of 
bioactive ingredients. Smaller particles provide a larger surface 
area for the diffusion path of the entrapped material and in turn 
their bioavailability. These particles may be prepared from (1) a 
single polymer species by self-assembly or controlled aggrega-
tion or (2) from mixed polymer system by inducing phase sepa-
ration based on aggregative or segregative interactions. The most 
common shape of NPs is spheroid but they may have a variety 
of internal structures such as homogeneous, core-shell, disper-
sion, or cluster structures. The importance of the particle size 
can be understood from its effects on the optical clarity, physi-
cochemical stability, encapsulation, and release characteristics, 
and bioavailability of encapsulated bioactive ingredients. In 
nanotechnology NPs are defined as particles of radius less than 
100 nm (Weiss et al., 2006). However, in many studies, the re-
ported particle sizes of the developed colloidal delivery systems 
for food bioactives exceeded this limit (up to 500 nm) while still 
described as NPs.
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One of the main criteria for selecting the encapsulant materials 
is their safety and that they are of food grade, that is, generally rec-
ognized as safe (GRAS). This limits the number of functional mate-
rials that can be used in the delivery of bioactive food ingredients. 
In addition, the choice will depend on the ability of the biopolymer 
to self-assemble into particles with defined functional properties 
(eg, size, morphology, charge, permeability, and environmental 
stability). Also, the cost of the raw materials, ease of production, 
and regulatory status should be considered. The fabrication of the 
delivery systems should be easily scaled to industrial production. 
Natural biopolymers can be considered as the main inventory for 
suitable materials to be used as nanocarriers for the bioactive food 
ingredients. Polysaccharides and proteins are the two categories 
of natural biopolymers that can be used in nanoencapsulation 
and each category has its advantages and limitations (Table 19.1).

The past decade has witnessed major advances in the develop-
ment of food-grade colloidal delivery systems based on proteins, 
polysaccharides, and their conjugates. These systems have been 
designed to encapsulate, protect, and release many food bioactive 
components. Although the natural polymers have been used in 
other nanodelivery systems for nutraceuticals such as nanoemul-
sions and liposomes, they are used mainly in delivery systems 
based on NPs.

Table 19.1 Advantages and Limitations 
of Polysaccharides and Proteins as Nano Carriers 

for Bioactive Food Ingredients
Polysaccharides Proteins
1. They are safe, biocompatible, biodegradable
2. Can be modified to achieve the required properties
3. Versatile carriers to bind and entrap a verity of hydro-

philic and hydrophobic bioactive food ingredients
4. They are considered as a suitable shell under high 

temperature processes
5. Resistant of gastric and intestinal conditions
6. Slightly affected by pH and ionic strength of solution
7. Their composition and properties are greatly affected 

by the source and method of extraction

1. They are safe, biocompatible, biodegradable
2. Have a wide range of functional properties
3. Consistent composition and properties
4. Can interact with wide range of hydrophilic and 

hydrophobic bioactive compounds
5. Can be easily restructured in nano forms by several 

physical and chemical treatments
6. Liberates on digestions several bioactive peptides
7. Easily affected by changes in pH and ionic strength
8. Poor resistance to intestinal conditions
9. May develop allergic reactions
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Therefore, the present chapter has been devoted to the prepa-
ration of nano carriers based on natural biopolymers NPs and mi-
celles for the nanodelivery of bioactive food ingredients.

2 Natural Biopolymers Used 
in Nanoencapsulation

Natural biopolymers are the most suitable materials for the for-
mation of NPs that can be incorporated in foods. Depending on their 
characteristics and the conditions of aggregations,  polymers can 
self-assemble in various particle structures. In addition, the electri-
cal properties of the obtained NPs are important to keep them sta-
ble in the medium. Proteins and polysaccharides are the two classes 
of the natural polymers that have been used or have the potential to 
be used in nanoencapsulation of bioactive food ingredients.

2.1 Proteins
Proteins are a class of natural polymers that have unique func-

tionalities and potentialities in food, medical, and material ap-
plications. They are ideal materials for nanoparticle preparation 
because of their amphiphilicity, which allows them to interact well 
with both the entrapped bioactive ingredients and the medium. 
Nanoparticles derived from natural proteins are biodegradable 
and metabolizable. Proteins are classified in groups of defined 
characteristics (Fig. 19.1).

2.1.1 Globular Proteins
Globular proteins are characterized by their ordered structures, 

which variably change into unordered structures (denatured) and 
subsequent formation of heat-set gels when subjected to heat 
treatments under controlled ionic strength and pH. Also, they can 
form cold-set gels by thermal denaturation followed by gelation 
in the presence of a coagulating agent. Further, the amphiphilic 
properties of proteins have been used as a driving force for self-
assembly into supramolecular structures. The size and shape of 
formed aggregates can be determined by controlling the heat 
denaturation conditions (Chen et al., 2006). Both the native and 
denatured forms of globular proteins have been used as nanocar-
riers of bioactive food ingredients.

2.1.1.1 Whey Proteins
Whey proteins are mixtures of globular proteins (β-

lactoglobulin (β-Lg), α-lactalbumin (α-La), blood serum albumin 
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(BSA), lactoferrin (Lf), immunoglobulins (Ig) that differ greatly 
in their composition and functional properties (McSweeney and 
Fox, 2013). Whey proteins are generally resistant to some proteo-
lytic enzymes and therefore can possibly serve for enteric delivery. 
Whey proteins retain their native structures in their commercial 
preparations namely: whey protein concentrates (WPC), which 
have variable protein contents (35–80%) and whey protein iso-
lates (WPI) of protein content >90%. These preparations have 
been used extensively as nanodelivery vehicles for many bioac-
tive food ingredients. Beta-lactoglobulin (β-Lg), the major whey 
protein, is able to bind small hydrophobic molecules in three 
binding sites namely: its internal cavity, the outer surface near 
Trp19-Arg124, and the monomer–monomer interface of the β-Lg 
dimer (McSweeney and Fox, 2013). Thermal treatments induce 

Figure 19.1. Natural biopolymers used as nanocarriers.
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 denaturation of bovine β-Lg through an initial dissociation from 
the native dimer to monomer β-Lg, followed by a change in the 
polypeptide chain conformation and subsequent aggregation. 
Denatured bovine β-Lg can form particulate, fibrous, or amyloid 
fibrile materials depending upon the precise heating conditions. 
α-La is the second major whey protein, which can apparently 
bind retinol and palmitic acid. α-La is more resistant to thermal 
denaturation than β-Lg. Partial hydrolysis of α-La with microbial 
enzyme from Bacillus licheniforms resulted in the formation of 
nanotubes (Gravel and-Bikker and de Kruif, 2006). BSA, a natural 
carrier of small molecules in the blood, contains three domains 
specified for metal ion, lipid, and nucleotide binding  respectively. 
Lf is an iron binding protein that has several beneficial health ef-
fects including its antimicrobial effect of harmful microorgan-
isms, regulating the immno system. Mechanical treatment such as 
high hydrostatic pressure treatment (HHP) changes markedly the 
conformation of heat denatured whey proteins and their interac-
tion with lipophilic bioactive compounds (Relkin et al., 2014). In-
creasing the time-intensity of HHP decreased the particle size and 
increased the α-tocopherol–protein interaction.

2.1.1.2 Ovalbumin
Ovalbumin (OVA) is the main protein of egg white proteins 

(EWP), which has good functionality, particularly foaming and 
gelling properties. OVA is a globular protein of 43 kDa molecu-
lar weight and containing 385 amino acid residues, 1 disulphide 
bond, and 4 free sulphydryl groups. As a globular protein OVA can 
be modified through different treatments such as heating, high 
pressure, enzymatic reaction, shaking, and so forth. Environmen-
tal conditions under which denaturation takes place can lead to 
OVA aggregation driven by molecular interactions between ex-
posed hydrophobic patches and disulfide bonds formation. More-
over, under controlled ionic strength and pH conditions, heated 
OVA dispersions can produce protein aggregates with different 
sizes and morphologies (Nyemb et al., 2014), which affect its bind-
ing to hydrophobic molecules such as the polyunsaturated fatty 
acids, PUFA (Sponton et al.,  2015)

2.1.1.3 Pea Proteins
Dry pea seeds contain about 20–25% crude protein, among 

them 70% are salt-soluble globulins that are composed of two 
fractions, namely: legumin 11S and vicilin/convicilin 7S. These are 
constituted of heterogeneous subunits assembled into high mo-
lecular weight oligomers. Pea proteins heat-set gels exhibit lower 
textural features than those obtained with their soy  counterparts 
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processed under the same conditions. In addition, concentrated 
pea proteins suspensions and high salt concentrations are re-
quired to induce heat gelation of pea proteins. Moreover, slow 
heating/cooling rates applied would be required for pea protein 
molecules to form gel network of enhanced elasticity (Mession 
et al., 2015).

2.1.1.4 Soy Proteins
Glycinin and β-conglycinin are the two major components of 

soy protein. Glycinin is a hexameric protein composed of alter-
nating (1) acidic and (2) basic units around the ring and linked 
by disulfide bridges, except for the acidic polypeptide A4 (Chen 
et al., 2014a). Three different β-conglycinin subunits are known as 
α9, α, and β, which are associated via hydrophobic interactions. 
Above the isoelectric point, the onset denaturation temperature 
of glycinin is around 80−90°C, and β-conglycinin starts to dena-
ture around 60−75°C Soy protein isolate (SPI), is the most com-
mercially available soy protein product (Liu and Tang, 2013). SPI 
is unique in its high content (over 0.6 mol/mol protein) of hydro-
phobic amino acids, which enables a strong hydrophobic inter-
action with encapsulated compounds. In addition, SPI contains 
a considerable percentage of polar and charged residues, which 
leads to good water solubility and facilitates association with bio-
active compounds through electrostatic attraction and hydrogen 
bonding (Teng et al., 2013b).

2.1.2 Phosphoproteins
Bovine milk contains four different caseins, namely: αs

1
-, 

αs
2
-, β- and k-caseins (CN), present as naturally self-assembled 

micelles (McSweeney and Fox, 2013). The structures of caseins 
are quite unique. They are open-structured rheomorphic phos-
phoproteins, which have distinct hydrophobic and hydrophilic 
domains. The hydrophobic and charged residues are not uniform-
ly distributed along the polypeptide chains of the four caseins. 
Therefore, caseins have a distinctly amphipathic character that al-
low them to form self-assembled aggregates of different sizes. The 
casein micelles are spherical colloidal particles with an average di-
ameter of 150 nm in which the different caseins are held together 
mainly by hydrophobic interactions, and by calcium phosphate 
nanoclusters, bridging between their serine-phosphate residues. 
Casein micelles can be reassembled from acid casein. The reas-
sembled casein micelles have almost similar sizes and properties 
to the natural micelles. Also, individual caseins can self-assemble 
to form micelles of variable sizes. In the case of β-casein, it forms 
nanosized micelles while the other caseins form micelles of  larger 
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and uncontrolled sizes. Therefore, β-casein has been used as 
nanocarriers for several bioactive ingredients. Also, sodium ca-
seinate (SCN) has been successfully used in combination with 
other biopolymer as wall material for encapsulation of several 
bioactive food ingredients.

2.1.3 Prolamines
Prolamines are a group of cereal storage proteins character-

ized by their solubility in aqueous ethanol solutions but insoluble 
in water. Zein is the major storage protein of maize (Zea mays). It 
consists of four major (α-β-γ- and ô-zein) hydrophobic, alcohol-
soluble proteins (prolamines), while the α-component accounts 
for almost 85% of the whole protein (Rishi and Munir, 2001). 
About two thirds of the amino acid residues of zein are hydropho-
bic, which allows for the solubilzation of the protein in 60–90% 
aqueous ethanol solution, but not in water (Dong et al.,  2013). 
The characteristic solubility of zein in ethanol solution, in addi-
tion to being biodegradable and biocompatible makes it suitable 
material for encapsulation of hydrophobic bioactive ingredients. 
Zein has relatively low surface charge and in turns a weak electro-
static repulsion between its particles, leading to the formation of 
large aggregates. Zein is a very good candidate to generate colloi-
dal particles by the simple antisolvent method (Patel et al., 2010). 
NPs of sizes that range from 100 to 200 nm can be easily fabricated 
by shearing an ethanolic solution (55–90%) of zein in deionized 
water (Zhong and Jin, 2009). Smaller particles can be formed at 
high shear rate, high ethanol, and low zein concentrations. Zein 
can interact with other charged biopolymers, such as caseinate 
and CS to form hybrid particles (Patel et al., 2010; Luo et al., 2011). 
Also, zein particles may exhibit mucoadhesive properties (Joye 
and McClements, 2014) increasing their residence time in the gas-
trointestinal tract and the bioavailability of the entrapped active 
ingredients. Gliadin is one of the two wheat storage proteins. It is 
a monomeric protein rich in glutamine and proline residues and a 
very low content of charged amino acids (Duclairoir et al.,  2002). 
Similar to zein, gliadin is soluble in 70% aqueous ethanol solution, 
has low surface charge and is biocompatible and biodegradable. 
The relatively high level of neutral and lipophilic amino acids 
of gliadin promotes its interaction with mucosa to increase the 
bioavailability of the encapsulated bioactive ingredients (Joye 
et al., 2015b). Kafirin is the prolamine protein found in sorghum 
grain. It is one of the structurally tunable and commercially viable 
biomaterials suitable for encapsulation of bioactive food ingredi-
ents. Its unique properties, such as water insolubility, biodegrad-
ability, low toxicity, high hydrophobicity, nonallergenicity, and 
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reduced susceptibility to proteolysis support its use in nanoen-
capsulation. Compared to zein, kafirin is relatively more hydro-
phobic and less digestible (Xiao et al., 2015), which enables it to 
be a more effective encapsulation vehicle with stronger protective 
function.

2.2 Polysaccarides
Polysaccharides are natural polymers of monosaccharides that 

vary in the type, number, distribution, and bonding of the mono-
mers in the chain. They can be classified according to their charge 
into neutral, acidic, and cationic (Fig. 19.1). Due to their massive 
molecular structure and their ability to self-assemble, many poly-
saccharides can be used to build delivery systems for bioactive 
ingredients.

2.2.1 Chitosan
CS is a linear polysaccharide, composed of glucosamine and N-

acetyl glucosamine units linked via β(1→4) linkage. Depending on 
the method of preparation these two monomers are randomly or 
block distributed throughout the biopolymer chain. CS is the only 
natural polysaccharide that has a surface of high-density positive 
charge. Therefore, it has the ability to dissolve in acidic medium. 
CS prepared from shrimps has been approved as GRAS (FDA, 2005) 
(www.fda.gov/ucm/groups/fdagov-public/@fdagov../ucm337459.
pdf). CS has several nutritional and health properties, such as hy-
pocholesterolemic, immunity-enhancing, anticancer effects, and 
acceleration of mineral absorption (Xia et al., 2011). Also, CS has 
a wide spectrum of antimicrobial properties against foodborne 
microorganisms (Rabea et al.,  2003). On the basis of this property 
and its film-forming property, food industry has used CS singly or 
in combination with other antimicrobial agents in coating fresh 
cuts to extend their shelf life. Also, CS and its Maillard conjugates 
have been widely used to stabilize and improve overall quality of 
emulsions. In addition, CS has many favorable properties as a can-
didate for encapsulation of food bioactives, such as nontoxicity, 
biocompatibility and biodegradability (Kean and Thanou, 2010). 
CS can be modified by chemical and physical treatments. Chemi-
cally modified CS can be prepared by N-alkylation, hydroxyalkay-
lation, carboxyalkaylation, and so forth (Luo and Wang, 2013). Also, 
CS can be modified by physical treatments such as electromagnet-
ic radiation and sonication. The modified CSs are characterized by 
improved solubility in aqueous solutions at different pHs, modu-
lated surface charges, and higher absorption efficiency. Modified 
CS can be tailored for special nanoencapsulation purposes.

http://www.fda.gov/ucm/groups/fdagov-public/@fdagov../ucm337459.pdf
http://www.fda.gov/ucm/groups/fdagov-public/@fdagov../ucm337459.pdf
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2.2.2 Pectin
Pectin is a complex mixture of linear polysaccharides of vari-

able composition depending on the source and the conditions ap-
plied during its isolation. Pectin consists mainly of d-galacturonic 
acid (GalA) units, joined in chains by means of α-(1→4) glycosidic 
linkage. Part of the carboxyl groups of the GalA is naturally pres-
ent as methyl esters. Pectin contains from a few hundred to about 
1,000 saccharide units, which corresponds to average molecular 
weights from about 50,000 to 150,000 Da. Pectin is classified on 
the basis of the degree of estrification (DE) to high methoxyl (HM) 
pectin (DE 60–75%), and low methoxyl (LM) pectin (DE 20–40%). 
These two groups of pectin form gels by different mechanisms. 
HM pectin forms gels at pH around 3.0 using a minimum amount 
of soluble sugars. HM-pectin gels are thermally reversible. LM-
pectin produces gels at wide range of pH and in the presence of 
a controlled amount of calcium or other divalent cations (Sundar 
Raj et al., 2012).

2.2.3 Alginates
Alginates are natural anionic polysaccharides isolated from 

brown marine algae (Phaeophyceae). They are linear copo-
lymers of (1→4)-β-d-mannuronopyranosyl and (1→4)-α-l-
guluronopyranosyl units in homopolymeric sequences. Alginates 
can form gels in the presence of divalent cations, such as Ca2. Thus 
alginate beads can be fabricated by dropwise addition of sodium 
alginate solution into CaCl

2
 solution to induce cross linking of the 

polymer chain to form an egg-box like configuration. The size of 
the formed particles depends on solution concentration and the 
dimensions of the initial extruded droplets. At low pH values, algi-
nate beads are insoluble, which makes them favorable candidates 
for delivery of acid sensitive bioactive ingredients in the intestine 
or to retard the release of bioactive compounds in acidic foods.

2.2.4 Gum Arabic
Gum arabic (GA) is the exudates gum of Acacia trees. It is a 

complex mixture of arabinogalactan oligosaccharides, polysac-
charides, and glycoproteins. It is a branched, neutral, or slightly 
acidic substance. Several factors affect the chemical composition 
of GA  including the source, climate, season, age of trees, rainfall, 
and time of exudation. The backbone of GA has been identified to 
consist of α-(1→3)-linked d-galactopyranosyl units. The side chains 
are composed of 2–5 β-(1→3)-linked D-galactopyranosyl units, 
joined to the main chain by 1,6-linkages. Both the main and the side 
chain contain units of α-larabinofuranosyl, α-l-rhamnopyranosyl, 
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β-d-glucuronopyranosyl, and 4-O-methyl β-D-glucuronopyranosyl. 
GA has a unique ability to create a strong protective film around oil 
droplets due to its highly branched arabinogalactan-protein struc-
ture (Wandrey et al.,  2010). The hydrophobic polypeptides an-
chor the polysaccharide onto the surface of the oil droplet and the 
hydrophilic carbohydrate chains prevent the aggregation by form-
ing a thick charged layer. GA is compatible with most other plant 
hydrocolloids, proteins, carbohydrates, and modified starches. 
GA acts as a useful prebiotic, which promotes beneficial intestinal 
physiological effects (Wandrey et al., 2010).

2.2.5 Carrageenans
Carrageenans are a family of high molecular weight an-

ionic polysaccharides obtained from marine algae (Wandrey 
et al.,  2010). They have variable structures depending on the 
source and conditions of their preparation. Generally the polymer 
chains comprise alternating (1→3)-linked β-D-galactopyranosyl 
and (1→4)-linked α-D-galactopyranosyl units. Three types of car-
rageenans are commercially available namely: k- (kappa), ί- (iota), 
and λ- (lambda), which contains one, two, and three sulfated 
groups/repeating dimer unit of the polymer, respectively. Viscous 
solutions or thermally reversible gels can be obtained from car-
rageenans depending on their types. In addition the texture and 
rheological properties of the obtained gels differ markedly from 
soft to elastic and from firm to brittle.k- and ί -carrageenans have 
the ability to form elastic gels in the presence of certain cations 
such as K+ and Ca2+. Synergistic effects can be obtained when com-
bining carrageenans with other gum types.

2.2.6 Xanthan
Xanthan is microbial gum produced by Xanthomonas camp-

estris. It is a high molar mass anionic polyelectrolyte that occurs 
as a mixed salt of sodium, potassium, and calcium. Its backbone 
consists of β-(1→4)-D-glucopyranosyl units with every second 
unit having a trisaccharide side chain attached at the C-3 posi-
tion, one d-glucuronosyl unit between two d-mannosyl units 
(Katzbauer, 1998). Approximately 40–50% of the terminal manno-
syl units are 4,6-pyruvated. Xanthan is a nongelling gum but forms 
a high viscous solution. The secondary structure of xanthan gum 
consists of a fivefold helical structure. The xanthan gum molecule 
undergoes a thermally induced order–disorder conformational 
transition. The disordered form is favored by low salt concentra-
tions and high temperatures, whereas salt stabilizes the ordered 
conformation.
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2.2.7 Gellan
Gellan is an anionic polysaccharide of high molecular weight 

commercially produced by the microorganism Sphingomonas 
elodea in two forms, namely: low acyl (deacetylated) and high acyl 
gellan. It consists of tetrasaccharide repeating unit (one rham-
nose, one glucuronic acid, and two glucose units). Low acyl gel-
lan forms thermo-reversible gel upon cooling of its solutions in 
the presence of gelling cations while the high acyl gellan form gels 
without the need for cations. The resulting gels have variable tex-
tures depending on the degree of acetylation and concentration of 
the divalent cations present.

2.2.8 Dextrans
Dextrans are mainly linear neutral polymers of α-D-glucose 

linked by α-(1→6) glycosidic bonds, which can have variable 
amounts of α-(1→3) branches. They are microbial polysaccha-
rides obtained by the fermentation of sucrose. The exact structure 
of each type of dextran depends on its specific producing micro-
bial strain. Dextrans can be modified by the formation of covalent 
attachment between the hydroxyl groups of the polysaccharides 
and various organic functional groups especially hydrophobic 
compounds. Modification of dextrans changes their properties 
depending on the degree and type of substitution.

2.2.9 Cyclodextrins
They are a family of cyclic oligosaccharides prepared degrada-

tion and cyclyzation of the degradation products of amylase,or 
amylopectin by treatment with dilute acid or by enzymes from 
Bacillus macerans. Typical cyclodextrins contain six (α), seven (β) 
and eight (γ) glucose monomer units connected by α-(1→4) gluco-
sidic bonds and forming cone-shaped ring structure with a cavity 
depth of 0.7–0.8 nm. The central cavity is lipophilic while the out-
side surface is hydrophilic. Therefore, hydrophobic food bioac-
tives can be entrapped in their inner cavity through the formation 
of inclusion complexes.

2.3 Protein–Polysaccharides Complexes
Interactions between natural biopolymers under specific 

conditions (eg, pH, temperature, heating time, ionic strength, 
and concentration) can promote the formation of hydrogels with 
different functional properties in comparison with those of sin-
gle polymer species. In addition to their role as protective carrier 
for bioactive food ingredients, they are designed to  exhibit the 
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 required functional attributes within the final product (eg, op-
tical properties, rheological properties, release characteristics, 
encapsulation properties, and physicochemical stability) (Jones 
and McClements, 2011). Hybrid biopolymer complexes prepared 
from proteins and polysaccharides may have new functional 
properties that combine the advantages of both building mate-
rials for use as nanocarriers for bioactive food ingredients. The 
protein–polysaccharides can be prepared in two different ways:
1. Protein–polysaccharide interaction via physical bonding such 

as van der Waals, electrostatic, hydrophobic, and hydrogen 
bonding. Proteins and polysaccharides of opposite charge 
can interact via electrostatic interaction. For example, anionic 
polysaccharide can interact with cationic groups on the pro-
tein surface, which may vary substantially depending primarily 
on environmental conditions such as pH, ionic strength, and 
temperature. Two approaches can be followed in preparing 
protein–polysaccharide complexation. In the first method, de-
natured forms of globular proteins are prepared by heating at 
specific conditions of temperature/time and pH for each pro-
tein followed by the formation of their complexes with ionic 
polysaccharides through hydrophobic interactions. In the 
second method, a mixture of the protein and polysaccharides 
solutions is heated at a temperature above the thermal dena-
turation of the protein at a specific pH. The particle size formed 
by the first method depends mainly on the size of the protein 
particle obtained after the heating step, while variable fac-
tors control the size of particles formed by the second method 
(Jones and McClements, 2011).

2. By covalent bonding as in the case of Maillard-type protein-
polysaccharide conjugates. The reaction can be done by 
controlled dry heating of protein–polysaccharide mixtures 
where the ε-amino groups in the protein and the reducing 
end carbonyl group in polysaccharide interact to form pro-
tein-polysaccharide conjugates (Kato, 2002). The reaction 
rate seems to depend on the protein conformation being 
faster in the case of unfolded proteins like caseins. The folded 
proteins attach only one or two polysaccharides, while un-
folded proteins attach several polysaccharide units. The pro-
tein-polysaccharide conjugates exhibit excellent emulsifying 
properties. In addition they had excellent heat stability, and 
antimicrobial activities. Also, conjugation of the allergen pro-
tein with polysaccharides may be effective in reducing their 
allergenicity.
An unlimited number of protein–polysaccharides can be pre-

pared via the two approaches. The diversity and sensitivity of 
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protein–polysaccharide complexes to external environmental 
conditions make them very versatile as building blocks for the 
development of stimuli-sensitive carriers for controlled delivery 
of encapsulated compounds, to specific sites of the gastrointes-
tinal (GI) tract and at a specified rate of their release (Semenova 
et al.,  2014)

3 Methods of Fabrication of Nanoparticles 
from Natural Polymers

A wide range of different methods have been described in 
the literature for the fabrication of carbohydrate- and protein-
based nanoparticles (Jones and McClements, 2011; Joye and 
McClements, 2014). Table 19.2 summarizes the principles, 
advantages, and limitations of some of the mostly widely used 
techniques for encapsulating food bioactives.

4 Nanoencapsulation of Bioactive Food 
Ingredients
4.1 Nanoencapsulation of Phytochemicals

Phytochemicals are defined as natural chemical compounds 
found in “plants” which possess biological activities beneficial to 
human health. The prefix “phyto” in phytochemicals originates 
from a Greek word meaning “plant.” They include several groups 
of chemicals such as polyphenols (flavonoids and nonflavonoid 
polyphenols), phytosterols, and carotenoids. Their potentials for 
health promotion and disease prevention are due to their multiple 
biological activities, such as antioxidant, antiinflammatory, anti-
cancer, antiviral, and antibacterial properties, their stimulation of 
the immune system, the modulation of enzyme activities, gene ex-
pression, regulation of cholesterol synthesis, and blood pressure 
(Liu, 2003).

Many phytochemicals are insoluble in an aqueous solution 
and have poor solubility in oil. They are chemically unstable 
and degrade rapidly when exposed to the external environmen-
tal conditions, such as oxygen, temperature, light, pH, and some 
other reactive substances. For these reasons, the production of 
phytochemicals as food ingredients and their utilization in the 
development of functional foods are limited. It has been shown 
that these problems can be overcome by using encapsulation 
technologies.
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Table 19.2 Some Methods Extensively Used in 
the Preparation of Nanoparticles for the Delivery 
of Nutraceuticals (Jones and McClements, 2011; 

Joye and McClements, 2014)
Method Principles Advantages/limitations
Antisolvent/
desolvation

Addition of a nonsolvent to 
a solution to induce solute 
precipitation. The main driving 
force is the imbalance of molecular 
interactions between solute, solvent, 
and antisolvent.

1. Simple/improved control over particle properties
2. Widely used in pharmaceutical industry to produce NPs
3. The need for the use of organic solvents

Extrusion/ion-
gelation

Inducing gelation of dilute aqueous 
solution of charged polyelectrolyte 
by extrusion in solution containing 
ions of opposite charge

1. Rapid method can be used on an industrial scale to 
produce biopolymer particle

2. The particle size is dependent on the way and 
conditions of extrusion

3. Applying of ultrasonic during gelation can assist in 
reducing the particle size

Coacrevation Addition of two oppositely charged 
biopolymers to interact with each 
other through electrostatic forces 
forming a precipitate.

1. One of the most easily implemented method for 
fabrication of NPs from natural biopolymers

2. Difficult to control particle size and to prevent particle 
agglomeration

3. The stability of the NPs depends on the biopolymer 
material used

Spray drying Atomization of a solutions or 
suspensions of bioactives and 
biopolymers to fine droplets into an 
opposite.stream of hot air, which 
induces the quick evaporation 
of solvent from the droplets and 
formation of nano/microspheres

1. Water-based dispersions are used and so avoids the 
use of organic solvents

2. A versatile single-step technique
3. Simple, economical, fast, and easy to scale-up
4. Reduces storage and transport costs and capacity
5. Large particle sizes

Inclusion 
complexation

Molecular encapsulation of a 
bioactive guest molecule into a 
cavity-bearing host molecule

1. Suitable for masking of odors or flavors or preservation 
of aromas

Fluid gel 
formation

Applying shear forces on a 
biopolymer solution undergoing 
gelation

1. Formation of tightly packed suspensions of gelled 
particles.

2. The particles produced can be easily deformed and 
have an irregular shape

3. The parameters should be carefully controlled
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4.1.1 Polyphenols
Polyphenols are secondary metabolites in plants. They con-

sist of a large number of diverse groups of compounds ranging 
from simple molecules of low molecular weight up to very com-
plex molecules of high molecular weights. Polyphenols have sev-
eral potential health effects, but they suffer from low solubility, 
stability, and bioavailability in their free forms. In addition, they 
can interact with food constituents (fat, carbohydrate, proteins), 
which may have significant effects on their biological activities 
(Jakobek, 2015). The interactions between polyphenol and pro-
teins occur mainly through hydrophobic interactions while the 
formation of hydrogen bonds play the main role in polyphenol-
carbohydrate interactions (Jakobek, 2015). Therefore, one of the 
ways to benefit from the health effects of polyphenols is to encap-
sulate them. Several polyphenols have been subjected to nanoen-
capsulation as follows.

4.1.1.1 Resveratrol
Resveratrol (Res) is a polyphenol (trans-3,5,4trihydroxystilbene) 

that can be isolated from grapes and by-products of the wine in-
dustry. Res demonstrated many health promoting effects includ-
ing antioxidant, antiinflammatory, anticancer, neuroprotective, 
cardioprotective, and hepatoprotective effects (Baur and Sin-
clair, 2006). The Res exists in cis and trans structural isomers, but 
only trans-Res demonstrates health benefits. The potential use of 
Res as a food supplement is faced by its poor solubility in water. 
In addition, Res is a very reactive molecule, very susceptible to 
reaction with dissolved oxygen, producing different degradation 
products, as well as very easily degraded by sunlight. The solu-
bility and stability of Res can be improved by complexation with 
SCN, β-lactoglobulin, Lf, and whole buttermilk. High encapsula-
tion and retention efficiencies of resveratrol have been achieved 
using several biopolymer-based delivery systems. The encap-
sulation of resveratrol in both CS and pectin microspheres im-
proved the chemical stability of resveratrol during storage (Peng 
et al., 2010; Das et al., 2010). The high encapsulation efficiency 
(EE), good retention capacity, and improved stability of resvera-
trol within biopolymer microspheres suggest that these may be 
good candidates for the fabrication of delivery systems suitable 
for use in the food industry. Res has been successfully encapsu-
lated in NPs formed by antisolvent precipitation of hydrophobic 
proteins (zein or gliadin) and coated with hydrophilic copoly-
mers (pectin or sodium caseinate). Resveratrol was best protected 
against UV-light when encapsulated in sodium caseinate-coated 
zein particles (Joye et al., 2015a; Davidov-Pardo et al., 2015a). This 
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approach has been further developed by encapsulating Res in bio-
polymer NPs consisted of a zein core surrounded by a Res bound 
to caseinate or caseinate−dextran shell. Both NPs protected Res 
against UV light and enhanced its bioaccessibility, but NPs coated 
by caseinate−dextran were more stable to aggregation under sim-
ulated gastrointestinal conditions than those coated by caseinate 
(Davidov-Pardo et al., 2015b).

4.1.1.2 Tea Polyphenols
Green tea contains a large and heterogeneous group of flavonoids 

of which catechins account for 80%. Epigallocatechin-3-gallate 
(EGCG) is the most prevalent and bioactive tea catechin. EGCG 
inhibits the growth of cancer cells, such as human cervical cancer 
cells or colon cancer cells. Also, EGCG is a potent antioxidant which 
can act up to 10 times as effectively as L-ascorbate or β-carotene 
but can be easily oxidized in aqueous environments, especially at 
neutral and basic pHs. Several biopolymers have been used in na-
noencapsulation of EGCG (Table 19.3). All these systems increased 
variably the solubility, stability, and bioavailability of the EGCG.

Table 19.3 Nanoencapsulation of Tea Polyphenols 
(EGCG/Catechins)

Polymer Used Method Results References
CS-TPP Ionic gellation Increased stability, enhanced anticancer and 

antiatherogenic activities
Hu et al. (2008)

Heat denatured 
β-Lg

Self-assembly <50 nm NPs, increased oxidative stability, suppress 
astringency and bitterness of EGCG, slow release in SGI

Shpigelman et al. 
(2012)

Heat denatured 
β-Lg

Self-assembly Variable NP sizes, highest protection of EGCG 
antioxidant activity was obtained with β-Lg heated at 
85°C and the molar ratio of 1:2 (β-Lg:EGCG)

Li et al. (2012)

CS/CMP Electrostatic 
interaction

Less toxicity than that CS-TPP Hu et al. (2012b)

β-Cyclodextrin Molecular 
inclusion

67–470 nm NPs, formation of catechin-β-cyclodextrin 
supra molecule, catechin in amorphous form

Krishnaswamy 
et al. (2012)

BSA/CS BSA-EGCG NP 
by dissolvation/
CS coat

∼300 nm NPs, Improved stability at 60°C, prevent 
aggregation of NP at pH 4.5–5.5, increase permeability 
on Caco-2 monolayer

Li et al. (2014a)

(Continued )
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4.1.1.3 Curcumin
Curcumin (diferuloylmethane) is a natural polyphenol iso-

lated from rhizome of turmeric (Curcuma longa). Curcumin pos-
sesses antioxidant, antiinflammatory, anticancer or antitumor, 
and antiallergic activities (Chin et al., 2014). However, the inclu-
sion of curcumin in functional foods is limited by its extremely 
low water solubility and poor bioavailability. In order to improve 
its solubility and bioavailability, curcumin has been encapsulated 
in NPs prepared from natural polymers and polymer conjugates 
(Table 19.4).

Polymer Used Method Results References
Native/denatured
β-Lg

Self-assembly Denatured β-Lg, higher binding, increased stability, 
unchanged bioefficacy

Lestringant et al. 
(2014)

CS/polyaspartic 
acid

Self-assembly 102 nm NPs, limited release in SGF and SIF, improve 
rabbit atheroschlerosis

Hong et al. 
(2014)

Ovalbumin–dextran 
conjugate

Self-assembly/
heating 80°C
Cross-linking

Spherical NPs of sizes 285 and 339 nm Li and Gu (2014)

Casein-dextran 
conjugate

Self-assembly Limited release of EGCG in SGF and SIF, increase 
permeability on Caco-2 monolayer

Xue et al. (2014)

Lf Interact with 
EGCG at pH 3.5

∼300 nm NPs, protection of EGCG from degradation, 
slow and sustained release in GI fluids

Yang et al. (2014)

CPP-CS/genipin Electrostatic 
interaction/
cross-linking

Formation of NP, which had high ζ-potential, small size 
and soluble, entrapped catchins-Zn improved stability, 
slow release in GI

Hu et al. (2014)

CS-TPP Ionic gelation High antioxidant activity, sustained release of catchins-
Zn comples

Zhang and Zhao 
(2015)

Gallic acid grafted 
CS,
gallic acid grafted 
CS-CPP

Ionic gelation Spherical NP ∼300 nm and zeta potential of  
<+30 mV, high solubility under neutral and alkaline 
environments, strong antioxidant activity and 
cytotoxicity against Caco-2 colon cancer cells, 
controlled release of EGCG

Hu et al. (2015b)

CS, chitosan; TPP, tripolyphospate, CPP, casein phosphopeptide; CMP, casein macropeptide; rCM, reassembled casein micelles; BSA, 
bovine serum albumin; EGCG, epigallocatechin-3-gallate; BSA, blood serum albumin; NP, nanoparticle; CS-TPP, chitosan-tripolyphosphate; 
CPP-CS, casein phosphopeptide-chitosan; CS/CMP, casein macropeptide/chitosan.

Table 19.3 Nanoencapsulation of Tea Polyphenols  
(EGCG/Catechins) (cont.)
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4.1.1.4 Quercetin
Quercetin, 3,39,49,59-7-pentahydroxy flavone, is a hydropho-

bic bioactive compound that has many potential beneficial ef-
fects on human health. Similar to other hydrophobic bioactive 
compounds, quercetin has low bioavailability due to its poor sol-
ubility in aqueous solutions and stability during food processing, 
storage and in the intestinal tract. A complex was formed between 
quercetin and CS through hydrophobic interaction and precipi-
tated by ion gelation using TPP as NPs of average particle size of 
76.58 nm (Zhang et al.,  2008). The entrapped quercetin exhib-
ited increased dispersibility in water and bioavailability. Aqueous 

Table 19.4 Nanoencapsulation of Curcumin in Natural 
Polymers Nanoparticles

Polymer Method Used Particle (nm) Results References
Zein Antisolvent precipi-

tation
100–150 Good stability in GI 

conditions, retain 60% of 
curcumin adhesive activity 
for 150 min

Patel et al. (2010)

β-Casein Micillization — Increased solubility, bio-
availability, and stability

Esmaili et al. (2011)

Zein Electrohydro dy-
namic atomization

175–900 Retain shape and curcumin 
content for 3 month storage

Gomez-Estaca et al. 
(2012)

Soy protein 
isolate

Solvent desolvation 
and cross-linking 
with glutraldehyde

220.1–286.7 Biphasic release of curcumin 
(slow followed by rapid)

Teng et al. (2012)

Na caseinate Spray drying 168.7 ± 10.2 Improved solubility and 
biological activity

Pan et al. (2013)

Starch Precipitation in 
water/oil micro-
emulsion

87 Sustained release of 
curcumin

Chin et al. (2014)

Zein/pectin
(core/shell)

Electrostatic interac-
tion

Spherical
 ∼250

Curcumin in amorphous form Hu et al. (2015a)

Soy protein 
isolate

Self-assembly 74–90 Increased solubil-
ity and stability of 
curcumin, unchanged protein 
digestability

Chen et al. (2015)

GI, gastrointestine.
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solutions of quercetin and zein were added simultaneously to 
Na caseinate solution to entrap quercetin in the formed colloi-
dal particles (Patel et al., 2012). The shape of the formed particles 
changed from needle-like to spherical particles with the increase 
of the zein concentration. The particle sizes ranged from 130 to 
161 nm and carried negative surface charge (–30 to –41 mV). The 
encapsulated quercetin retained high stability against chemical 
and photodegradation. CS was modified with different percent-
ages of Linoleic acid (LA), mixed with β-Lg and precipitated by 
ion gelation with TPP (Ha et al., 2013). The CS-LA/β-Lg prepara-
tions were used to encapsulated quercetin in the form of spheri-
cal shaped NPs with sizes of 170–350 nm. The EE of quercetin in-
creased with the increase in the LA charge and low temperature 
of encapsulation.

4.1.1.5 Tangeretin
5,6,7,8,40-Pentamethoxyflavone (PMF) is a flavonoid found in 

citrus fruits. The PMFs are considered as functional ingredients in 
foods and pharmaceuticals because of their potential beneficial 
activities, such as anticarcinogenic activities and antiinflamma-
tory activities. However, the low solubility of PMFs makes them 
difficult to be incorporated into liquid food products. Tangeretin-
loaded protein NPs were produced by mixing ethanolic solution of 
zein and tangeretin with an aqueous β-Lg solution and then con-
verted into powder by freeze-drying (Chen et al., 2014b). Particles 
of the obtained powder had well-defined spherical shapes, with 
diameters ∼200 nm. This powder formed a colloidal suspension 
when dispersed in water that is relatively stable to particle aggre-
gation and sedimentation.

4.1.1.6 Genistein
Spherical dextran NPs (100–450 nm) were enzymatically pre-

pared by dextransucrase under optimal conditions of pH 5.2–6 
and sucrose concentration >0.5 M ( Semyonov et al., 2014). The 
isoflavone genistein was loaded in the dextran NPs using acidi-
fication and dimethylsulfoxide (DMSO). The DMSO gave better 
genistein load than the acidification method. Freeze drying in-
creased the yield of loaded genistein.

4.1.2 Carotenoids
Carotenoids are natural pigments widely found in plants and 

algae. They share the isoprenoid carbon skeleton, which is re-
sponsible for their high hydrophobicity and low solubility in both 
aqueous solutions and oils. In addition to the nutritional value 
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offered by some of them, such as β-carotene (BC) as a precursor 
for vitamin A, several carotenoids exhibit variable health effects 
(Yi et al., 2015). Increasing the uptake of BC can decrease the risk 
of age-related macular degeneration, cancer, and cardiovascular 
diseases. In addition to its nutritional and health effect BC can be 
used as natural coloring agent in processed foods. Lycopene (LY) 
is the main carotenoid present in tomato and tomato products. LY 
has received great interest because of its potential health effects 
in the prevention of chronic diseases such as atherosclerosis, skin 
cancer, and prostate cancer (Xue et al., 2013). However, LY can be 
susceptible to oxidation during storage, especially when stored in 
the presence of oxygen. Lutein (LU) is an antioxidant carotenoid 
pigment, which protects the retinal epithelial cells from reactive 
oxygen species, the skin from UV-induced damage, and may re-
duce the risk of coronary heart disease (Hu et al., 2012a). Fucoxan-
thin (FUCO), a nonprovitamin A, marine xanthophyll carotenoid, 
exerts beneficial effects including hypolipidemic, antiobesity, an-
tidiabetic and anticarcinogenic effects (Ravi and Baskaran, 2015). 
The low solubility, stability, and bioavailability of carotenoids limit 
their use in fortification of foods. Nanoencapsulation has been 
used to overcome these limitations (Table 19.5).

4.1.3 Other Phytochemicals
Indole-3-carbinol (I3C) is a hydrolysis product from the 

 sulfur-containing phytochemicals (glucosinolates) of crucifer-
ous vegetables. The I3C has potential health effects to influence 
carcinogenesis. However, it suffers from low stability and conver-
sion to the oilgomer 3,30-diindolylmethane (DIM). The efficacy 
of I3C and DIM were greatly improved when they were encap-
sulated in zein and zein/carboxymethyl chitosan (CMCS) NPs 
(Luo et al., 2013). Both NPs provided controlled release of I3C and 
DIM in PBS medium and similar protection for the two bioactives 
against UV light. However, zein/CMCS NPs exhibited better pro-
tection of I3C against degradation and decreased its oligomeriza-
tion to DIM under thermal conditions.

4.2.2 Nanoncapsulation of Lipids
4.2.2.1 Fat-Soluble Vitamins

Vitamin D is an essential fat-soluble vitamin for human health. 
It takes part in calcium and phosphate metabolism, in the forma-
tion of osteoblasts, in fetal development, and so forth. The major 
forms of the vitamin class responsible for human health benefits 
are ergocalciferol (D

2
) and cholecalciferol (D

3
). The vitamin D

3
 is 

the form that is synthesized in the skin from 7-dehydrocholesterol 
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when the skin is exposed to sunlight, whereas D
2
 is only synthe-

sized by plants and fungi. Vitamin D has long been known to play 
an important role in bone development by promoting calcium 
absorption in the gut and in bone mineralization. Also, there 
is a relation between vitamin D deficiency and the increased 
risk of chronic diseases, such as diabetes mellitus, cancer, au-
toimmune disorders, and osteoporosis (Calvo et al., 2004). VD

3
 

was encapsulated in reassembled casein micelles (rCM), which 

Table 19.5 Nanoencapsulation of Some Carotenoids 
in Natural Biopolymer Nanoparticles

Polymer Used Preparation Method Results References
β-Carotene

Casein-grafted-
dextran

Self-assembly micelle Improved solubility and release 
in GI

Pan et al. (2007)

Na caseinate, WPI, 
SPI

Homogenization-evaporation WPI was better in sustained 
release of β-C

Yi et al. (2015)

β-Lg, β-Lg-dextran Homogenization-evaporation Uniform β-Lg-dextran NPs 
(60–70 nm) were more resistant 
to aggregation with good 
permeability and release

Yi et al. (2014)

Reassembled 
casein micelles

Self-assembly Improved stability under 
thermal and high-pressure 
homogenization

Säiz-Abajo et al. (2013)

Lycopene

Zein Spray drying Improved stability and retarded 
release in stomach

Xue et al. (2013)

Lutein

Low-molecular-
weight CS

Ion gelation using TPP Improved stability and 
bioavailability

Arunkumar et al. (2013)

Zein Solution enhanced 
dispersion by supercritical 
fluids

High loading and entrapment 
efficiency, particle size 
(198–355 nm), controlled release 
of lutein

Hu et al. (2012a)

Fucoxanthin

CS/glycolipid Ion gelation using TPP Improved bioavailability Ravi and Baskaran (2015)

WPI, whey protein isolate; SPI, soy protein isolate; GI, gastrointestinal; TPP, tripolyphosphate.
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 offered  protection of the entrapped vitamin against light (Semo 
et al., 2007). The method was further improved by subjecting the 
rCM loaded with VD

3
 to high-pressure homogenization (Haham 

et al., 2012). This modified method was reported to improve the 
heat stability and bioavailability of entrapped VD

3
. The conjugate 

of oleoyl alginate ester (OAE) was found to form self-assembled 
NPs at low concentrations in aqueous medium (Li et al., 2011). 
VD

3
 was loaded in the formed NPs where the loading capac-

ity (LC) increased with the increase of VD
3
 concentration but the 

loading efficiency decreased. The entrapped VD
3
 released from 

the NPs at sustained rate in GI fluids. VD
3
 was encapsulated into 

zein NPs coated with carboxymethyl chitosan followed by cross-
linking with Ca (Luo et al., 2012). The NPs (86–200 nm) had a 
spherical structure that provided better photostability against 
UV light and controlled release of VD

3
 in both PBS medium and 

simulated gastrointestinal tract fluids. Glycol-CS was conjugated 
to VD

2
(ergocalciferol hemisuccinate), which formed self-assem-

bled NPs with sizes of 279 nm in aqueous solution and 50–90 nm 
after drying and VD

2
 content of 8.4% (w/w). In vitro studies indi-

cated the dependence of vitamin D
2
 release on the solution acid-

ity at an almost constant rate (Quiňonesa et al., 2012). VD3 was 
successfully incorporated into carboxymethyl CS–soy protein 
(CMCS/SPI) complex prepared by ionic gelation with Ca++ to form 
NPs (162–243 nm) (Teng et al., 2013a). CMCS/SPI showed bet-
ter particle forming capability and increased loading efficiency 
than CMCS. Entrapped VD3 in CMCS/SPI NPs exhibited slower 
release in gastro stomach fluid (GSF) and faster release in gastro-
intestinal fluid (GIF) than that encapsulated in CMCS. VD was na-
noentrapped in casein-maltodextrin (CN–MD) conjugate to form 
small (∼30 nm) and stable NPs at the IP of casein (Markman and 
Livney, 2012). Conjugates conferred better protection against oxi-
dation and degradation at low pH for VD. VD

2
 was loaded in native 

casein micelles subjected to hydrostatic pressure at different tem-
peratures (Menéndez-Aguirre et al., 2014). Loading of VD

2
 reached 

10.4 ± 0.2 µg/mg protein by treatment at 600 MPa and 50°C. The 
average diameter of VD

2
 loaded micelles was 272 ± 10 nm. VD

3
 was 

encapsulated in core-shell micelles formed from N,N-dimethyl-
hexadecyl carboxymethyl chitosan (DCMCS). The micelles had 
smooth surfaces and average size of ∼140 nm (Li et al., 2014b). The 
solubility of entrapped VD

3
 was improved with higher EE (53.2%). 

VD
3
 was initially released from the core–shell micelles rapidly and 

then followed by a sustained release. Vitamin D
3
 entrapped in ca-

sein micelles was successfully used in the fortification of milk and 
cheese (Al-khalidi, 2012). He found that over 90% of encapsulated 
VD

3
 added to milk was retained and uniformly distributed in both 
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cheddar and mozzarella cheeses, with ∼8% of VD
3
 loss in whey. 

Also, he demonstrated that the pizza packing process did not alter 
the bioavailability of VD

3
 in mozzarella cheese (Al-khalidi, 2012).

Vitamin E (VE) is a mixture of tocopherols, the most potent of 
which is α-tocopherol. α-Tocopherol (TOC) is a labile compound 
to heat, light, and oxygen. Encapsulation was found to provide 
an effective way for its protection. Vitamin E was encapsulated in 
gliadin NP (∼900 nm) with an EE of 77%, which showed dual re-
lease characteristics (Duclairoir et al., 2002). Zein has been used 
as nanocarrier for TOC (Luo et al.,  2011) TOC-loaded zein NPs of 
sizes ranging from 300 to 1000 nm have been prepared by hydro-
phobic interaction between TOC and zein. Smaller and homoge-
neous TOC loaded NPs have been generated using zein/CS com-
plex as wall material. These NPs exhibited better control over the 
release of the entrapped vitamin compared to the TOC/zein NPs. 
The formed particles were spherical with smooth surfaces and the 
size and zeta potential of the complex varied from 200 to 800 nm 
and +22.8 to +40.9 mV, respectively. Release of TOC showed burst 
effect followed by slow release. The zein/CS complex provided 
better protection of TOC against gastrointestinal conditions than 
the uncoated particles.

4.2.2.2 Fatty Acids
Omega-3 polyunsaturated fatty acids are important nutra-

ceutical lipids, providing protection against cardiovascular and   
other diseases. Ocosahexaenoic acid (DHA), one of these acids, 
can bind to casein at the ratio of 3–4 DHA molecules per protein 
 molecule with the formation of NPs with average diameter of 
288.9 ± 9.6 nm (Zimet et al., 2011), and in the form of rCM when 
calcium and phosphate were added (at 4°C). DHA loaded in r-CM 
and casein NPs showed more resistance against oxidation and 
better keeping stability throughout storage at 4°C in comparison 
to the free DHA. Also, DHA was entrapped in β-Lg-pectin NPs pre-
pared by electrostatic interaction of low methoxyl pectin at pH 
5.2 (Zimet and Livney, 2009). The average size of the formed NPs 
was ∼100 nm, which offered protection to the entrapped DHA 
against oxidation. Also, nanosized complexes were prepared from 
high amylase corn starch and flax seed oil as a source for ome-
ga-3 fatty acids (Gökmen et al., 2011). The prepared complexes 
were converted to powder by spray drying. Encapsulation signifi-
cantly decreased lipid oxidation as measured by the formation of 
hexanal and nonanal in breads during baking. The DHA was en-
capsulated in zein ultrathin capsules produced by electrospraying 
(Torres-Giner et al., 2010). The capsules were spherical and had 
an average size of 490 ± 200 nm. The encapsulated w-3 fatty acid 
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showed a 2.5-fold reduction in the degradation rate constant at 
different conditions of relative humidity and temperature. Also, 
it had extended degradation induction time. A complex between 
nacaseinate and GA was prepared by electrostatic interaction and 
was used to nanoencapsulate fish oil as a source of eicosapentae-
noic acid (EPA) and DHA (Ilyasoglu and El, 2014). The formed NPs 
(∼233 nm) showed an ecapsulation efficiency of 78.88 ± 2.98%. 
The nanoencapsulated EPA/DHA were used to fortify fruit juice, 
but their stabilities under processing and storage conditions were 
not studied.

Conjugated linoleic acids (CLA) is a group of linoleic isomers 
conferred to have several health effects. Complexes between V-
amylose and CLA were prepared by two methods using water/
dimethylsulphoxide (DMSO) and KOH/HCl, respectively (Lalush 
et al., 2005). The first method yielded spherical NPs (150 nm) with 
superior protection to CLA against oxidation. The second method 
gave particles (43–160 nm) of elongated structure. All complexes 
showed high retention for CLA in GSF. Also, CLA was loaded in soy 
lipophilic protein nanoparticles (LPP), by ultrasonication (Gao 
et al.,  2014). LPP (170 ± 0.63 nm) exhibited high LC (26.3 ± 0.40%), 
oxidation protection and a sustained releasing profile in vitro for 
CLA. Coating the surface of the CLA-loaded LPP with SCN im-
proved its colloidal stability.

4.2.3 Essential Oils (EOs)
Essential oils (EOs) are natural volatile aromatic oils obtained 

from several parts of plants. They are complex blends of a vari-
ety of volatile molecules such as terpenoids, phenol-derived aro-
matic components characterized by their antimicrobial activities. 
Nanoencapsulation of EOs aims to decrease their volatility and to 
increase their stabilities, solubility in aqueous media and efficacy.
•	 Garlic	oil	(GO),	was	encapsulated	in	β-cyclodextrin in order to 

improve its stability and decrease its losses in foods due to its 
volatility. The formation of GO/β-CD (1:1) inclusion complex 
was demonstrated by different analytical techniques (Wang 
et al., 2011). The apparent stability and solubility of GO in the 
formed complex were greatly improved. Also, the prepared 
complex allowed for controlled release of the entrapped GO.

•	 Turmeric	 oil	 (TO)	 is	 an	 essential	 oil	 commonly	 used	 in	 food,	
cosmetic, and pharmaceutical applications due to its anti-
microbial, antiinflammatory, antioxidant properties. TO was 
encapsulated in alginate-chitosan (Al-CS) nanocapsules by 
dropwise addition of O/W emulsion of TO in Al solution con-
taining Tween 80 in CS–CaCl

2
 solution (Lertsutthiwong and 

Rojsitthisak, 2011). Several factors affect the size of the formed 
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capsules including the concentrations of Tween 80 and CS and 
sequence of steps followed in the capsule formation.

•	 Thymol	and	carvacrol	EOs,	were	encapsulated	in	zein	NPs	us-
ing the liquid-liquid dispersion method (Wu et al., 2012). After 
lyophilizing, only samples prepared under neutral and basic 
conditions formed NPs, which reduced the Escherichia coli 
counts by 0.8–1.8 log CFU/mL. Also, the antioxidant activity of 
the entrapped EOs was reduced in the range of 24.8–66.8% de-
pending on the formulation.

•	 Thymol	was	loaded	in	WPI-maltodextrin	conjugate	nanocap-
sules by emulsion evaporation technique (Shah et al.,  2012). 
An EE of 51.4% was obtained and the capsules formed a clear 
dispersion in water with diameter of <90 nm after heating at 
80°C/15 min.

•	 Nanogels	 based	 on	 CS	 and	 cashew	 gum	 (CG)	 were	 prepared	
and loaded with Lippia sidoides EO(Abreu et al., 2012). Opti-
mum nanogels (335–558 nm) that showed high loading (11.8%) 
and EE (70%) were prepared from ratios of matrix:oil 10:2, 
gum:CS 1:1, and 5% gum concentration. It exhibited slow and 
sustained release of the entrapped EO.

•	 Core/shell	zein/SCN	NPs	have	been	prepared	by	direct	pour-
ing of SCN solution into zein solutions (Li et al., 2013). The 
NPs were spherical in shape, possessing strong LC for thymol. 
These NPs were also effective in delaying the growth of Staphy-
lococcus aureus. Thymol loading resulted in a slight increase in 
particle size without affecting the redispersibility of the NPs. 
The NPs sustained the release of thymol in two-step biphasic 
process, that is, rapid release at first followed by slow release 
step.

•	 Eugenol	 EO	 was	 encapsulated	 in	 CS	 NPs	 prepared	 by	 ion	
gelation using TPP (Woranucha and Yoksan, 2013). The con-
centration of eugenol affected the LC and EE and NPs prop-
erties. Particles with LC of 12% and EE of 20% exhibited a 
spherical shape with an average size <100 nm. Encapsulation 
improved markedly the thermal stability of the EO in model 
system.

•	 Oregano	 essential	 oil	 (OEO)	 was	 encapsulated	 in	 CS	 NPs	
by ionic gelation with TPP (Hosseini et al., 2013). The ob-
tained NPs were spherical in shape and exhibited a narrow 
size  distribution ranging from 40 to 80 nm. The EE and LC of 
 OEO-loaded CS NPs were about 21–47 and 3–8%, respectively.

•	 Self-assembled	chitosan-benzoic	acid	(CS-BA)	NPs	were	used	
to encapsulate thymol. The encapsulated EO showed higher 
inhibitory effect on Aspergillus flavus compared to the free thy-
mol (Khalili et al., 2015).
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•	 Cashew	 gum	 (CG)	 is	 a	 heteropolysaccharide	 extracted	 from	
the exudate of Anacardium occidentale. The structure of CG 
resembles that of GA (Herculano et al.,  2015). Eucalyptus stai-
geriana EO was nanoencapsulated using CG as wall material 
(Herculano et al.,  2015). The sizes of the formed NPs ranged 
widely from 27.70 to 432.67 nm and had negatively charged 
surfaces and encapsulation efficiency ranging from 24.89% to 
26.80%. The NPs showed greater activity against gram-positive 
than gram-negative bacteria.

•	 Zataria multiflora EO was encapsulated by an ionic gelation 
technique into CS NPs that had sizes of 125–175 nm 
(Mohammadi et al., 2015). The EO-loaded NPs showed con-
trolled and sustained release of the entrapped EO over 40 days.

•	 NPs	 smaller	 than	 200	 nm	 were	 produced	 from	 zein	 solu-
tion in propylene glycol and GA using a stir plate (Chen and 
Zhong, 2015). Both electrostatic and hydrophobic interactions 
contributed to the adsorption of GA on zein NPs. Encapsula-
tion of peppermint oil in zein-GA NPs did not significantly 
change particle dimension and dispersion stability. Entrapped 
peppermint oil gradually released of from freeze dried samples 
at pH 2.0–8.0.

4.2.4 Water-Soluble Vitamins
Development of delivery systems for hydrophilic bioactive in-

gredients is lagging behind those developed for the delivery of lipo-
philic bioactives. The need for designing different delivery systems 
for lipophilic and hydrophilic bioactive can be understood from 
the differences in the chemical and physical properties of the two 
groups. The challenges associated with developing delivery sys-
tems for hydrophilic food bioactives have been recently presented 
and discussed (McClements, 2015). Therefore, limited studies have 
described the nanoencapsulation of water-soluble vitamins.

Vitamin C was encapsulated in CS NPs prepared by ionic gela-
tion using TPP (Alishahi et al.,  2011). Low-molecular-weight CS 
generated NPs with better size, morphology, and delivery rate. The 
shelf life of the vitamin C entrapped NPs increased in comparison 
to its free form. The release of vitamin C from the CS NPs was pH-
dependent. Also, vitamin C was loaded N-acyl CS NPs prepared 
by self-aggregation method (Choa et al., 2012). The particle sizes 
ranged from 444 to 487 nm for NPs with various acyl chain lengths. 
The NPs particle sizes were reduced to 216–288 nm with vitamin 
C loading. Controlled release of entrapped Vitamin C occurred at 
pH 1.3 and 7.4 and at reduced rates with increasing the length of 
acyl side chain.
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Folic acid (FA) and folates are essential dietary components. It 
has been suggested that FA can be effective in decreasing the risk 
for cardiovascular diseases, colon cancer, neurological dementia 
and Alzheimer’s disease. The key role of FA is in women’s nutri-
tion before conception, during pregnancy, and lactation. Studies 
showed that, in spite of the hydrophilic nature of FA, it may self-
assemble into unique fine structures even at low concentrations 
such as 0.1% (w/w) through hydrogen bonds and stacking interac-
tions. β-lg/FA nano-complexes (mean size <10 nm) were formed at 
protein:vitamin molar ratio 1:10 (Pérez et al.,  2014). Formation of 
the complexes improved β-lg dissolution near its isoelectric point 
but did not alter its digestibility. These complexes can be used 
as a vehicle for the delivery of FA in clear beverages. Casein NPs 
loaded with FA were prepared by coacervation method (Penalva 
et al., 2015). The formed NPs had an average size of 150 nm and a 
FA content of around 25 mg per mg NP. The FA was only released 
from the NPs under simulated intestinal conditions.

Vitamin B
2
 was loaded in alginate-chitosan (Al-CS) NPs pre-

pared by ionic gelation (Azevedo et al., 2014). The average sizes 
for Al-CS NPs without and with B

2
 were 119.5 ± 49.9 nm and 

104.0 ± 67.2 nm respectively. The NPs showed EE and LC values of 
55.9 ± 5.6 and 2.2 ± 0.6%, respectively and the release of entrapped 
B

2
 was affected by the polymer relaxation. The sizes of vitamin 

B
2
-loaded NPs were more stable during storage than that of NPs 

 without vitamin B
2
.

5 Bioavailability and Toxicity
Bioavailability is defined as the fraction of unchanged bioactive 

component that is absorbed and eventually reaches the systemic 
circulation. Most studies have been directed to the nanocapsula-
tion of lipophilic bioactive ingredients known by their poor sol-
ubility in aqueous medium and in turn with low bioavailability. 
Due to diversity of the wall materials used in the fabrication of the 
nanoparticles and the entrapped bioactive ingredients, the fol-
lowing general trends can be highlighted:
1. Nanoencapsulation in natural polymer may improve the 

bioavailability of entrapped food bioactive as a result of the 
increase in their solubility in aqueous medium, protection 
against gastrointestinal condition, and increase in the resident 
time in the gastrointestinal tract.

2. The NPs based on natural polymers would undergo rapid diges-
tion within the stomach, small intestine, and colon. Therefore, 
it is unlikely for NPs to be directly absorbed and accumulated 
in the human body. Even in the case that some NPs remain 
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 intact, their ability to penetrate the negatively charged mucous 
layer depends on their size, shape, and surface charge. Mucous 
layer inhibits particle diffusion if the particles have a diameter 
larger than 400 nm (Cone, 2009) or if they make a chemical 
complex with mucous. The reported NPs sizes in some studies 
exceeded this limit.

3. The natural proteins and polysaccharides used for encapsula-
tion poses no safety threat since they have been approved as 
GRAS. However, chemically modified natural polymers might 
possess some safety challenges, especially in their nano sizes.

4. Residual organic solvents used in fabrication of some NPs may 
be found in the final products. This may pose a safety threat 
depending on the toxicity of these solvents. Therefore, prepa-
ration of NPs delivery systems for food applications should be 
limited to solvent-free techniques.

6 Conclusions and Future Trends
The past decade has witnessed a marriage between the 

growing demand for functional foods and the emerging food 
nanotechnology. Considerable interest has been directed to the 
development of nano-scale delivery systems that can satisfy 
the needs for efficient protection of food bioactives against 
environmental stresses without affecting the desirable quality 
of the host food. The present chapter highlighted the progress 
achieved in the development of suitable nanodelivery systems 
based on proteins and polysaccharides for food uses. Funda-
mental studies have enabled researchers to develop methods for 
nanoencapsulation of various food bioactive ingredients under 
controlled conditions. However, there is slow progress in several 
areas in this field:
1. Apart from the general <100 nm set for the size of NPs there is 

no accepted limits for the size and shape of food nanoparticles 
that can offer the optimum advantages from their use in en-
capsulation of the bioactive food ingredients.

2. Although the safety of proteins and polysaccharides used in 
the manufacture of nanoparticles, there is concern about the 
safety of NPs produced from the chemically modified natural 
polymers and those produced by some of the fabrication meth-
ods particularly those using some organic solvents.

3. Efforts have been directed mainly to nanoencapsulation of 
lipophilic food bioactives and very little has been done with 
respect to hydrophilic bioactives. Development of special 
nano-delivery systems for hydrophilic nutraceuticals is a need.
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4. Scaling up the production of nanoencapsulated food bioac-
tives. Although, many of the developed nanoencapsulation 
techniques have the potential for industrial production, no 
study has been cited on pilot or semiindustrial production of 
any of these developments.

5. Very few studies have described the behavior of the entrapped 
bioactives in foods during processing and storage. Redesign-
ing the process flows and optimization of processing condi-
tions will be a future challenge, aiming to maximize the bio-
availability of bioactive ingredients used in the fortification of 
functional foods. This area needs much attention to exploit the 
potential uses of nanoencapsulated food bioactives in the de-
velopment of novel functional foods.

Abbreviations
AL Alginate
BSA Blood serum albumin
CMCS Carboxymethyl chitosan
CS Chitosan
BC β-Carotene
CMP Casein macropeptide
CPP Casein phosphopeptide
CLA Conjugated linoleic acid
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DMSO Dimethylsulphoxids
EPA Eicosapentaenoic acid
EE Encapsulation efficiency
EGCG Epigallocatechin-3-gallate
EO Essential oils
FA Folic acid
FUCO Fucoxanthin
GIF Gastrointestinal fluid
GSF Gastrostomach fluid
GRAS Generally recognized as safe
GA Gum Arabic
α-La α-Lactalbumin
β-Lg β-Lactoglobulin
Lf Lactoferrin
LC Loading capacity
LU Lutein
LY Lycopene
MD Maltodextrin
NPs Nanoparticles
DHA Ocosahexanoic acid
OVA Ovalbumin
PUFA Polyunsaturated fatty acids
PBS Phosphate buffer saline
r-CM Reassembled casein micelles
Res Resveratrol
SGI Simulated gastrointestinal fluid
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1 Introduction
Many food products, both native and processed, are either 

emulsions themselves (McClements, 2004) or their processing 
involves an emulsification step. It makes it obvious that emulsion 
technology is one of the evergreen areas of research and devel-
opment in food processing. In sync with this, the latest addition 
into the array of food emulsions is nanoemulsion. Nanoemul-
sion is dispersion of oil/water phase into a water/oil where the 
dispersed phase remains as a droplet of a size ranging between 
100 and 600 nm (Bouchemal et al.,  2004). This is often confused 
with macroemulsions, which also consist of dispersed phase of 
nanometer size. However, it is the stability of the two emulsion 
types that segregates them and not the size of the two categories. 
The microemulsion uses a combination of oil, water, surfactant, 
and/or cosurfactants in such a way that they spontaneously form 
the dispersed phase of nanometer size without any input of me-
chanical energy and remain as emulsion forever at a particular 
temperature. On the other side, nanoemulsion in general uses less 
surfactant and/or stabilizer and does not form emulsion sponta-
neously. Also, nano emulsion separates into individual phases at 
some point in time, even when stored at a particular temperature. 
Though both types of emulsions apparently look similar (trans-
parent or translucent) their behavior is different. Ostensibly, the 
microemulsions may appear attractive but they are susceptible 
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to minute  temperature or compositional changes. Moreover, in 
a food system there is a restriction of usage of type and quantity 
of surfactant due to safety reason and stability of microemulsions 
strongly depends on surfactants. Therefore, in food for producing 
emulsions with dispersed phase of nanometer size, nanoemul-
sion is a better choice. Nanoemulsion is a man-made product and 
there is no evidence of naturally occurring nanoemulsions  (Mason 
et al., 2006). Such emulsions can increase the aqueous solubility, 
thermal stability, and oral bioavailability of many functional com-
pounds present in the food by acting as a delivery vehicle (Huang 
et al., 2010; McClements and Li, 2010). In addition to that, nano-
emulsions can be used for fine tuning various quality attributes of 
a food product like texture, taste, mouth feel, color, processability, 
and stability (Silva et al.,  2012). Ever-expanding consumer demand 
for safer, nutritious, and attractive food products has driven the 
food scientists, technologists, and processors to develop new 
products or modify the existing products. Hence, research activi-
ties on nanoemulsion are increasing exponentially.

In the manufacturing of nanoemulsions from two distinct oil 
and water phases, two primary aspects are creation of the dispersed 
phase as tiny droplets and keeping then intact for a desired length 
of time. To create the nanoscale dispersed phases either disinte-
gration or condensation method can be used (McClements, 2004). 
In other words, either mechanical equipments (high shear rotor–
stators, high-pressure homogenizers, ultrasonicators) can be 
used to tear apart the dispersed phase to create nanoemulsion 
(disintegration) or membranes or proper combination of sur-
factants or stabilizers can be used to create the nanoemulsion 
(condensation). The composition of the surfactant, stabilizer, and 
other components decide the ease of formation of the emulsion, 
its size, and the stability at a proper condition in both the cases.

The mechanical disruption or so-called high-energy processes 
are more flexible and more adoptable in the industries, hence, they 
have been discussed in more detail in this chapter. The discussion 
should help in selecting a method of homogenization, optimizing, 
and scaling up the process for a given nanoemulsion. Modeling of 
such processes has been emphasized for making them more ef-
ficient. The so-called low energy (condensation) methods are also 
covered to facilitate design of new nanoemulsion systems for food 
(Lovelyn and Attama, 2011).

Quality of a nanoemulsion is not depicted only by a desired 
minimum size and very narrow distribution of size but also its 
stability. In food processing, requirements can go beyond size 
and additional functionality is required. For example, masking 
of taste can be by done by one emulsion better than another, 
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 irrespective of their size. Hence, a section in the chapter is de-
voted to characterizing nanoemulsions with respect to their func-
tionality. Especially, the traditional techniques used for charac-
terizing macroemulsions are not suitable for nanoemulsions. 
Many of the manufacturing and testing techniques used in food 
nanoemulsion are inspired by pharma and cosmetic industries 
where nanoemulsion has been explored much deeper. This text 
has aimed to put them together to facilitate both formulations of 
novel food emulsions as well as their commercialization.

2 Thermodynamics of Nanosized and 
Nanoemulsion Production Technologies

The way a dispersed phase distributes in a continuous phase, 
that is, the droplet size, size distribution, and morphology de-
pends on the thermodynamics of the mixture of two (or more) 
immiscible phase, surfactant(s), and other components. Both oil-
in-water and water-in-oil types of emulsions can be explained in 
terms of Gibbs free energy. The change in free energy for the trans-
formation from separated phases to emulsion state (Fig. 20.1) is 
given by the difference in chemical potential (µ) of the two states 
(Eq. 20.1) (Schramm, 2006).

emulsion dispersedµ µ∆ = −G 
(20.1)

When ∆G is positive the formation of emulsion is not feasible 
thermodynamically whereas, when ∆G = 0, oil and water phase re-
mains in equilibrium. For nanoemulsions the emulsification does 
not happen spontaneously due to the positive ∆G of the process. 
At a negative ∆G, the separate oil and water phases convert to 
single-phase emulsion spontaneously. This reversible conversion 
reaches equilibrium when ∆G becomes zero. For microemulsions 

Figure 20.1. Schematics of emulsification by mechanical energy or spontaneous 
method.
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the ∆G is negative so, as soon as the proper ratio of oil, water, 
surfactant (and cosurfactant) is mixed an emulsion forms spon-
taneously (McClements, 2012). Since the dispersal phase gets dis-
tributed as smaller droplets in the continuous phase (Fig. 20.1), 
the entropy change for emulsification increases following Eq. 20.2:

ln
1

1 ln(1 )Bemulsification Φ
Φ

Φ∆ = − + −



 −





S Nk
 

(20.2)

where N is the number of droplets of dispersed phase, k
B
 is the 

Boltzmann constant, and Φ is the volume ratio of dispersed phase 
to continuous phase. The Gibbs free energy for emulsification is 
the sum of the free energy (∆A

interface
) change due to creation of 

new interfacial area and the energy spent due to entropy change 
(Eq. 20.3).

interface emulsification∆ = ∆ − ∆G A T S (20.3)

If T∆S
emulsification

 is much higher than the (∆A
interface

) or the free 
energy change for creation of oil-water interfaces, then only the 
∆G for emulsification would be negative. Again ∆A

interface
 depends 

on the interfacial tension of the oil water used in the emulsifica-
tion process. Therefore, surfactants are necessary to reduce the 
interfacial tension and in turn ∆A

interface
. Unlike microemulsions, 

nanoemulsions do not form spontaneously and their formation 
requires intensive energy input to rupture the dispersed phase 
into smaller units. High-energy emulsification devices such as 
high-pressure homogenizer or microfluidizer are used to supply 
such intense mechanical energy. Moreover, when a droplet forms 
during emulsion the pressure difference (p) between inside and 
outside of the droplet is given by Laplace equation (Eq. 20.4).

p
R R d
1 1

( )1 1

σ= +
+











 
(20.4)

where R
1
 and d are the inner radius of curvature and thickness 

of the droplet and σ is the interfacial tension. In presence of 
surfactant(s) σ reduces to a great extent, the pressure difference 
as well as stress on the droplet film also becomes less. Hence, 
less shear is required with increased concentration of an appro-
priate surfactant (Tadros, 2009). During a mechanical energy 
driven emulsions including nanoemulsions, the disruptive forces 
(given by high shear or high pressure homogenizers) rupture the 
dispersed phase into smaller droplets whereas interfacial force 
restricts reduction of droplet size (Fig. 20.1). Weber number is 
ratio of these two forces; at equilibrium its value is close to one. 
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In  laminar shear  condition this ratio is defined as We = Uµ
c
R/2σ 

where U is the velocity gradient, µ
c
 is the viscosity of continuous 

phase, and R is radius of the droplet. On the other hand when tur-
bulent disruptive forces act the We is G R /12.699c

1/3 2/3 5/3ρ ε σ′  Where 
G9 is a characteristic constant of the system, ρ

c
 density of the con-

tinuous phase, and ε energy density added to the system exter-
nally. Above a “critical Weber number” the droplets break down 
until We reaches the critical value. Therefore, during processing of 
nanoemulsion contribution of laminar and turbulent forces vary 
according to the type of homogenizer. Also, the above thermody-
namic discussion is valid for assessing stability of an emulsion 
(McClements, 2004).

3 High-Energy Production Technologies 
of Nanoemulsions

In high-energy nanoemulsion production methods high shear 
is necessary to create the dispersion of remarkably smaller size 
(typically 10–100 nm). Often, such high shear is accompanied by 
high temperature, which may complicate the quality control of 
the final nanoemulsion, especially in food products where such 
emulsion systems contain multicomponents prone to unwanted 
secondary chemical reactions. Therefore, choice of processing 
for nanoemulsions depends on composition of the emulsion 
phases as well as the objective of the emulsion (Sanguansri and 
Augustin, 2006). High shear required for such emulsions can be 
generated by rotor–stator, microfluidizer, ultrasonicator, high-
pressure homogenizer, or a combination of these. For a particular 
combination of emulsion forming ingredients these technologies 
can result different kind of emulsion or nanoemulsion. In recent 
times, each of these technologies has developed at an extraordi-
nary pace to meet the complex demand of including nanoemul-
sions in food processing and other processing industries (Ma and 
Boye, 2013). This section would facilitate selection of an appropri-
ate process for a specific nanoemulsion system as well as it would 
serve as a guideline to fine-tune the efficiency of the emulsifica-
tion process.

3.1 rotor–stator technology
For high-shear emulsification both in macro size or submicron 

size range, rotor–stator technology is a well-accepted technology. 
It uses a fast spinning inner element (rotor) and a stationary outer 
sheath (stator) to draw the liquid into the space between the  rotor 
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and the stator and to apply a high shear on the liquid before it 
comes out of the rotor–stator (Wengeler, 2007).

3.1.1 Process Definition
In this type of emulsifying device the rotating element or blade 

rotates at a high speed between 2,000 and 15,000 rpm to draw the 
emulsion forming liquid axially and push it through the opening 
of the stator (Fig. 20.2). Due to the high velocity added and the 
small gap between the rotor and stator, high intensity of shear re-
sults in rupture of the dispersed phase into smaller droplets. The 
process can be carried out in both batch or in-tank and continu-
ous or in-line modes.

3.1.2 Equipment Designs
Original equipment manufacturers like Ross and Sons, Ika, Sil-

verson, and many others are continuously expanding their port-
folio of rotor–stator designs for better choice of design for a given 
emulsification system. These designs are different in terms of the 
type of the rotors as well as in terms of the stators. The available 
rotor heads may have a typical four-blade configuration or unique 
designs like Delta™ type or with intermeshing teeth. The stators 
can vary in type and size of opening, which controls the size of 
the droplets. In most designs the gap between the rotor–stator 
designs are adjustable. Considering these three design variables a 
wide variety of rotor stator systems are available for various emul-
sification tasks. However, for nanoemulsion, an ultra-high shear 
regime is required. To reduce the droplet size and improve the 
particle size distribution, one common strategy is using recircu-
lation systems. Though in recirculation systems the particle size 

Figure 20.2. Schematics of emulsification by a rotor–stator device. (a) front view 
of rotor–stator and (b) cross-sectional view of rotor–stator.
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reduction takes place only in the first few passes, hence, alterna-
tive strategies are being explored. Three such patented designs are 
(http://www.highshearmixers.com/):
•	 The	emulsion	forming	 liquid	flows	at	 the	center	of	 the	stator	

consisting of two or more concentric rows of intermeshing 
teeth and moves radially through channels in the rotor/stator 
teeth. High tip speeds of the rotor (typically up to 57 m/s) and 
very narrow clearance (minimum 0.7 mm) between the adja-
cent planes of the rotor and stator creates intense shear on the 
fluid in each pass.

•	 A	design	with	a	series	of	rotor–stators	with	the	same	gap	is	used	
for a large volume of emulsion but often is less effective in cre-
ating nanoemulsions.

•	 For	imparting	ultra-high	shear,	parallel	semicylindrical	grooves	
are made in the rotor and stator through which the emulsion 
fluid is forced at high velocity by pumping vanes. As the fluid 
flows, multiple streams generate within the grooves and rap-
idly collide with each other before leaving the emulsification 
chamber.
The rotor stator assemblies can be used in both batch and con-

tinuous mode. In batch system the liquid typically enters from 
the top and for smaller batches the rotor–stator itself reduces the 
dispersed phase size as well as does the mixing. However, to pre-
pare large batches of nanoemulsions, additional agitators assist in 
mixing to obtain monodispersity of the emulsion. In continuous 
mode, a rotor–stator is used to impart emulsification of liquids 
flowing in a pipeline or in the recirculation loop (Fig. 20.3).

Figure 20.3. Continuous emulsification using a rotor–stator in a pipe line or in 
tank with a recirculation loop. (a) in-line rotor–stator for continuous emulsion 
and (b) continuous emulsification with recycle stream.

http://www.highshearmixers.com/
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3.1.3 Process Modeling
Basic understanding of ultra-high shear emulsification pro-

cesses is still inadequate, which reflects a trial-and-error method-
based selection process, scale-up, and optimization of rotor–stator 
systems for nanoemulsification process. In addition most of the 
models developed in the industrial labs are not available in the 
open space. Therefore, modeling of the rotor–stator-based emulsi-
fication process is pertinent in the present context.

In rotor–stator when the fluid flows through the openings of 
the stator the speed is proportional to the rotor tip speed (Utomo 
et al., 2009). Computational fluid dynamics studies have shown 
that the maximum size reduction of the dispersed phase occurs at 
the point of discharge of the stator and not in the space between 
the rotor and stator (Barailler et al., 2006). Mixing in such a sys-
tem is linked with the turbulence of the discharged fluid. Pacek 
et al. (2007) showed by numerical solution of the flow field in a 
Silverson rotor–stator that the radial jet velocity emerging from 
the stator slots is proportional to the speed of the rotor (N). Also, 
the simulation suggested ∼70% of the energy applied by the rotor 
to the liquid dissipates around the mixing head and in turbulent 
flow the dissipated energy varies proportionally with N3. How-
ever, assessing the extent of turbulence in such devices is tricky 
because if Reynolds number is used as the indicator of turbulence 
then at least three different values of the dimensionless number 
are possible. These values could be different by at least one order 
of magnitude.

Re = ρND2/µ where the N and D are the speed and diameter of 
the rotor

Re = ρNDδ
g
/µ where δ

g
 is the gap between the rotor and the 

stator
Re = ρNDb/µ where b is the dimension of the openings of the 

stator
Often it is suggested that the Re of such system is not an 

 appropriate predictor for performance of nanoemulsion forma-
tion; instead specific power is used for prediction of the emul-
sification performance. Assuming the centrifugal pump-like 
action, the power requirement of a rotor stator is calculated by 
P = P

0
ρN3D5 where the typical values of the power number (P

0
) 

are between 1 and 3 (Barailler et al., 2006). The energy require-
ment to produce a particular emulsion of given composition and 
size distribution depends on the specific power or energy den-
sity of the emulsifying device. In other words, the mean diam-
eter (d

32
) depends on energy density (ε) and the residence time 

(t
residence

) of the fluid in the zone of emulsification by the following 
equations 20.5 and 20.6,
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d ta a

32 residence
1 2ε= − −

 (20.5)

ND
b

( )
4

3

ε ρ
=

 
(20.6)

a
1
 and a

2
 are the characteristic parameters of the rotor–stator 

system. Therefore, the entire design of the rotor stator device con-
trols the emulsion quality. The narrower openings of the stator 
causes even distribution of energy dissipation (ε) and in turn uni-
form droplet size (Brocart et al., 2002).

The above mathematical models are based on the knowledge 
of emulsifications in traditional rotor–stators typically used for 
macroemulsions. However, there is a need to carry out correlation 
studies to understand the breakage kinetics in the latest designs 
of rotor stator under various levels of the process parameters of 
emulsification.

3.1.4 Process Optimization
The majority of the studies devoted to optimization of emul-

sification conditions using a rotor–stator device are of two types. 
One type involved two-process parameters speed of the rotor and 
time of emulsification keeping the ingredient composition as well 
as the device design constant. Another type of studies searched for 
an optimal composition of the ingredients for a given emulsion 
where the other process parameters were kept constant. Statistical 
designs of experiment are convenient and reliable methods of opti-
mization in such cases. In an optimization study a nanoemulsion of 
narrow size distribution with 135 nm mean diameter was prepared 
at an optimal condition of 36,000 rpm and 5 min processing time 
(Scholz and Keck, 2015). Asmawati et al. have optimized the com-
position of a cinnamaldehyde nanoemulsion using ultra turrax T25 
operated at 12,000 rpm for 5 min (Mustapha et al., 2014). In spite of 
a number of reports on optimization of the nanoemulsion-making 
process using rotor–stator, a systematic study involving composi-
tion, process variables, and design variables is not available.

3.1.5 State-of-the-Art Rotor–Stator Technology for Food 
Nanoemulsion

Since nanoemulsion is an effective tool for delivery of vari-
ous nutrients, flavors, colors, and other additives there are an 
increasing number of reports on encapsulation of many target 
compounds using rotor–stator technology. In general the rotor 
stator system is used for coarse emulsion (>µm) preparation, 
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which undergoes a second stage of homogenizion with another 
 homogenization/emulsification process to obtain a nanoemul-
sion. To improve the particle size of protein containing nano-
emulsion of beta carotene a combination technique has been 
reported by Trentin et al. (2011). In the study a coarse emulsion 
was made by rotor–stator followed by membrane-assisted emul-
sification. Imai et al. (2008) have studied oxidative degradation ki-
netics of methyl linoleate in different size of the dispersed phase 
produced by rotor–stator. However, the emergence of new-gen-
eration of rotor–stator (see Section 3.1.1), makes it possible to 
achieve submicron-sized emulsion in rotor–stator homogeniz-
ers itself, provided the emulsification process is optimized for 
a given type of emulsion. Scholz and Keck (2015) were able to 
prepare an oil-in-water nanoemulsion with a mean droplet size 
of 135 nm and narrow size distribution using ART MICCRA D27 
rotor stator at an optimal condition, that is, homogenization at 
36,000 rpm for 5 min. In a separate study, palm oil ester was emul-
sified in presence of multiple surfactants and stabilizer using a 
Polytron rotor–stator to obtain a nanoemulsion of mean droplet 
size 126 nm (Han et al.,  2014). In the emulsification process the 
oil and water phase were taken at 70°C and then homogenized at 
6000 rpm and at 40°C for 5 min.

3.1.6 Scale Up
Turbulent forces are responsible for breaking of the dispersed 

phase into a nanoemulsion in a rotor stator. Hence, finding a reli-
able scale-up criterion to ensure same hydrodynamic flow in both 
small and large scale is difficult. Scale-up attempts based on geo-
metrical similarities, same rotor tip speed, or gap widths were not 
very successful in such systems. Often, the circulation rate in a 
rotor–stator homogenizer at two different scales have been pre-
dicted considering total area of the slots of the stator, radial ve-
locity at the stator slot, and the centrifugal force generated by the 
rotor (Maa and Hsu, 1996). Kamiya et al. (2010) have proposed a 
homogenization index as a scale-up criterion based on turbulent 
energy dissipation rate inside the homogenization region of the 
rotor stator and a circulation number. Their theory could predict 
the droplet diameter for a scale-up from 1.5 to 9 L. In small-scale 
operation, rotor–stator homogenizers are used exclusively, but in 
a larger batch size (>1 gal) an additional agitator is required to 
shorten the homogenization cycle and ensure homogeneity. This 
makes the process more flexible, albeit a pilot label study is need-
ed to scale up a particular batch nanoemulsification process using 
a rotor–stator.



 Chapter 20 Process technology of nanoemulsions in food Processing  841

3.2 ultrasonic
Application of sound waves of higher frequency (beyond 

20 kHz) in liquids creates pressure waves that agitate and mix the 
liquid as well as cause cavitation (Sivakumar et al., 2014) (Fig. 20.4) 
(Awad et al., 2012). As a result ultrasonics can be common pro-
cessing in various food processing operations like microstructure 
modification of fat products (sonocrystallization), defoaming, 
food protein modification, inactivate/accelerate enzymatic reac-
tions, microbial inactivation, freezing, thawing, extraction includ-
ing emulsification. Particularly, the method is useful in supplying 
the high-energy intensity needed to create nanoemulsions.

3.2.1 Process Definition
High-energy ultrasound of frequencies between 20 and 

500 kHz with typical intensities more than 1 W·cm−2 is used to 
disperse a liquid phase in another immiscible liquid phase in the 
presence of suitable emulsifying and so-called stabilizers. Such 
dispersion produce reasonably stable emulsions due to high 
shear in the liquid medium. The underlying process can be di-
vided into two stages; the first step involves a creation of prima-
ry macro-sized droplets due to the combined effect of acoustic 

Figure 20.4. Cavitation due to ultrasound and size reduction of emulsion droplets.
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field and Rayleigh–Taylor instability (Kentish et al., 2008). Subse-
quently, shock waves generated due to cavitation breaks the pri-
mary droplets to submicron size (Fig. 20.4).

Usually, the ultrasound nanoemulsification process involves a 
premix process where the two emulsion-forming phases are ini-
tially mixed to produce a coarse emulsion to avoid high ultrasonic 
energy requirements. In the next stage ultrasound waves are ap-
plied to the premix to produce a nanoemulsion with small and 
uniform droplets of the dispersed phase. The second homogeni-
zation step can be performed in both batch and continuous mode 
based on the scale of operation.

3.2.2 Equipment Designs
The major component of an ultrasonic homogenizer (UH) con-

sist of an ultrasound source which can be supported by a tempera-
ture control system, recirculation system etc. A typical batch UH 
is given in Fig. 20.5a. The ultrasound source usually consists of an 
ultrasonic transducer, signal generator, and a signal amplifier. The 
UH not only produces ultrasound of an appropriate particular in-
tensity and frequency but provides a proper contact pattern with 
the emulsifying liquids. For larger operations ultrasonic homog-
enizers can be run in continuous mode (Fig. 20.5b) Based on the 
contact pattern five different designs of ultrasonic  homogenizers 

Figure 20.5. Different modes of operations of ultrasonic homogenizers. (a) Batch ultrasonic homogenizer with barbell 
horn type and (b) ultrasonic homogenizer in continuous mode.
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are possible (Fig. 20.6a,b,d,e, and f ). In horn type  ultrasonic ho-
mogenizers the shape of the horn Fig. 20.6c decides the energy 
and the amplitude of the ultrasound generated. Table 20.1 gives 
brief  description of  ultrasonic homogenizers and their compara-
tive features) (Luo et al., 2014).

Power requirement of ultrasonic homogenizers vary depend-
ing on scale of operation. In practice, the laboratory scale small 
volume homogenizers for new emulsification process feasibility 
studies come with a power capacity less than half a kW. For process 
optimization studies to evaluate optimal amplitude, operational 
pressure, flow rate, and so forth at pilot plant level the ultrasound 
equipments come with a range of power supply typically from 
0.5 to 2 kW. The present ultrasonic power supplies available for 
industry-level nanoemulsion preparation vary from 2 to 16 kW. 
For some large-scale industrial applications multiple units can be 
employed in parallel (Hielscher, 2007).

3.2.3 Process Modeling
Information about the effect of composition and various 

process parameters viz., process volume, residence time in the 
acoustic field, ultrasonic power, and so forth on ultrasonic emul-
sification is important for designing equipment for ultrasonic 

Figure 20.6. Different designs of ultrasonic homogenizer in batch and continuous mode. (a) Bath type; (b) horn type; 
(c) different shapes of horns; (d) cup horn type; (e) liquid whistle type; and (f) flow cell type.



844  Chapter 20 Process technology of nanoemulsions in food Processing

emulsification, optimizing the process conditions, and  controlling 
a process. The ultrasonic cavitation process and the emulsion for-
mation involves multiple processes like the bubble formation, 
movement and collapse in an acoustic field as well as dispersion, 
reflection (by the droplet surface), and dampening of the ultra-
sonic waves; therefore, in a practical scenario modeling of ultra-
sonic emulsification is very difficult. The model should consider 
emergence of the bubbles due to pressure difference generated 
by ultrasound, coalescence of the neighboring bubbles, survival 
time of the bubbles before their rupture, and the way acoustic 
field emitted from the horn interacts with the bubble  (Lauterborn 
et al., 2007; Leighton, 1995). The ultrasonic energy applied to a 
medium creates bulk motion. This motion or kinetic energy of the 

Table 20.1 Comparison of Different Types 
of Ultrasonic Homogenizers

Type of 
Homogenizer Configuration

Frequency 
and Power 
Intensity

Possibility of 
Scaling Up Advantages

Ultrasonic bath Transducer at bottom or side 
position of bath; reaction vessel 
fixed at some positions in bath

15 kHz >1 MHz, 
normally 
1–2 W/cm2

Medium 1. Low cost
2. Commercialized

Probe reactor Direct delivery of ultrasonic 
energy to liquid reactant 
through immerssible horn

Up to 100 W/cm2 Medium 1. High power output
2. Concentrated 

energy delivery
3. Commercialized

Cup-horn reactor Transducer fitted with a cup, the 
cup being the reactor

20–504 kHz, 
19–270 W

Low 1. Concentrated 
energy delivery

2. Avoid contamination 
of reactant from 
horn tip erosion

Liquid whistle Ultrasound generated by 
mechanical oscillation

5–30 kHz
1.5–2.5 W/cm2

High 1. Low cost
2. Suitable for 

continuous flow 
reactions

Flow cell reactor Intensified acoustic intensity by 
reflection and reverberation

17–45 kHz, Up to 
3 W/cm2

High Concentrated and 
intensified energy 
delivery, uniform 
ultrasonic field

Source: Based on data from Luo et al., 2013.



 Chapter 20 Process technology of nanoemulsions in food Processing  845

liquid  particles  converts into heat due to the viscosity of the me-
dium (Tjøtta, 1999). There are models that correlate the two forms 
of energy dissipation because in the formation of bubbles of the 
dispersed phase the amount of these individual forms of energy 
plays an important role. In one of the earliest attempts based on 
the Kolmogorov eddy theory the maximum size of the droplet 
(d

max
) due to ε ultrasonic energy dissipation per unit volume of the 

liquid can be calculated by the following model:

d
c

1/5 3/5

max

2.5

ε
ρ γ

=










− −

Chen (2013) have proposed a model to correlate the thermal 
release per unit volume (ε) and the strength of ultrasonic wave (I

u
) 

by Eq. 20.7:

I2 /cuε α= (20.7)

where α and c are acoustic absorption coefficient of the liquid and 
velocity of the ultrasound in the liquid, respectively.

For a batch or a continuous system acoustic intensity (I
u
) data 

can be converted to energy density (ε), using Eq. 20.8 where S
A
, V, 

and t are representing surface area of the tip of the horn, process-
ing volume and time (batch time or residence time for the con-
tinuous system) respectively (O’Sullivan et al.,  2015).

I S t

V
u Aε =

 
(20.8)

In a comparative study, the empirical model to relate emulsion 
droplet size data (d

32
) was correlated to energy density using in-

verse power laws for a small scale ultrasonic homogenizer setup. 

The models for batch and continuous system are 
13.45

32 0.85ε
=d  and 

14.8
32 0.77ε

=d  respectively.

Such simple models are often a good starting point for design 
of ultrasonic homogenizers and more true in a single bubble sys-
tem. However, in a real system where a population of bubble exist 
a deeper understanding of the cavitations phenomena is required 
for constructing of models for designing of novel equipments or 
optimization of the emulsification process using ultrasound.

3.2.4 Process Optimization
In each batch or continuous configurations, optimization stud-

ies of process parameters (ie, energy density, residence time, etc.) 
have been done extensively for macro emulsions (Hielscher, 2007) 
unlike nanoemulsions where only few reports are available. For 
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producing a nanoemulsion of curcumin, a coarse emulsions of 
the same composition was exposed to an optimal condition for ul-
trasonic. The conditions were 40% of applied power (power den-
sity: 1.36 W/mL) for 7 min, stabilized by 1.5% (w/v) Purity Gum 
Ultra, 0.05 volume fraction of oil (medium chain triglycerides), 
and 6 mg/mL of the bioactive compound (Abbas et al., 2015). 
Hosseini et al. (2015) have optimized the conditions for prepar-
ing an oil-in-water (O/W) nanoemulsion for polyunsaturated fatty 
acids (PUFA) using response surface methodology. At the opti-
mal conditions, that is, 10:100 (V/V) linseed oil and and ratio of  
Tween 80 and Span 60 with the HLB of 11.7 an emulsion was 
obtained with a mean droplet size as small as 72±5.14 nm and 
viscosity 3.84±0.26 mPa·s.

3.2.5 State-of-the-Art Ultrasonic Technology for Food 
Nanoemulsion

Most development of emulsification process using low frequen-
cy ultrasound was for nonfood applications like paints, synthesis 
of polymeric nanoparticles etc. but lately the technology has been 
used in food processing (Freitas et al., 2006; Jafari et al., 2008). 
Lower production cost, ease of cleaning, and possibility of aseptic 
design has attracted various studies on new ultrasonic homoge-
nizer designs and optimization of processing conditions. Another 
aspect of ultrasonic nanoemulsion that is attracting research fo-
cus is fabricating functional nanoemulsions like emulsions with 
antimicrobial activities. Peshkovsky et al. (2013) found ultrasonic 
amplitude played a significant role in ultrasonic nanoemulsifica-
tion. To scale up the emulsification process by 10 times the authors 
used Barbell Horn Ultrasonic Technology. In another study, envi-
ronmental pressure along with temperature influenced the nano-
emulsification. They suggested total energy density followed an 
exponential relationship with the pressure in the sonication vessel 
up to 400 kPa and this relation can be exploited for formulation of 
better emulsification (Leong et al., 2009). Time of emulsification 
in an ultrasonic reactor depends on the design (geometry) of the 
equipment. To improve bioavailability or digestibility, specifically 
skin permeability, prolonged released characteristics, antimi-
crobial property etc nanoemulsifications were formulated using 
ultrasonics. Using statistical optimization technique, surfactant 
concentration (nonionic surfactant Tween 80) and emulsification 
time were optimized to achieve a stable nanoemulsion of basil 
oil in water with droplet diameter 29.3 nm and antibacterial ac-
tivity against Escherichia coli (Ghosh et al., 2013). Nanoemulsion 
formulation with smaller molecular weight surfactants have been 
studied to great extent but the same with  polymeric  substances 
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like protein is presently being essential because of their better 
acceptance in food system. O’Sullivan (2015) have studied exten-
sively the effect of ultrasound on the protein structure individually 
and on emulsifying properties of protein.

3.2.6 Scale Up
All local phenomenon, that is, amplitude of the acoustic waves, 

intensity of cavitation, residence time of an emulsifying fluid at the 
cavitation zone, and so on occurring at various locations such as 
near the sonotrode, near periphery, and so forth is important for 
the scale up of ultrasonic homogenizers. Only then the quality of 
the final emulsion product produced in both smaller- and high-
er-scale ultrasonic homogenizers remain the same. However, the 
ultrasonic processors cannot be scaled up in terms of size alone. 
A large horn can generate high total power because of large sur-
face area but provides low power densities due to low amplitudes. 
Therefore, existing high-power industrial-scale ultrasonic pro-
cessors with horns cannot generate ultrasonic amplitudes above 
∼20 µm whereas much larger amplitude (∼80 µm) is required to 
produce nanoemulsions of lesser mean droplet size and narrow 
size distribution. Peshkovsky and Bystryak (2014) demonstrated 
a scale-up study using a Half-wave Barbell Horn (BH) having a 
50 mm broad tip and double radiating surfaces. The horn is capa-
ble of generating longer amplitudes up to 100 µm. Since processing 
capacity of a horn is proportional to its radiating area, when a Bar-
bell Horn replaces the conventional one the processing capacity 
increases 2(D

BH
/D

CH
)2, where D

CH
 and D

BH
 are the respectively, di-

ameters of the tips of conventional and Barbell horns (Peshkovsky 
et al.,  2013). This enables very high (ie, 50–60 times) scale-up emul-
sification processes, which facilitates single-step scale up of labo-
ratory emulsification processes into an industrial size. The future 
design efforts for ultrasonic homogenizers at a larger scale should 
solve problems of low penetration depth of cavitation into the liq-
uid to guarantee uniform emulsification (Mason et al., 2006). Also 
for effective scale-up optimization of process should be done with 
an auxiliary agitation system to make the nanoemulsion uniform.

3.3 high-Pressure homogenization
High-pressure homogenization is a mechanical process, where 

a liquid is forced through a narrow gap at high pressure of typi-
cally more than 100 MPa value. A typical range of 150–200 MPa 
is used for high-pressure homogenization and 350–400 MPa for 
ultra-high-pressure homogenization. Here the pressures refer to 
the hydrostatic pressure applied by the pump to a liquid system 
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before the liquid is restricted by an adjustable valve or a fixed ge-
ometry opening (Paquin, 1999).

3.3.1 Process Definition
Using a high-pressure pump when two immiscible liquids and 

appropriate emulsifier and/or stabilizer are passed through a nar-
row opening (often called as the homogenizing valve, nozzle, or 
microchannel) a combination of physical effects like high shear, 
turbulence, compression, acceleration, drop in pressure, and im-
pact causes the breakdown of one of the phases and causes forma-
tion of an uniform dispersed phase (Fig. 20.7a).

3.3.2 Equipment Designs
Designwise the HPHs have many variants; however, the basic 

requirement for any HPH is a high-pressure positive displacement 
pump and a restriction assembly. Their designs may vary in terms of 
the type of the pump, type of the restriction assembly, and in terms 
of the number of restrictions (Köhlera and Schuchmann, 2011). A 
typical design of HPH with two-stage restriction is given below 
(Fig. 20.7b).

Using plunger-type pumps, high pressure can be imparted in 
the fluid in HPH. Suction valve of the pump withdraws the liq-
uid mix to be emulsified to the pump and in the forward stroke of 
the plunger pushes the liquid through the discharge valve of the 
pump and homogenizing valve. The plunger can be electrically 
or pneumatically actuated. Such pumps can be single- or double-
acting based on the discharge volume per stroke of the pump from 
a given volume cylinder volume of the pump. In order to reduce 
fluctuation in the supply of the fluid to the homogenization valve 
and reduce vibration, multiple plungers are used. Three to five 

Figure 20.7. Schematics of homogenization by a high-pressure valve and 
schematics of a two stage homogenization system. (a) Valve-type high-pressure 
homogenizer; and (b) two-stage high-pressure homogenizer.
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plungers working in a concerted manner are common in modern 
HPHs. To achieve ultra-high pressures (∼400 MPa) in the liquid, 
intensifier technology is used in the latest HPHs.

The other important part of HPHs is the restriction assembly. 
Restriction assembly can be of three types. They are HPH with ad-
justable valve (Fig. 20.8a,b), with nozzle (Fig. 20.8c), and with mi-
crochannel (Fig. 20.8d). Depending on the type of the restriction 
assembly, relative contribution of shear, turbulence, impact, and 
cavitations on emulsification changes categorically in the homoge-
nizer. Due to the high shear produced at the restriction all these re-
striction assemblies require high durability and often are made up 
of zirconium or tungsten carbide. In a typical HPH with valve, the 
force applied over the valve blocks the fluid stream and builds up 
the homogenization pressure. There is a continuous effort by the 
HPH manufacturers to modify valve geometry in order to reduce 
the mean size of the dispersed phase and reduce the  dispersity 
of the emulsions. Fig. 20.8a shows three different configurations 
of valves used for high-pressure homogenization. Industrial scale 
homogenizers with valve setup uses two stages of homogenization. 
First valve operating at a higher pressure produces crude emulsion 
and second valve at a lower pressure (∼typically 10–20% of the first 
valve) offers correct degree of cavitation and turbulence to pro-
duce uniform nanoemulsion (http://web.utk.edu/). Nozzles are 

Figure 20.8. Different types of high pressure homogenizer with various 
adjustable valves, with nozzle, and with microchannel. (a) Valve-type hPh with 
different valve seat; (b) valve-type hPh with different valve types; (c) nozzle-type 
hPh; and (d) microfluidic-type hPh with different microchannel orientation.

http://web.utk.edu/
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another type of restriction unit that can serve the purpose of high 
shear homogenization. The orifice diameter of the nozzle head can 
be selected according to the required emulsion duty (Stang et al., 
2001). They are usually made up of hard and tough material like 
ruby, sapphire, or diamond to withstand the high pressure and 
remain functional for longer time. Homogenization pressure at 
the nozzle is controlled by the pump and/or the bends between 
the pump and the nozzle. Nozzle is generally a better choice over 
valves because adjustable valves may produce greater batch to 
batch variation. A further improvement in HPH design is use of 
microfluidic channels for homogenization. This design is often re-
ferred as Microfluidizer; however, the name is a brand name of the 
equipment. Essentially the technique pushes the liquid through 
one or more microchannels. Fig. 20.8d illustrates two geometries, 
Z-type and Y-type of microchannel. The Y type carries two liquid 
stream and the streams mixes into each other in the form of jets. Y-
type of microchannels can be used for nanoemulsion due to high 
shear generated in the device. The branches of Y-type microchan-
nel can be a single pair or multiple pairs to bring the liquid enter-
ing for homogenization. The design allows the shear rates in the 
channel to go up to 107 s−1. The exiting fluid from the microchan-
nels comes with a very high speed (∼500 m/s) and therefore shows 
more uniform nanoemulsion as compared to the other two HPHs.

3.3.3 Process Modeling
Understanding of the emulsification process in a high-pres-

sure homogenizer is still inadequate. Producing nanoemulsion 
with better size control in food system is often difficult due to 
complex rheology of the food materials as well as restricted choice 
of food-grade emulsifiers/stabilizers. Therefore, to choose an ap-
propriate design of high-pressure homogenization equipment or 
to optimize a particular emulsification process in a given HPH, 
understanding the fate of the liquid in the homogenizer and its 
relation to the quality of nanoemulsion is essential. Modeling of 
the emulsification process has been attempted to address the 
problem. Since milk homogenization is one of the most used ho-
mogenization techniques, there are many empirical models de-
veloped for predicting emulsion efficiency in various HPH design. 
Particularly, modeling has been done of the mean fat globule size 

d( )  with the homogenization design parameters and other pro-

cess parameters in a HPH with valve is, d
g v( / )( / )

Re
0

1/3

σ ρν
=

where σ, ρ, and  are surface tension, density, and kinemetic viscos-
ity of the liquid respectively, g is gap of the valve, v

0
 and Re are the 

velocity and Reynolds number at the valve opening  respectively, 
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(Kessler, 2002). This model predicts only the size of the dispersed 
phase but not any other quality parameter of the emulsion. Also, 
such a model is not universal for all kinds of valves or HPHs. De-
pending on the valve orientation, like valves with a flat seat and 
with an inclined seat, the relation would be different (Saravacos and 
 Kostaropoulos, 2002). In a valve-type HPH, Augusto et al. (2012) have 
suggested two different types of empirical relations (Eqs. 20.9 and 
20.10) of viscosity (µ

dis
) after dispersion and the homogenization pres-

sure (P
H

). A similar approach can be taken for nanoemulsions, too.

e
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OEM of HPH carries out optimal sizing and design of the valve 
by CFD modeling. Modeling of emulsification in nozzle type and 
microchannel type homogenizers are less explored due to lack 
of understanding compared to the traditional valve type homog-
enizer. An example of modeling the emulsification in a nozzle type 
HPH is given by Eqs. 20.11 and 20.12 (Marie et al., 2002). Assuming 
the nozzle as a pipe with a sudden opening and turbulent flow at 
the nozzle, the Kolmogorov equation can be used. Hence, the larg-
est diameter of the droplet can be modelled as d Cmax

0.4 0.6 0.2= ε σ ρ− −  
where C, ε, σ, and ρ are respectively a characteristic constant, 
power density (W m–3), interfacial tension (mNm–1), and continu-
ous phase density. The power density applied by the homogenizer 
to the liquid near the nozzle is the function of pressure differential 
across the nozzle (P

upstream
−P

atm
) and the frictional loss (f) across 

the nozzle (Eq. 20.11).

P P f

t
upstream atmε =

− −

∆ 
(20.11)

where ∆t is time of expansion
The frictional loss can be calculated by the following equation:

f
kV

g2
min ρ

=  k = (1 – r)2 + r2/9 is a constant dependent on nozzle and 

liquid recieving chamber diameter ratio (r) of the homogenizer 
and V

min
 minimum velocity of fluid. The minimum velocity of the 

fluid is given by Eq. 20.12 (Marie et al., 2002).
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Amornsin (1999) had attempted the modeling of flow rate of 
the emulsifying liquid and pressure of the intensifier in a mi-
crofluidizer. However, the model does not predict the product 
quality.

V
C

a
at P at P

2

3
( ) ( )min

v

c
0.5 2 d

1.5
1 d

1.5

ρ
= + − +   where C

v
, coefficient of the 

throttling valve, P
d
 is the minimum pressure of the intensifier, a is 

the linear rate of the pressure variation of the intensifier.
In another study, Qian and McClements (2011) have reported 

a semiempirical model of emulsion formed in a  microfluidizer 

to predict minimum size of the droplets (d
min

) d
G

C
6

min
surfactant

ϕ=  

where G, , and C
surfactant

 are the surfactant concentration present 
per unit area of the droplets created during emulsification (kg m–2), 
volume ratio of dispersed to total volume, and surfactant concen-
tration in the emulsion (kg m–3). The mean droplet diameter d( ) 
and dispersed phase viscosity (µ

dis
) is related in an empirical rela-

tion d A dis
bµ=  where A and b are constants (Schultz et al., 2004). 

For high-pressure homogenizers, (b) varies between 0.2 and 0.9, 
depending on the mechanism of the dispersed phase rupture 
involved.

Considering the need to predict the final emulsion quality in 
terms of process parameters of a microfluidizer, CFD-simulations 
are required. Simulating such turbulent process are difficult due 
to the complexity of the models. The experimental data to build 
up empirical models of emulsification in microfluidizer are also 
inadequate and less reliable.

3.3.4 Process Optimization
In order to get better size distribution and stability, the opti-

mization of emulsification process in a HPH covers two classes of 
variables; first one is finding the appropriate combination of oper-
ational variables like homogenization pressure, number of passes, 
premixing, and temperature and the second one is finding an ap-
propriate recipe of the emulsion. The two said classes of variables 
are not independent and often influence the quality of emulsion 
in a complex fashion. Hence, statistical design of experiment is an 
efficient approach to decide the optimal settings of the process 
variables. Yuan et al. (2008) had attempted optimization of prepa-
ration of a nanoemulsion of medium-chain triglyceride and water 
where the oil phase contained β-carotene using a two-stage valve-
type HPH. To achieve minimum size distribution and maximum 
stability of the emulsion, Response Surface Methodology was 
used in the study to determine appropriate levels of β-carotene, 
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emulsifier, concentrations, the homogenization pressure, and 
temperature. Adopting superimpositions method of the contours 
obtained for each pair of the said independent variables an opti-
mal value for each variable were selected. Some of the drawbacks 
of using RSM in this kind of optimization study are large number 
of variables that influence emulsion quality, multiple output vari-
ables depicting quality, and nonlinearity of the relation between 
the emulsion quality and the independent variables. However, 
optimization of such a complex process is sequential and better 
understanding of the process would lead to precise control over 
the quality of the emulsion.

3.3.5 State-of-the-Art High-Pressure Homogenization Technology 
for Food Nanoemulsions

The effect of composition on a nanoemulsion produced by 
an HPH is one of the major areas of studies in high-pressure ho-
mogenization. There are only a small number of reports on eluci-
dating basic mechanism of the emulsification process in HPHs. 
Donsì et al. (2011) have studied the effect of surfactants as well 
as disruption chamber geometry on nanoemulsion formation. 
The study suggested the effect of surfactant controlled the kinet-
ics of the emulsion condition, but an appropriate design of the 
homogenization chamber ensured proper mixing and narrow size 
distribution of the dispersed phase. Particularly, influence of small 
surfactant in combination with surface active protein remained 
the subject of many studies in HPH (Perrier-Cornet et al., 2005; 
Mao et al., 2010). Most trials on nanoemulsion done by HPH in-
volves typically two stages: the primary emulsification through a 
mechanically agitated mixer or in a rotor–stator and secondary 
emulsification through an HPH. Unfortunately, there are not many 
studies on the effect of premixing conditions on the final nano-
emulsion. Sometimes an inline mixer can be used for producing 
premix of 2–5 µm size distribution for HPH, which improves final 
nanoemulsion quality.

3.3.6 Scale Up
In general, scalability of HPH is a challenging issue. Particu-

larly, industrial scale preparation of nanoemulsion in HPH has 
crippled commercialization of many promising nanoemulsion 
formulations. In almost all cases, a traditional scale-up strategy is 
followed where a pilot study is carried out to scale up a high-pres-
sure homogenization to produce nanoemulsion. The flow filed 
around a narrow gap with liquid flowing at a very high velocity 
in HPHs rules out experimental estimation of the velocity profile. 
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That is why there is no established scale-up criteria of the emul-
sion process in HPHs. Innings and Trägårdh (2007) have proposed 
the two criteria be kept constant for scaling up HPHs, Reynolds 
number (Re), and the ratio of turbulent gap height (h) and Kol-
mogorov length (ξ) scale (N

TK
 = h/ξ). The gap (or jet) Re is defined 

as hU/ν, where h and U are the length of the narrow gap and the 
velocity of the fluid at the narrow gap of the HPH.

4 Low-Energy Production Technologies 
of Nanosized Emulsifiation

Low-energy methods of emulsification (or condensation) 
method make use of phase transitions occurring when emulsion 
forming substances (essentially oil, water, surfactant, stabilizer) 
come together or droplet formation through a membrane. Unlike 
high-energy methods of emulsification, in such methods external 
energy is not used for creation of new interfaces during emulsifi-
cation. Rather it converts the energy stored in the emulsion form-
ing mixture to create the large surface area in the form of the drop-
lets of few nanometers (Lovelyn and Attama, 2011). Therefore, 
they are more energy-efficient than its high-energy counterparts, 
where the typically 0.1% of the total energy goes for homogeniza-
tion. Not only that but growing research in the past two decades 
have shown these methods could be a better alternative due to 
greater emulsion yields, ease of scale-up, and less harsher meth-
ods for emulsification (or encapsulation) of weak active molecules 
(Anton and Vandamme, 2009).

4.1 membrane emulsification
Membrane emulsification methods involve forcing the dis-

persed phase or a preemulsion into a continuous phase through 
a microporous membrane of suitable pore size (Fig. 20.9). It con-
sists of two steps: first the droplets grow while forced through 
the pores and second the drops detach and go away from the 
pore tip (Peng and Williams, 1998). Since, in this method drop-
let formation does not depend on turbulent disruption the dis-
persed phase size can be tightly controlled. Considering these 
capabilities, membrane emulsification is a good choice for food 
nanoemulsions. The method can be used for both types of na-
noemulsions viz., single emulsions (O/W or W/O) and double 
emulsions (O/W/O or W/O/W). Double emulsions are difficult 
to make due to the complex structure and inherent thermody-
namic instability.
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The droplet formation depends on the design of the membrane 
assembly, membrane characteristics (pore size and shape, porosity, 
wall contact angle, etc.), liquid characteristics (density, interfacial 
tension, and viscosity), and process characteristics (temperature, 
pressure, etc.). Designwise there are three major types of membrane 
emulsification systems: (1) stirred-tank system where the liquid to 
be dispersed is pumped through a microporous membrane to a 
tank holding the continuous phase and an impeller agitates the liq-
uid inside the tank to produce the shear for the droplet detachment 
from the membrane as well as the mixing in the tank (Fig. 20.9a), 
(2) cross-flow system involves a tubuler membrane assembly 
where the continuous phase flows as retentate axially in the tube 
and the dispersed phase/preemulsion flows as permeate into the 
tube to form a nanoemulsion (Fig. 20.9b), and (3) a modified cross-
flow system where the membrane tube contains the dispersed 
phase and rotates to generate enough shear for detachment of the 
droplets on the continuous phase side (Fig. 20.9c). The design di-
rectly influences the quality and yield of the emulsion formed, that 
is, size of the dispersed phase droplets and its distribution, flux of 
the dispersed, and the volume percentage of the dispersed phase.

Membrane properties also control quality and yield of emul-
sion. The mean droplet diameter is proportional to the mean pore 
size of the membrane. Decrease in porosity reduces the flux of 
the dispersed phase whereas increase in porosity increases the 
probability of merging of droplets coming out of adjacent pores 
of the membrane. So an optimal porosity is needed to obtain near 
mono-disperse droplets of low mean size and considerable yield. 
The critical pressure (P

crit
) required for formation of droplets for a 

given interfacial tension (ϒ), contact angle of the dispersed phase 
on the membrane surface (θ), and mean pore diameter of the 
membrane (d

p
) can be calculated by following relation (Eq. 20.13).

Figure 20.9. Three major types of membrane emulsification systems. (a) agitated 
cell; (b) cross-flow system; and (c) rotated membrane.
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P
d

4 cos
crit

p

γ θ
=

 

(20.13)

The dispersed phase flux (J
d
) also depends on the membrane 

properties. Assuming the flow through porous medium, for given 
pressures difference (∆P) across the membrane the flux can be 
calculated using Eq. 20.14.

J
K P

Ld
L

=
∆

 
(20.14)

where K and L are permeability and thickness of the membrane 
respectively, µ is the dispersed phase viscosity. Assuming a simpler 
structure of the membrane the pores can be mimicked as a series 
of (n) numbers of uniform cylinders of radius r, the permeability 
can be calculated by Hagen–Poiseuille equation, K

d
 = nr2/8 µ.

Near the membrane pores the local hydrodynamics forces de-
termine the size of the droplets and their distortion. Configura-
tion of the membrane assembly primarily governs the local flow 
pattern. In membrane emulsification the continuous phase fluid 
flow near membrane follows laminar pattern, therefore, the shear 
stress (τ) acting on the droplets of the dispersed phase at the tip 
of the pore is given by τ = µ

c
 U, where U is the velocity gradient 

adjacent to the membrane in the continuous phase and µ
c
 is the 

viscosity of the continuous phase (Walstra, 1993; Adler-Nissen 
et al., 2004). As the droplet size decreases the shear stress at the 
interface of the membrane and the continuous phase liquid also 
increases. Also type and quantity of surfactant used in the emul-
sion process plays a great role in formation of the droplets and in 
maintaining the dispersed phase intact as an emulsion.

For scaling up and optimization of such membrane emulsifi-
cation processes, a reliable model of the process is necessary. Es-
pecially, the droplet formation and detachment is a very complex 
process and without proper understanding of the mechanism of 
the process it is almost impossible to develop a model and to iden-
tify a scale-up criterion. Hao et al. (2008) have developed a model 
based on the various torque acting on the droplets in a cross-flow 
continuous emulsification system. The model identifies three ma-
jor factors viz., low cross-flow velocity of the continuous phase, 
low transmembrane pressure, and high viscosity of the dispersed 
phase favors narrow size distribution of the dispersed phase.

Membrane emulsification technique is being used by food 
nanoemulsions, as well, even if at a slower pace. Various mem-
branes for this purpose studied are: ceramic aluminium oxide 
(a-Al2O3) membranes (Schröder and Schubert, 1999), a-alumina 
and zirconia-coated membranes (Joscelyne and Trägårdh, 1999), 
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and polytetrafluoroethylene (PTFE) membranes (Suzuki 
et al., 1998; Kanichi et al., 2002; Yamazaki et al., 2002), micropo-
rous polypropylene (Sotoyama et al., 1999) or polyamide (Giorno 
et al., 2003, 2005), hollow fibers membrane, and homemade 
silica-based monolithic (Hosoya et al., 2005), or macroporous 
silica glass (Fuchigami et al., 2000) membranes, and so forth. A 
nanoemulsion to encapsulate vitamin E was prepared from me-
dium chain triglycerides, and a mixture of two small molecular 
weight surfactants, for example, Tween 80 and Brij 35. The mean 
size of the droplets of nanoemulsion was 78±3 nm with a span 
factor of 0.25±0.01 (Laouini et al.,  2012). In another study various 
oil phase, that is, medium-chain triglycerides, soybean oil, and 
trimyristin, and different emulsifiers sodium dodecyl sulfate, po-
loxamer 188, polyglyceryl-10-laurate, and sucrose laurate were 
used to study membrane emulsion at two different scales. The 
study found a monodisperse droplet of 100 to 200 nm size (Joseph 
and Bunjes 2012). Trentin et al.  2011 have reported a encapsu-
lation technique for beta-carotene where a membrane emulsifi-
cation technique with microporous polymeric membranes was 
used. Bovine serum albumin or whey protein concentrate along 
with Tween 20 were used as an emulsifier–coemulsifier system to 
get a monodisperse emulsion.

Two major drawbacks of this method is low throughput com-
pared to other emulsification methods and exorbitant high cost of 
the membrane at a large scale. In addition to that fouling reduces 
efficiency of these processes to a great extent. Hence, efforts are 
focused on novel membrane development, novel design of mem-
brane assembly (eg, adding vibratory motion in the continuous 
phase), process optimization, and so forth. Such efforts would 
remove the challenges of industrial application of nanoemulsion 
preparation using the membrane emulsification technique.

4.2 spontaneous emulsification
The method implies addition of an oil phase (oil phase, surfac-

tant, one or more oil-soluble active components) into an aqueous 
phase (Anton et al., 2008; Vandamme and Anton, 2010) in appro-
priate ratio. The surfactant used in the process should be water 
soluble with a high hydrophilic-to-lipophilic balance (HLB) num-
ber (typically >8).

The surfactant molecules condense in the water phase after 
the oil phase is poured into it to give rise to nanosized oil droplets 
(Fig. 20.10). This method of preparation sometimes is confused 
with microemulsion. However, the chief difference between the 
formation of a nanoemulsion (kinetically stable) and a micro-
emulsion (thermodynamically stable) is the order of mixing of the 
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 surfactant and the other two-phase forming phases. Nanoemul-
sions can only form if the surfactant(s) are added into the oil phase 
first and then the entire oil phase is added to the water phase. On 
the contrary, if the surfactant is first added to the aqueous phase 
an emulsion with macro sized droplets results. For microemul-
sions this order is immaterial as long as the ratio of surfactant 
and oil phase is appropriate (often surfactant is 20% of the total 
emulsion forming phase); sooner or later the mixture will form a 
thermodynamically stable emulsion (Anton & Vandamme, 2011). 
Apart from the order of mixing of the emulsion forming compo-
nents, the rate of emulsification, volume of emulsion, and droplet 
size (mean diameter as well as the size distribution) are impor-
tant characteristics for spontaneous emulsification process of 
nanoemulsion preparation. In the formation of such emulsions, 
spreading pressure, interfacial tension, viscosity of the continuous 
phase as well as the interface, phase transition region, structure, 
and concentration of the surfactants and cosurfactants, salinity, 
and temperature are to be examined (López-Montilla et al.,  2002).

4.3 Phase inversion methods
Phase inversion, or transformation of the dispersed phase 

into continuous phase and vice-versa, can be used effectively to 
create nanoemulsions. Change in temperature, oil, and aqueous 

Figure 20.10. Schematics of spontaneous emulsification and phase inversion 
method of emulsification. (a) spontaneous emulsification; and (b) phase inversion.
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phase ratio, ionic strength (ie, salt concentration) or flow pattern 
(eg, extensional flow) can bring catastrophic change in the ar-
rangement of the surfactants molecules at the oil-water interface 
(Fig. 20.10b). Based on the agent to bring such sudden inversion 
of phase, these methods of nanoemulsion preparation can be 
 categorized as three different classes.

4.3.1 Phase-Inversion Temperature Methods
The Phase Inversion Temperature (PIT) method utilizes change 

in hydration or solubility of nonionic surfactants with tempera-
ture. Such surfactants get more lipophilic with increase in tem-
perature. In this method, a mixture of oil, water and surfactant 
are prepared at their PIT (aka hydrophilic–lipophilic balance tem-
perature), which is then exposed to sudden heating or cooling to 
obtain W/O or O/W emulsions, respectively. For example, when 
an O/W macroemulsions is heated the emulsion gets destabilized 
and an intermediate liquid crystalline or biocontinuous micro-
emulsion phase occurs around PIT. In this condition the interfa-
cial tension minimizes and the interface attains a zero  curvature. 
A stable W/O emulsion forms with further increase of tempera-
ture due to the changes in the physicochemical properties of the 
surfactant. The arrangement of the surfactant molecules are de-

pendent on a packing parameter, p
A

A
lipophilic

hydrophilic

=  where, A
lipohillic

 and 

A
hydrophillic

 are the cross-sectional areas of the lipophilic- and hydro-
philic-group respectively. The surfactant molecules arrange them-
selves spontaneously and compactly in water to form a monolayer 
of optimum curvature due to hydrophobic forces (Israelachvili 
and Wennerstroem, 1992). The optimum curvature of a surfactant 
monolayer depends on the packing parameter; surfactants with 
p < 1, p < 1, and p ≈ 1 curvature of the monolayer is convex, con-
cave, or zero, respectively. Curvature of the monolayer at the O/W 
interface decides formation of O/W emulsions (p < 1), W/O emul-
sions (p > 1), or liquid crystalline/bicontinuous systems (p = 1).

4.3.2 Phase Inversion Composition Methods
The phase-inversion composition (PIC) method involves 

changing concentration of one of the components of the emul-
sion-forming components to attain the required curvature of 
the surfactant layer unlike the PIT method, which does the same 
by altering the temperature (Anton et al., 2009). For instance, in 
the case of an O/W emulsion prepared with an ionic surfactant, 
if salt concentration is increased at a particular concentration it 
can change the packing parameter of the surfactant from lesser 
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than one to higher than one. Therefore, the O/W emulsion inverts 
into W/O emulsion due to shielding of the electrical charge of the 
surfactant groups (Maestro et al., 2008). A reverse phenomena, 
that is, inversion of a W/O emulsion with high salt concentration 
into O/W emulsion can be obtained by simply diluting the system. 
Similar result can be obtained by changing the pH of the emul-
sion-forming phases due to the alteration in dissociation (and 
solubility in oil or water phase) of the fatty acids (Solè et al., 2006; 
Maestro et al., 2008).

4.3.3 Emulsion Inversion Point (EIP) Methods
Another method of nanoemulsion preparation using phase in-

version is by changing the water volume fraction, often called the 
emulsion inversion point (EIP) method. By successively adding 
water into oil, initially water droplets are formed in a continuous 
oil phase. Especially, a W/O emulsion stabilized by short-chain 
surfactants undergoes a spontaneous change in curvature of 
the surfactant assembly with the increasing percentage of water 
(Fernandez et al. 2004).

4.4 secondary emulsification methods
To form a nanoemulsion of particular quality a coarse nano-

emulsion can be modified by various secondary emulsification 
methods (Figs. 20.10 and 20.11).

Figure 20.11. Mechanisms of secondary emulsification methods. (a) interfacial 
engineering; (b) solvent displacement; (c) lipid phase exchange; and (d) lipid 
phase crystallization.
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4.4.1 Interfacial Engineering
By the following method the surfactant layer of an existing nano-

emulsion can be modified directly to achieve improved functional-
ity or stability (Guzey and McClements, 2006; McClements, 2010).

Interfacial displacement: A preformed nanoemulsion when 
mixed with a solution of another surfactant, the new surfac-
tant molecules can replace the existing surfactants at oil-water 
interface partially or completely (Fig. 20.11a), depending on the 
relative surface activities and concentration of the two surfactants 
(Rao and McClements, 2010).

Interfacial deposition: A multilayer droplets of the dispersed 
phase can be created by depositing a different type of molecule 
on the existing surfactant layer of droplets of an existing emul-
sion (Fig. 20.11a). The other type of molecule can be a polyelec-
trolytes or an inorganic ion that combines with the exposed ionic 
group of the surfactant molecules (Guzey and McClements, 2006; 
 McClements, 2010).

Interfacial cross-linking: In a preformed nanoemulsion the 
surfactant molecules can be cross-linked by chemical or enzy-
matic method, for example, protein (Sandra et al., 2008) and 
polysaccharide (Littoz and McClements, 2008) emulsifiers can be 
cross-linked to improve the stability of the final nanoemulsion 
(Fig. 20.11a).

4.4.2 Solvent Displacement
A lipid material containing crystalline active materials is dif-

ficult to emulsify. Therefore, a semipolar water-miscible solvent 
(eg, methanol, ethanol, or acetone) can be used to dissolve the 
lipid phase (Ribeiro et al., 2008). If the lipid phase is added into 
an aqueous surfactant solution with agitation, the solvent dif-
fuses into the water phase resulting in an emulsion of the lipid 
phase (Fig. 20.11b). The water miscible organic solvent can be 
 completely removed by distillation or evaporation.

4.4.3 Lipid Phase Exchange
A nanoemulsion can be mixed with another emulsion or mi-

croemulsion to allow transfer of any mutually soluble compo-
nent from/to the droplets of nanoemulsion to/from the second 
emulsion or microemulsion droplets (Fig. 20.11c). This molecular 
diffusion results in a new nanoemulsion with improved property 
or encapsulation of active components (Weiss et al.,  2008).

4.4.4 Lipid Crystallization
In nanosized oil droplets fat crystallization occurs at a much 

lower temperature than it occurs in bulk condition. This fact is 
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used to prepare a novel category of nanoemulsion by a method 
called lipid crystallization method. In the process, the emulsifica-
tion is carried out at much higher temperature using any of the 
low/high energy method and then the nanoemulsion is cooled in 
a controlled way so that the lipid gets crystallized in the dispersed 
phase droplets (Fig. 20.11d).

5 Functional Characterization Processes 
of Nanoemulsions

In order to apply nanoemulsions effectively in food process-
ing or food science proper characterization of the emulsion is es-
sential irrespective of their method of production. Structure and 
function are two important characteristics of a nano-emulsion. 
There are many good reviews on structural characterization of na-
noemulsions. Dynamic light scattering, zeta potential, differential 
scanning calorimetry, Fourier transform infrared, x-ray diffrac-
tion, nuclear magnetic resonance, small-angle x-ray scattering, 
optical microscopy with image analysis, atomic force microscopy, 
electron microscopy, and so forth are techniques that indicate 
size (and distribution), and some of them indicate morphology of 
the nanoemulsion formed. However, detailed methods of charac-
terization are beyond the scope of this text but certain aspects of 
functional characterization and the rheology of nanoemulsions 
would be discussed. In addition, stability of the emulsion has also 
been given due attention.

5.1 rheology of nanoemulsions or nanosized 
emulsions: aspects of Processing of food 
nanoemulsions or nanosized emulsions

The flow properties of a nanoemulsion are an essential physi-
cal attributes that controls their processing, physiological efficacy, 
toxicity, or some other functionalities. This need is driving the re-
search focus toward measuring, modeling, and modifying these 
properties continuously. The basic rheology-determining param-
eters of an emulsion are continuous phase rheology and the nature 
of the droplets (size distribution, deformability, internal  viscosity, 
concentration, and nature of particle–particle interaction). These 
are often appropriately understood using Krieger–Dougherty 
microstructure/viscosity equation. The qualitative relations be-
tween various formulation and processing variables and change 
of dispersed phase volume, size distribution, and particle–particle 
interaction as well as particle deformability is well understood. 
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However, quantitative understanding of rheological changes of 
nanoemulsion with the emulsion structure in various process and 
storage condition is inadequate. Effects of dispersity and particle 
deformability need to be understood separately (Barnes, 2004).

Rheology of a nanoemulsions of rice bran oil prepared by low-
energy method and sonication method were studied using clas-
sical power law model (Sanabria, 2012). For both the emulsions 
consistency indexes (K) were low, which indicated the emulsion 
had low viscosity (or consistency). In addition, they had pseudo-
plastic shear thinning behavior because their flow behavior index 
(n) values were below one. Apparent viscosities of the low ener-
gy based emulsions were lesser than the emulsion prepared by 
sonication due to the smaller droplet size of the former (199 nm). 
Also the nanoemulsions with a droplet size range between 80 and 
90 nm behaved as fluid with zero yield stress. This appropriate mi-
crostructure and low viscosities of the nanoemulsion makes them 
suitable for better mixing in liquid food products like beverages 
(McClements, 2011). Viscoelastic properties of the nanoemulsions 
were also estimated. Elastic or storage modulus (G9) and the vis-
cous or loss modulus (G99) are measures of solid-like and liquid-
like properties of an emulsion. The oscillation test suggested the 
nanoemulsions had a weak structure and therefore showed higher 
loss modulus (G99) in comparison to the storage modulus (G9). Or 
in other words, the emulsions were more liquid-like.

5.2 Biological fate of the lipophilic
Ideas about the fate of nanoemulsions, that is, digestion, ab-

sorption, metabolism, distribution, and excretion of the nano-
emulsion is important to know efficacy of the nanoemulsions as 
well as its toxicity aspects. The emulsion may contain one or more 
nonpolar components in the oil phase including triacylglycerols, 
diacylglycerols, monoacylglycerols, flavored oils, essential oils, 
mineral oils, fat substitutes, weighting agents, oil-soluble vita-
mins, and nutraceuticals (such as carotenoids, phytosterols, and 
coenzyme Q). These lipophilic compounds can face three differ-
ent processing conditions in the human gastrointestinal (GI) tract. 
Compounds like triacylglycerols and diacylglycerols can be digest-
ed in GI tract, mineral oils and fat substitutes can pass through the 
GI tract without getting absorbed, or compounds like carotenoids 
and phytosterols can get absorbed by the GI tract in undigested 
form. The shell around nanoemulsion droplets typically contains 
multiple components (eg, surfactants, phospholipids, proteins, 
polysaccharides, and minerals). These emulsion-forming indi-
vidual components may get digested at different rates and break 
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down to different levels in the GI tract. For example, phospholip-
ids and proteins may be digested in the stomach and small intes-
tine itself by phospholipases and proteases but many fibres can be 
digested only in the large intestine.

5.3 stability
Nanoemulsions do not possess greater physical stability than 

submicron-sized emulsion droplets. There are two main coarsen-
ing mechanisms for emulsions: coalescence and Ostwald ripen-
ing. The driving force for Ostwald ripening is the solubility of the 
dispersed phase in the continuous phase. When droplets are in 
the nanosize region the solubility of the dispersed phase in the 
vicinity of the droplet is significantly greater as a result of the Kel-
vin effect, leading to growth of larger droplets at the expense of 
the smaller ones via molecular diffusion. In fact, slowing Ostwald 
ripening is generally critical in being able to form a nanoemul-
sion with droplets less than 100 nm. This is often accomplished 
by combining two oils in the dispersed phase, including one with 
very low solubility in the continuous phase. Coalescence depends 
less on the curvature of the droplets and more on the curvature in 
the vicinity of a nucleation hole. This is controlled by the curva-
ture of the surfactant monolayer stabilizing the droplets.

Typically stability of an emulsion is estimated by recording 
changes in droplet size, viscosity, pH, conductivity, and refractive 
index of an emulsion at various temperatures. The kinetics indi-
cates the initiation of phase separation. To accelerate the study, 
the changes of parameters are estimated at a higher temperature 
(Alam et al., 2015). Using kinetic data for thermal degradation of 
an active substance thermodynamic stability can be measured. 
The entropy and enthalpy change of the degradation reaction 
calculated by the transition state provides important information 
about the relative stability of different nanoemulsons and their 
mechanism also. Pascual-Pineda et al. (2015) reported about sta-
bility of paprika oleoresin nanoemulsions prepared by ultrasonic 
homogenization. The mean diameters of the oil phase droplets 
containing paprika varied from 48 to 250 nm with varying compo-
sition. The carotenoids were more stable in smaller size droplets 
and at a lesser HLB value. The enthalpy–entropy compensation 
suggested the instability of carotenoid red fraction was enthalpy 
driven, whereas the stability of the yellow fraction of the carot-
enoid was entropy driven.

Ng et al. (2013) have proposed a novel method to determine 
stability of nanoemulsion in accelerated condition. The emulsion 
under study was exposed to centrifugal force of range between 
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11 and 1140g in a vertical centrifuge. The centrifuge has an ad-
ditional feature, that the transmittance of light through the liq-
uid can be measured at various locations of the centrifuge tube 
(Fig. 20.12).

Often a single method like DLS is not enough to visualize the 
change in particle size and combination of method is better to 
predict stability (Grapentin et al., 2015).

6 Application of Nanoemulsion Science 
in Food Processing

A series of research publication on the application of nano-
emulsion in food processing supports the promise of the technol-
ogy as delivery vehicle for various oil soluble substances and to 
improve functionality of food products.

Encapsulation of lipophilic compounds by nanoemulsion can 
improve its ease of handling and utilization, possibility to incor-
poration in a food product, solubility and efficient absorption of 
lipophilic compounds to increase its bioavailability, controlled 
or environment triggered release of active components, stability 
against chemical degradation. However, degradation reactions 
at the oil-water interface may sometime accelerate due to large 
surface are per unit volume as well as due to photocatalysis in the 
transparent nanoemulsion.

Often to obtain a highly viscous or gel-like consistency of emul-
sion, nanoemulsion is a better option because in nanoemulsion 
similar consistency can be achieved at much lower concentration 
of fat. There are many studies on encapsulation of antimicrobial 

Figure 20.12. A modified centrifugation method to estimate solubility 
of nanoemulsions.
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agents in nanoemulsions. Nanoemulsions can be employed to 
deliver one or more antimicrobial agents in the oil phase, which 
supplies the compounds on the cell membrane of microorganism.

Nanoemulsions have been used to reduce fat content of ice 
cream (Silva et al., 2012). In another interesting application a 
 water-in-oil emulsions of droplet size of range 10–500 nm was 
used for uniform thawing of frozen foods in the microwave (Möller 
et al., 2009). Komaiko and McClements (2015) have reported a 
process to incorporate nanoemulsions containing bioactive com-
ponents into a gelatin dessert (hydrocolloid) by use of the sponta-
neous emulsification process.

7 Conclusions
Food manufacturing is facing tighter regulations, fierce com-

petition, high energy costs, consumer demands for products with 
broader functionality. However, at present there are only isolated 
examples of processes to manufacture nanoemulsions on an in-
dustrial scale. In spite of great potential of nanoemulsions, such 
as applicability in food products without altering the final appear-
ance, greater stability, and improved assimilation in physiology, 
there are four major challenges associated with the commercial-
ization of nanoemulsions. 
1. There is a need to develop food-grade surfactants, stabilizers, 

cosolvents, oil phase systems like flavor oils, triglycerides, pro-
teins, polysaccharides, and so forth, for formulating edible na-
noemulsions.

2. Scalable emulsification technologies including hybrid technol-
ogies or upgradation of existing emulsification technologies.

3. Optimization of emulsification processes to reduce cost of pro-
duction. Also the process of optimization should consider the 
final use of the nanoemulsion.

4. Characterizations of food nanoemulsions to quantify their 
functionality as well as toxicity in conjugation with food  matrix.
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2-Methyl-1-butanol, 534
Methyl ethyl ketone, 365
Methyl orange, competition 

method, 779
Micellar liquid chromatography 

(MLC), 303
Micelles, 703

and microemulsions in food 
industry, application of, 
301–307

Microbe accumulation, 421
Microcapsules, 7

aqueous and oil phase 
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Modern food technologies,  
295

Molar enthalpy, 202
Molecular complexes, 50
Molecular encapsulation, 132

of flavors and aromas, 
advantages, 774

Molecular interactions, 215
Monocyclic hydrocarbons, 645
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Microemulsions (ME) (cont.)
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prolamines, 800
proteins, 796
soy proteins, 799
whey proteins, 796–798

Natural clays, 431
Natural compounds, 363
Natural flavors, 93, 363
Natural orange peel EOs (OPEO) 
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Poly(diallyldimethylammonium 

chloride) (PDDA), 681
Polyelectrolytes, 388
Polyethylene, 422
Poly(ethylene oxide)-4-methoxy
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Polymer-colloid complexes, 299
Polymeric nanocarriers, 648
Polymeric nanocomposites, 422
Polymeric nanocontainers, 676

hollow spherical, 676
nanotubes, 676

Polymeric nanoparticles, 655
Polymeric soft materials, 314
Polymerization process, 677
Polymer-layered silicate, 445

Polymers, 432–435
Polymers with self-healing 
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polymer nanovehicles 
controlling release, in 
vitro, 220

Polyvinyl alcohol (PVA), 399, 
464, 656

Polyvinyl chloride, 422
Potassium sorbate, 273
Potato sprout inhibition, 758
PPy. See Polypyrrole (PPy) 
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of-the-art rotor-stator 
technology for, 839–840

process definition, 836
process modeling, 838–839
process optimization, 839
scale up, 840

RPC. See Regenerated porous 
cellulose (RPC) 
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Self-micro emulsifying drug 

delivery systems 
(SMEDDS), 619

Sensors, 337, 422
Sensory receptors, 91
Sesquiterpenes, 645
Sesquiterpenoid, 133
Shardinger, Franz, 771
Shelf life of foods, 421, 447
Shell materials, 273, 277
Shikimic acid, 559
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Stability, 295
of encapsulated aroma, 381
testing, 535

Stage homogenization system, 
848
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Staphylococcus aureus, 321, 650
antimicrobial activity, 652

Starch polymers, 422
Statistical analysis, 486
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Stearic acid (SA), 79, 388
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Structure-activity correlation, 
296

Subcritical water extractions, 642
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