
Journal Pre-proof

Cannabis Extract Nanoemulsions Produced by High-intensity Ultrasound: Formulation
Development and Scale-up

Shlomo Leibtag, Alexey Peshkovsky

PII: S1773-2247(20)31242-9

DOI: https://doi.org/10.1016/j.jddst.2020.101953

Reference: JDDST 101953

To appear in: Journal of Drug Delivery Science and Technology

Received Date: 18 February 2020

Revised Date: 27 May 2020

Accepted Date: 20 July 2020

Please cite this article as: S. Leibtag, A. Peshkovsky, Cannabis Extract Nanoemulsions Produced by
High-intensity Ultrasound: Formulation Development and Scale-up, Journal of Drug Delivery Science
and Technology, https://doi.org/10.1016/j.jddst.2020.101953.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.jddst.2020.101953
https://doi.org/10.1016/j.jddst.2020.101953


CRedIT: 

Shlomo Leibtag: Methodology, Validation, Formal Analysis, Investigation, Data Curation, Writing – 

Original Draft, Visualization.  

Alexey Peshkovsky: Conceptualization, Methodology, Resources, Writing – Review & Editing, 

Supervision, Project Administration. 

 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphical Abstract  

2,324

706

584

409

194
138

101 87 79 73 72 69
0

500

1000

1500

2000

2500

0 10 20 30 40 50 60

Z
-a

v
g

 [
n

m
]

Ultrasonic Exposure Time [min]

1 X  =1 Million 10 mg CBDX Doses/Month 

t = 60 min 



1. Present Address: 

10 North Calvert Street 
Unit 903 
Baltimore, MD 21202 
USA 

Cannabis	Extract	Nanoemulsions	

Produced	by	High-intensity	Ultrasound:	

Formulation	Development	and	Scale-up	
Shlomo Leibtag Industrial Sonomechanics, LLC, 7440 SW 50th Terrace #110, Miami, FL 33155   

Alexey Peshkovsky Industrial Sonomechanics, LLC, 7440 SW 50th Terrace #110, Miami, FL 33155   

Corresponding Author:            

Shlomo Leibtag1
 

E-mail: shlomo@sonomechanics.com 

  



Abstract 
 Over the past several decades, it has been demonstrated that cannabinoids offer a wide range 

of therapeutic benefits. Their oral administration, however, while arguably the most convenient and 

discrete, has been associated with low bioavailability, delayed onset of action and poor reproducibility 

resulting from the extracts' strongly lipophilic character. To overcome these obstacles, cannabinoids can 

be incorporated into oil-in-water nanoemulsions: a process known to enhance the delivery of lipophilic 

bio-actives by making them behave like water-soluble (hydrophilic) compounds. In this manuscript, 

formulation development and production scale-up procedures for a cannabis extract (CBDX, 55% 

cannabidiol)-containing nanoemulsion are described. Nanoemulsion samples were prepared by high-

intensity ultrasonic liquid processing, and the formulation was optimized for carrier oil and surfactant(s) 

contents as well as for the hydrophilic-lipophilic balance (HLB) of the surfactant mixture. Translucent 

CBDX-containing nanoemulsions with median droplet sizes well below 100 nm were possible to form 

with synthetic surfactants (Tween 80 / Span 80 mixture), but not with a natural surfactant (Q-naturale®). 

By utilizing Barbell Horn® Ultrasonic Technology (BHUT), the nano-emulsification process was 

successfully scaled up, achieving a commercial-level processing rate equivalent to one million 

nanoemulsified 10 mg CBDX doses made per month with a single bench-scale ultrasonic liquid processor 

(BSP-1200). 
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1 Introduction: 

The discovery of the CB1 and CB2 endogenous cannabinoid receptors has spurred an 

exponential growth of studies exploring the endocannabinoid system and its regulatory functions in 

health and disease [1].   Over the last several decades, it has been demonstrated that medicinal 

cannabis has many therapeutic benefits [2,3].  The most studied cannabinoids, tetrahydrocannabinol 

(Δ9-THC) and cannabidiol (CBD), have shown promising  results in the management of chronic pain [4], 

decreasing spasticity and inflammation in neurodegenerative disorders [5] and limiting vomiting and 

nausea induced by chemotherapy [6].   

It is generally agreed that due to better patient compliance, oral administration of 

pharmaceuticals is preferred over other delivery routes [7].  The lipophilic nature and consequent low 

aqueous solubility of cannabinoids [8–11], however, result in their low bioavailability (F) and long peak 

concentrations times when administered orally (<20% [12], >2 hr [13], respectively).  This presents a 

major difficulty in designing and systemically delivering cannabinoid-based formulations for most 

therapeutic applications.   

1.1 Delivery Routes of Cannabinoids 

Due to the above-mentioned obstacles involved in oral delivery, alternative administration 

routes of cannabinoids are predominately used.  The oldest and most traditional route is pulmonary 

delivery via inhalation of the smoke produced by burning the plant matter (smoking).  This route is 

simple (requires just the plant matter and a pipe or rolling paper), avoids first-pass metabolism [7,14] 

and allows the effects to be felt almost immediately [12].  Smoking, however, is generally not a desired 

method for medicinal purposes due to the associated carcinogenic combustion by-products, which are 

harmful to the lungs [15], and because patients (especially the elderly) may not be compliant because of 

the harshness of smoking.  As an alternative to smoking, a different pulmonary route of administration - 



vaporization of cannabis plant matter or of extracted cannabis oils (vaping) - has recently became 

popular [16].  Vaping is sometimes claimed to be a safer alternative to traditional smoking, yet such 

claims are largely unsubstantiated [17] and, like nicotine-based vaping, it should not be viewed as 

harmless [18].  In addition, this method also suffers from the unavoidable variability in patient-to-

patient inhalation patterns, resulting in unpredictable bioavailability.  Specifically, parameters such as 

the frequency of puffs and patient-specific inhalation and exhalation rates greatly influence the degree 

of drug exposure [12] and likely contribute to the imprecision in recorded bioavailability of 2% - 50% 

[12] of inhaled (smoked or vaporized) cannabis.  

Other delivery routes of cannabinoids that similarly circumvent first pass metabolism, such as 

sub-lingual [8,19], intranasal [11,20,21], topical, transdermal [11,22] and rectal [14], have also been 

explored.  A sub-lingual (below the tongue) spray (Sativex®) containing a near one-to-one mix of THC to 

CBD has been developed and approved in Europe for the treatment of spasticity associated with 

multiple sclerosis (MS) [5].  While exceeding the bioavailability of orally administered synthetic 

cannabinoid capsules [19], sub-lingual administration requires the patient to hold the sprayed liquid 

under the tongue [23], which is unreliable because an involuntary reflex and/or the bitter taste of 

cannabinoid extracts [24] may cause the patient to swallow (wash-down) the spray and send the active 

cannabinoid towards the digestive absorption pathway (below).  Further, a high concentration of 

ethanol used as a solubilizing agent in Sativex® may cause harmful irritation [8,24].  Transdermal and 

intranasal delivery of cannabinoids have been studied in various animal models [11,21], reporting 

bioavailabilities that are low, variable and highly dependent on the solubilizing agent.  Rectal delivery of 

cannabinoids has demonstrated high bioavailability in dogs (67% [14]) and about 30 times the blood 

plasma levels compared to oral capsule administration in human subjects [14], but this method is 

hindered by low patient compliance and the fact that absorption can be interrupted by defecation [25].   



Digestive absorption is generally the most convenient and patient-compliant method of drug 

delivery [7,26,27], yet delivering poorly water-soluble species via the gastrointestinal track (GIT) 

generally leads to inefficient absorption of the drug.  In studies of CBD or THC administered as an oral 

dose to human subjects, low bioavailability is exhibited (4 - 20%) [12–14,28], and thus a high dose is 

required for therapeutic effect.  Additionally, the onset of action is slow as peak concentrations are not 

reached for at least 2 hours [13].  When co-administered with dietary lipids, highly lipophilic 

pharmaceuticals are incorporated into the lipid digestion/absorption pathway [27,29] and to that, post-

prandial administration is generally recommended [30].  It has been demonstrated in rats that cannabis 

formulations containing sesame oil (mostly Long-Chain Triglycerides (LCTs)) can double the 

bioavailability of active cannabinoids [31] compared to a formulation without LCT oil.  This is likely due 

to LCT’s preferentially partitioning to the lacteals, as oppose to the hepatic portal vein, in the form of 

chylomicrons (with cannabinoids incorporated), stimulating intestinal lymphatic delivery and avoiding 

cannabinoid loss by first-pass metabolism in the liver [32].  However, even in conjunction with LCTs the 

bioavailability is rather low (21.5% [31]) and it is likely that other factors, such as slow micellization in 

the duodenum and the competing elimination from the GIT, ultimately limit the bioavailability of 

cannabinoids.  Thus, to further increase the bioavailability of orally administered lipophilic drugs, such as 

cannabinoids, delivery vehicles that increase their apparent aqueous solubility are of great interest [33]. 

1.2 Nanoemulsions 

A rapidly developing and promising method for enhancing the aqueous compatibility of ingested 

lipophilic compounds and ultimately increasing their bioavailability and accelerating  their onset of 

action is to incorporate them into oil-in-water (O/W) nanoemulsions [34–39].  Nanoemulsions are 

kinetically stable liquid-liquid dispersions of spherical droplets in which the dispersed phase droplet 

diameter (�) is typically near or below 200 nm [40].  Such small droplets have very high surface area-to-

volume ratios which promotes high surface tension (�) at the water - oil interface.  This increased � 



coupled with small � steeply increases the pressure difference between the inside and  the outside of 

the droplet surface, known as the Laplace pressure (∆� =  
��

	
) [35,41], and represents an energy barrier 

that must be overcome to form nanoemulsions.  A typical nanoemulsion concentrate for pharmaceutical 

drug delivery contains an oil phase, consisting of the active lipophilic compound dissolved in a carrier oil, 

surfactant(s) and water.  LCT carrier oils are commonly used in nanoemulsion formulations as they 

simplify processing by lowering the viscosity of the oil phase [42] and, as mentioned above, can increase 

the bioavailability of lipophilic drugs [31,32].  Surfactants are amphiphilic species with polar heads and 

non-polar tails that preferentially adsorb to water/oil interfaces and are essential to nanoemulsion 

formation because they reduce the surface tension between the two immiscible phases and, therefore, 

lower the energy barrier that has to be overcome during the nanoemulsion formation.  Surfactants are 

also critical to the long-term stability of nanoemulsions as they sustain small droplets, thereby allowing 

Brownian motion to overwhelm any gravitational separation routes (creaming, sedimentation) [41,43].  

Additionally, the polar head groups at the droplet surface protect the particles from flocculation or 

coalescence via electrostatic/steric repulsion [42].  Arguably, the most prevalent additional 

nanoemulsion destabilization mechanism is Ostwald-ripening [43].  This phenomenon is driven by the 

Laplace pressure at the surface of nanoemulsion droplets, which preferentially forces oil molecules from 

smaller droplets into the continuous aqueous phase, followed by their uptake into larger droplets.  This 

effectively allows larger droplets to grow at the expense of smaller ones.  Wooster et al. [42] 

demonstrated that Ostwald-ripening is significantly curtailed in nanoemulsions containing LCT oils with 

poor aqueous solubility, as dissolution of the oil phase into the continuous phase is unfavored. 

Aside from a steep increase in the bioavailabity of poorly water-soluble compounds 

incorporated into O/W nanoemulsions [36,41,44–46], there are two particular characteristics to 

nanoemulsions that manifest themselves when all of their droplets fall below 100 nm in diameter.  

Firstly, visible light scatters weakly when passing through such nanoemulsions, resulting in their optical 



translucency [35,47] and making it possible to incorporate them into an array of products without 

causing visual alteration.   Secondly, it allows for the nanoemulsions to easily pass through a sterile filter 

(220 nm pore size), which must be done in order to remove any microbial or particulate contamination, 

without rejecting any of the dispersed oil droplets.   

1.3 Fabrication of Nanoemulsions 

Nanoemulsion fabrication methods are divided into low-energy/bottom-up and high-

energy/top-down groups.  Low-energy approaches generally require much greater amounts of harsh 

surfactants [43] and, from the commercial point of view, present potentially prohibitive material costs, 

making them impractical for the production of nanoemulsions beyond laboratory scale [35,48].  High-

energy nano-emulsification methods are driven by mechanical devices that promote high-intensity 

cavitation in pre-mixed formulations and are generally more appropriate for the commercial production 

of nanoemulsions [43].  Cavitation provides high-shear forces that break up and disperse oil droplets to 

form stable nanoemulsions.   

High-Pressure Homogenization (HPH) is an umbrella term, encompassing nano-emulsification 

methods that rely on high pressure differences to promote cavitation.  A widely used HPH device called 

Microfluidizer® (MicrofluidicsTM International Corporation, Warminster, MA) utilizes high pressures to 

force pre-emulsified formulations into an interaction chamber consisting of microchannels that impinge 

onto each other to promote cavitation [43].  While this method has gained increasing prevalence since 

the mid-1990s [49], a significant drawback to utilizing a Microfluidizer® is the high pressure (commonly, 

>3000 atm) that must be maintained throughout the process, resulting in a high power requirement [43] 

that imposes significant operating and maintenance costs. 

Over the past decade, high-intensity ultrasonic liquid processing has become a well-established 

high-energy technique for the commercial preparation of food and pharmaceutical-grade 



nanoemulsions [35,43,47–51].  This technique involves driving a transducer coupled to a horn (a.k.a. 

probe, sonotrode, waveguide radiator), vibrating at an ultrasonic frequency (typically 20 kHz) and a 

peak-to-peak amplitude of 80-100 µm in a liquid mixture of water, oil(s) and surfactant(s) [65].   This 

intensely vibrating horn promotes acoustic cavitation - the violent formation and asymmetric implosion 

of vacuum bubbles [52].  Acoustic cavitation causes micro-jets and intense shear forces in the liquid that 

break up and disperse the oil droplets.  The newly-formed oil surface then readily becomes coated with 

available surfactants [47].  Along with water and oil viscosities [35,42], the carrier oil and surfactant 

types [42,48] as well as the intensity and duration of cavitation will ultimately dictate the final droplet 

size in an ultrasonically prepared nanoemulsion [47,53].   The intensity of ultrasound and of the resulting 

acoustic cavitation is proportional to the displacement amplitude of the ultrasonic horn.  The output 

surface area of the horn in contact with the liquid, at a given amplitude, pressure and liquid type, 

dictates the ultrasonic power delivered to the liquid load and, therefore, the scale of the ultrasonic 

process.  Although nanoemulsion formulations containing cannabis extracts and polysorbate surfactants 

processed ultrasonically were first produced nearly 50 years ago [54], the optimization methodologies 

for these formulations were not developed until recently [47].   

Further, the implementation of high-amplitude ultrasonic processes to commercial production 

of cannabinoid-loaded nanoemulsions was believed to be impractical due to limitations attributed to 

conventional ultrasonic horn designs (large input diameter, small output diameter) [43].  Conventional 

horns do not allow their output surface area and maximum achievable amplitude to scale independently 

of each other.  Thus, when larger scales are desired, high amplitudes cannot be maintained, and the 

resulting cavitation intensity is insufficient for nano-emulsification [47,50,52].  This limitation has been 

successfully overcome by Barbell Horn® Ultrasonic Technology (BHUT) [47,50,55,56], which allows the 

output surface of a horn to increase without limiting the maximum amplitude achievable by the horn.  

The application of BHUT has demonstrated the possibility of producing pharmaceutical-grade 



nanoemulsions at an industrial-scale [47,50,55,57] with as much as 60 times higher productivity rates 

than those possible with laboratory-scale ultrasonic liquid processors [50].  Further, in the preparation 

of the MF59® vaccine adjuvant nanoemulsion, BHUT demonstrated a productivity rate eight times 

greater than a Microfluidizer® while having a 12 times lower power requirement [43].   

The overall objective of this study was to investigate and demonstrate the feasibility of 

implementing BHUT for the commercial production of CBD-containing nanoemulsions.  Carrier oil and 

surfactant content as well as the Hydrophilic-Lipophilic Balance (HLB) of the surfactant mixture were 

optimized on the laboratory-scale to minimize the median droplet size in the nanoemulsions.  

Subsequently, a scaled-up nano-emulsification study was performed to determine the bench-scale 

productivity rate for CBD-containing nanoemulsions prepared via BHUT.   



2 Materials and Methods: 

2.1 Materials 

Industrial hemp-derived, CBD extract (CBDX, 55% CBD) was generously gifted by American 

Shaman (Olathe, KS, USA).  Two food-grade synthetic surfactants, Tween 80 (HLB = 15), Span 80 (HLB = 

4.3), were purchased from Sigma-Aldrich (St. Louis, MO, USA) and one food-grade natural surfactant, Q-

naturale® (14% w/w solution of Quillaja saponin, HLB = 13.5), was provided by Ingredion (Englewood, 

CO, USA).  Refined olive oil and distilled water were purchased from a local super-market. 

2.2 Formulation Optimization  

A convenient nanoemulsion formulation optimization method was adapted from Peshkovsky et 

al. [47,57].  Briefly, when two surfactants are incorporated into a nanoemulsion, the HLB of the mixture 

can be modulated by altering the ratios of the surfactants while maintaining their combined amount at a 

constant level.  The resulting HLB (HLBAB) is described by equation 1:  

                             
��� =
�������������

�����

                                          (1) 

where HLBA and HLBB refer to the independent HLB values of surfactant A and B and MA and MB are the 

corresponding masses of surfactants A and B, respectively.  For any oil dispersed in an aqueous phase, 

we describe its optimal HLB (HLBOPT) as the HLBAB at which the minimum droplet size is achieved.  

Accordingly, the formulation optimization was performed by preparing a series of nanoemulsions in 

which the water phase, oil phase and total surfactant content, as well as all processing parameters 

remained constant while the HLBAB was systematically varied.   

Before sonication, a coarse emulsion of each sample was prepared by mixing the oil phase (pre-

mixed refined olive oil, CBDX and the lower-HLB surfactant) and aqueous phase (pre-mixed distilled 

water and the higher-HLB surfactant) (25 g total) in a 40 mL vial on a magnetic stirrer at 500 rpm for 10 



minutes.  The coarse emulsion was then sonicated for 6 minutes with a 500 W laboratory-scale 

ultrasonic liquid processor (LSP-500, Industrial Sonomechanics, Miami, FL), using a conventional horn 

(CH, Tip Diameter = 12.7 mm) vibrating at the frequency of 20 kHz and the ultrasonic amplitude of 90 

µm peak-to-peak.  During processing, the vial was placed in an ice/water bath to maintain the liquid 

temperature below 60˚C at all times.  Once sonicated, samples were filtered through 1 µm glass fiber 

filters (Omicron) and then diluted 100-fold before performing particle size analysis by Laser Diffraction 

(AimSizer 2012, HMKTest, Dandong, China).  The median diameter of the nanoemulsion droplets (d50) 

was the primary size characterization value reported. 

2.3 Process Scale-up Demonstration 

Using the determined HLBOPT for the CBDX nanoemulsion, a 4.2 Kg nanoemulsion sample was 

processed using a 1200 W bench-scale ultrasonic liquid processor (BSP-1200, Industrial Sonomechanics, 

Miami, FL), equipped with a Half-Wave Barbell Horn® (HBH, Tip Diameter = 32 mm) operating in a flow-

through reactor chamber (with a cooling jacket used to maintain the nanoemulsion temperature below 

60˚C at all times) at the frequency of 20 kHz and the ultrasonic amplitude of 90 µm peak-to-peak (Fig. 1).  

Samples were drawn at predetermined time points, diluted 100-fold and the intensity-weighted average 

droplet diameter (Z-avg) for each sample was determined via Dynamic Light Scattering (DLS) (Zetasizer, 

Malvern Panalytical Inc.). 



 

  

Figure 1.  BSP-1200 Ultrasonic Processor in the Flow-Through Mode. The 1,200 W ultrasonic generator (1) excites vibration in 

the piezoelectric transducer (2). The vibration amplitude is then amplified by the HBH-type Barbell Horn® (3) which comes 

into contact with the process liquid flowing through the reactor chamber (4) and promotes acoustic cavitation in the liquid.  

The process liquid recirculates from the stirred tank (5) to the reactor chamber and back.  Water cooling to the piezoelectric 

transducer and process liquid are provided via cooling jackets surrounding the piezoelectric transducer and reactor chamber. 
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3 Results and Discussion: 

3.1 Importance of Carrier Oil 

The first step in the optimization of the CBDX-containing nanoemulsion formulation was to 

understand the importance of including a carrier oil.  LCTs are known to assist the absorption of 

lipophilic bio-actives [30,31,58], but their effect on CBDX-containing nanoemulsion droplet sizes was 

unclear.  Two nanoemulsion samples were prepared; their composition and d50 values are displayed in 

Table 1.  Refined olive oil was used as the LCT carrier oil. 

It is evident that the presence of a carrier oil in the formulation significantly reduces the d50 

even though the total oil-phase content was 2.3 times greater.  To understand why, one must consider 

the rheological state of the dispersed droplets.  Cannabis extracts are highly viscous at room 

temperature.  Combining such an extract with a carrier oil, however, drastically lowers the resulting oil-

phase viscosity, making it much less resistant to shear forces.  Indeed,  Wooster et al. [42], suggests that 

for high-shear-promoted droplet size reduction, the optimal ratio of oil phase to aqueous-phase 

viscosities (ηoil/ηwater) is 0.5 – 5.  While our carrier oil-containing nanoemulsion did not reach this optimal 

range, the drastic decrease in its d50 value compared with the formulation without carrier oil can be 

attributed to the significant reduction of its ηoil/ηwater. 

  

Surfactant 

(2:1, Tween 

80:Span 80) 

CBDX (55% CBD) Refined Olive Oil Total Oil-Phase Water 
Approx. ηoil/ηwater 

(@ 25˚C) [59] 
d50 

[nm] 

4.5% 5.4% 0 5.4% 90.1% 10,000 590 

4.5% 5.4% 7.2% 12.6% 82.9% 50 170 

Table 1. Comparison of carrier oil-containing and non-carrier oil-containing nanoemulsion formulations (all in % w/w). 



3.2 Carrier Oil Content Optimization Using a Natural Surfactant-Based 

Formulation 

The drastic decrease in the d50 value due to the presence of a LCT carrier oil, coupled with LCTs’ 

assistance in the digestion and absorption of lipophilic species, demonstrates the need for its 

incorporation into cannabis extract-containing nanoemulsions.  As the carrier oil concentration 

increases, however, it is reasonable to expect that the droplet diameter minimization due to the oil-

phase viscosity reduction would eventually be outweighed by the overall increase in the total oil-phase 

loading.  To determine the optimal carrier oil content range, an optimization study was performed.  Q-

naturale was used as the surfactant.  Since this product comprises Quillaja saponin (14% solution in 

water) extracted from Quillaja saponaria tree bark, it yields an all-natural nanoemulsion formulation, 

containing no synthetic components.  A series of nanoemulsion samples were formulated containing 

constant Quillaja saponin (4.5% w/w) and CBDX (5.4% w/w) amounts, while the carrier oil (refined olive 

oil) content was increased (0 - 14.4% w/w). 
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Figure 2. Carrier Oil Content and Droplet Size:  Carrier oil content optimization in a CBDX (5.4% 

w/w) nanoemulsion produced with   Q-naturale (Quillaja saponin content = 4.5% w/w).  



Fig. 2 demonstrates that even a small amount of carrier oil (3.6% w/w) greatly reduces the d50 value.  

After this reduction, the value temporarily plateaus as the effects of further oil-thinning are counter-

balanced by the increasing total oil-phase loading.  When the carrier oil content increases beyond 12% 

w/w, the oil-phase loading-promoted diameter increase takes over.  The optimal formulation was taken 

at the midpoint of the plateau, resulting in the concentration displayed in Table 2. 

Quillaja Saponin (from Q-Naturale) CBDX (55% CBD) Refined Olive Oil Total Oil- Phase Water d50 [nm] 

4.5% 5.4% 7.2% 12.6% 82.9% 110 

 

3.3 HLBOPT Determination Using Tween 80 and Span 80-Based Formulations 

In order to further minimize the d50 of CBDX-containing nanoemulsions, a series of HLBAB 

optimizations were performed.  Three formulations were optimized: 1) comprising 5.4% of CBDX and no 

carrier oil (HLB Opt. 1), 2) comprising 12.6% of refined olive oil and no CBDX (HLB Opt. 2) and 3) 

comprising 7.2% of refined olive oil and 5.4% of CBDX (HLB Opt. 3).  All three formulations contained 

4.5% of total surfactant (Tween 80 and Span 80).  A cubic regression was performed on each of the 

HLBAB optimizations and their first derivatives were taken to determine HLBAB values at which the 

droplet size distributions reached their minimum d50.   
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Figure 3. HLB Opt. 1: HLBAB optimization of carrier oil-free, CBDX (5.4% w/w) nanoemulsion using Tween 80 

and Span 80 (4.5% w/w total). 

Table 2. Optimized carrier (refined olive) oil content for CBDX-containing nanoemulsion formulation (all in % w/w). 
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Figure 4. HLB Opt. 2: HLBAB optimization of CBDX-free, refined olive oil (12.6% w/w) nanoemulsion using 

Tween 80 and Span 80 (4.5% w/w total). 



 

 

 

 

 

  

Opt. No. HLBOPT Minimum d50 [nm] 

HLB Opt. 1 12.9 490 

HLB Opt. 2 9.7 120 

HLB Opt. 3 13.0 140 

y = -0.05x3 + 5.24x2 - 110.88x + 803.08
R² = 0.97
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Figure 5. HLB Opt. 3: HLBAB optimization of CBDX (5.4% w/w) and refined olive oil (7.2% w/w) 

nanoemulsion using Tween 80 and Span 80 (4.5% w/w total). 

Table 3. HLBOPT and corresponding 

minimum d50 values for each HLBAB 

optimization. 



Each optimization demonstrates that the HLBAB plays a significant role in the ultimate size of the 

droplets in a nanoemulsion formed via high-intensity ultrasonic cavitation and that by fine-tuning the 

HLBAB, the d50 can be significantly minimized.  The HLBOPT for carrier oil-free CBDX was 12.9 (Fig. 3), which 

contrasts the HLBOPT of about 9.5 previously determined for a refined hemp seed extract optimized with 

Tween 80 and Span 80 [60].  This discrepancy in HLBOPT is likely due to the fundamental difference in 

chemical composition between the refined hemp oil (>85% unsaturated fatty acids) and CBDX (55% 

CBD).  The HLBOPT for refined olive oil (Fig. 4) was determined to be 9.7, which agrees with the previous 

finding for the refined hemp seed oil [60] and demonstrates that oils consisting of mostly unsaturated 

fatty acids have similar HLBOPT values, regardless of their source.  For the combination of the refined 

olive oil and CBDX (Fig. 5), the HLBOPT remained near that of the pure CBDX (HLBOPT = 13).  The HLBAB-

optimized formulation of the CBDX/refined olive oil-in-water nanoemulsion is presented in Table 4.  

 

Tween 80 Span 80 HLBAB CBDX (55% CBD) Refined Olive Oil Total Oil-Phase Water d50 [nm] 

3.7% 0.8% 13 5.4% 7.2% 12.6% 82.9% 140 

  Table 4. HLBAB-optimized CBDX formulation with the Tween 80 and Span 80 ratio corresponding to the HLBOPT 

value (all in % w/w). 



3.4 Translucency Approach 

Another interesting character of nanoemulsions is their capability to become translucent when 

their d50 falls well below 100 nm [47].  Beyond providing significant enhancements in the digestive 

adsorption of lipophilic actives [61], an important advantage of translucent nanoemulsions is that they 

can be incorporated into an array of water-based products without causing any visual alteration.  To 

determine the total concentration of surfactants required for translucency, a series of two HLBAB-

optimized formulation samples (Tables 2 and 4) were prepared, in which the total surfactant amount 

was incrementally increased.  Fig. 6 shows the reduction in d50 achieved by an increase in the ratio of the 

total surfactant to total oil-phase concentrations (φ).     

As demonstrated in Fig. 6, Q-naturale outperforms the HLBAB-optimized Tween 80/Span 80 combination 

at low values of φ, despite the similarity in the respective HLB values of the two surfactant systems (HLB 

= 13.5 for Q-naturale and 13 for the HLBAB-optimized Tween 80/Span 80).  As the total surfactant 
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concentration increases, the d50 of the Q-naturale nanoemulsions plateaus at φ=0.2, d50 = 110 nm, failing 

to reach values corresponding to translucency.  On the other hand, the d50 of the Tween 80/Span 80-

based nanoemulsions continues to decrease with increasing φ.  Otzurk et al. [38] observed this effect 

with nanoemulsions containing Q-naturale and claimed that the plateauing was due to a shear  force 

limitation occurring above certain surfactant concentrations.  By that reasoning, however, the Tween 

80/Span 80-based formulation would have shown a similar limiting effect, since both formulations were 

prepared under identical ultrasonic processing conditions (ultrasonic amplitude and exposure time).  

Therefore, it is unlikely that the plateauing we observed was due to shear force limitations, but rather 

that it had to do with the character and packing capabilities of the surfactants.  At low surfactant 

concentrations, Q-naturale is more efficient at forming smaller droplets than Tween 80 and Span 80.  As 

Q-naturale concentration is increased, however, the minimum d50 is achieved when bulky hydrophilic 

groups of Quillaja saponin crowd so closely that steric repulsion between the neighboring groups 

prevents any further droplet size reduction.  Tween 80 (the primary surfactant in the synthetic 

surfactant-based formulation), on the other hand, has linear hydrophilic groups that can pack more 

tightly, and therefore, can sustain smaller droplets by allowing more surfactant molecules to adsorb to 

their surface.  The compositions of natural and synthetic surfactant-based formulations that produced 

the smallest droplets are presented in Table 5. 

Surfactant 

Type 

Quillaja 

Saponin 

(from Q-

Naturale) 

Tween 80 Span 80 
CBDX (55% 

CBD) 

Refined 

Olive Oil 

Total Oil-

Phase 
Water d50 [nm] 

Synthetic 0 10.4% 2.2% 5.4% 7.2% 12.6% 74.8% 80 

Natural 12.1% 0 0 5.4% 7.2% 12.6% 75.3% 110 

  

 

Table 5. Optimized CBDX nanoemulsion formulations (all in % w/w). 



3.5 Process Scale-up Demonstration 

 Cannabinoid-based nanoemulsions formed via high-intensity ultrasonic cavitation have been 

developed here and in earlier works [54], but no scale-up demonstration of this process has yet been 

made.  To that, the process scale was increased to 4.2 kg of nanoemulsion by transferring it to a BSP-

1200 configured in the flow-through mode (Fig. 1).  HLBAB, ratio of refined olive oil-to-CBDX and φ for 

the optimized synthetic surfactant-based translucent nanoemulsion formulation (Table 5, first line) were 

utilized, but the concentrations of surfactants (Tween 80 and Span 80) and oils (CBDX and refined olive 

oil) were reduced to achieve the CBDX content of 1% w/w.  This was done to allow a single dose of 10 

mg of CBDX to be conveniently dispensed via a single gram (or milliliter) of the nanoemulsion.  An 

ultrasonic exposure time effect study (Fig. 7) for this formulation (1% w/w CBDX, 1.3% w/w refined olive 

oil, 1.9% w/w Tween 80, 0.4% w/w Span 80) was performed by collecting samples at predetermined 

time points during the process and analyzing them by DLS.  Photographs of selected samples with a red 

light beam illuminating them from behind were also taken (superimposed in Fig. 7).   

 

 

 

 

 

 



As seen by the plateauing of Z-avg droplet diameters in Fig. 7, the nano-emulsification process 

was completed in approximately 40 to 60 minutes, corresponding to a processing rate in the range of 

6.3 to 4.2 Kg of nanoemulsion per hour.  This processing rate is in reasonable agreement with previously 

determined values for ultrasonic nano-emulsification of soybean oil with Tween 80 and Span 80 using a 

BSP-1200 [47].  At this processing rate and nanoemulsion composition, about 5,000 units of 10 mg CBDX 

doses can, therefore, be produced per hour, corresponding to the monthly productivity of nearly one 

million 10 mg doses of nanoemulsified cannabis extract made with a single BSP-1200 (8-10 hour day, 20 

work days per month). 

In Fig. 7, the superimposed images of a red light beam shining from behind each sample 

correlate well with the DLS results in terms of the ability of the light to penetrate through the samples.  

Initially (t = 0 min until t = 20 min), the beam does not pass through at all because the droplets are much 
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Figure 7. Scaled-up Ultrasonic Nano-emulsification: Droplet size (Z-avg) dependence on ultrasonic exposure time is shown for 4.2 Kg of 

nanoemulsion (1.0% w/w CBDX, 1.3% w/w refined olive oil, 1.9% w/w Tween 80, 0.4% w/w Span 80).  Z-avg values were determined via DLS and 

photographs were taken with a red laser (650 nm) positioned one foot behind sample vials. 



larger than 100 nm and the light is scattered by them (nanoemulsion appears milky white).  As the 

droplets are brought to below 100 nm in diameter (t = 20 min until t = 40 min), the beam passing 

through the sample becomes brighter as light scattering is mitigated and the nanoemulsion begins to 

exhibit an increasing degree of translucency.  From t = 40 min until t = 60 min, the nanoemulsion droplet 

diameter plateaus, and the brightness of the beam passing though the sample (demonstrating the 

sample’s translucency) does not increase significantly.  This “translucency test” provides a simple 

qualitative method of determining the end of the nano-emulsification process, which could be utilized 

as a quality assurance tool or an alternative to expensive particle size analysis in cases where precise 

droplet size information is not essential.   



4 Conclusion 

 It has been demonstrated that cannabis extract-containing nanoemulsions can be produced via 

high-intensity ultrasonic processing, and that the nanoemulsion formulation must be optimized for its 

carrier oil and surfactants’ total content and ratio.  Further, it was shown that the optimal combination 

of Tween 80 and Span 80 (HLBAB = 13) was capable of yielding translucent nanoemulsions, while Quillaja 

saponin from Q-naturale was not.  Upon scale-up of the optimized translucent nanoemulsion, the 

processing rate of approximately 5 kg of nanoemulsion per hour was achieved with a BSP-1200.  This 

processing rate corresponds to one million 10 mg cannabis extract doses per month, made with a single 

processor.  It is, therefore, feasible that ultrasonic processing will soon dominate in the commercial 

production of water-based cannabis products for the pharmaceutical, food-and-beverage and 

nutraceutical industries.  
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Figure Captions 

Figure 1.  BSP-1200 Ultrasonic Processor in the Flow-Through Mode: The 1,200 W ultrasonic generator 

(1) excites vibration in the piezoelectric transducer (2). The vibration amplitude is then amplified by the 

HBH-type Barbell Horn® (3) which comes into contact with the process liquid flowing through the 

reactor chamber (4) and promotes acoustic cavitation in the liquid.  The process liquid recirculates from 

the stirred tank (5) to the reactor chamber and back.  Water cooling to the piezoelectric transducer and 

process liquid are provided via cooling jackets surrounding the piezoelectric transducer and reactor 

chamber. 

Figure 2. Carrier Oil Content and Droplet Size:  Carrier Oil content optimization in a CBDX (5.4% w/w) 

nanoemulsion produced with Q-naturale (Quillaja saponin content = 4.5% w/w). 

Figure 3. HLB Opt. 1: HLBAB optimization of carrier oil-free, CBDX (5.4% w/w) nanoemulsion using Tween 

80 and Span 80 (4.5% w/w total). 

Figure 4. HLB Opt. 2: HLBAB optimization of CBDX-free, refined olive oil (12.6% w/w) nanoemulsion using 

Tween 80 and Span 80 (4.5% w/w total). 

Figure 5. HLB Opt. 3: HLBAB optimization of CBDX (5.4% w/w) and refined olive oil (7.2% w/w) 

nanoemulsion using Tween 80 and Span 80 (4.5% w/w total). 

Figure 6. Translucency Approach: The droplet size dependence on surfactant to oil ratio (Φ) of the 

natural and HLBAB-optimized synthetic surfactant formulations.  Refined olive oil (7.2% w/w) and CBDX 

(5.4% w/w) were used in both formulations. 

Figure 7.  Scaled-up Ultrasonic Nano-emulsification: Droplet size (Z-avg) dependence on ultrasonic 

exposure time is shown for 4.2 Kg of nanoemulsion (1.0% w/w CBDX, 1.3% w/w refined olive oil, 1.9% 

w/w Tween 80,  0.4% w/w Span 80).  Z-avg values were determined via DLS and photographs were taken 

with a red laser (650 nm) positioned one foot behind sample vials. 
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Figure 3. HLB Opt. 1 

 



 

y = -0.07x3 + 3.78x2 - 54.55x + 352.52

R² = 0.99

100

110

120

130

140

150

160

170

5 7 9 11 13 15

d
5

0
[n

m
]

HLBAB

Figure 4. HLB Opt. 2 
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Figure 5. HLB Opt. 3 
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Figure 6. Translucency Approach 
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Figure 7. Scaled-up Ultrasonic Nano-emulsification 



Highlights:   

• Nanoemulsions, as drug delivery vehicles are discussed.  

• A  translucent, cannabinoid-loaded nanoemulsion was prepared. 

• Commercial-scale production of cannabinoid-loaded nanoemulsions is demonstrated.  
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