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4.1
Reasons for Using Micellar Mobile Phases

In spite of the problems found in its initial development, after more than three
decades of experience, micellar liquid chromatography (MLC) seems to be an
alternative to conventional RPLC with hydro-organic mobile phases, with
increasing interest in “green” chemistry [1–3]. Most MLC procedures use hybrid
micellar mobile phases containing a surfactant above the critical micellar con-
centration (CMC) and a relatively small amount of organic solvent to increase
the elution strength and improve the efficiencies. There are several reasons for
using micellar mobile phases in RPLC:

i) The variety of interactions between solutes, stationary phase, hydro-
organic phase, and micelles, which give rise to unique selectivities [4].

ii) The possibility of separating charged and neutral solutes in a single run
or solutes in a wide polarity range with retention time windows narrower
than in conventional RPLC [5]. Chromatographic peaks in MLC appear
usually more evenly distributed, which makes the use of gradients less
necessary. However, in case gradient elution is needed, equilibration
times are shorter than those with conventional RPLC [6].

iii) The high solubilization capability of micelles, which facilitates dissolution
of most matrices. This saves time in sample preparation, since the direct
on-column injection of physiological fluids, or other liquid samples con-
taining proteins, is possible, eliminating the tedious sample pretreatment
required in conventional RPLC [7,8].

iv) Hybrid eluents still have the advantage of requiring significantly smaller
amounts of organic solvent with respect to conventional RPLC, especially
for nonpolar compounds. This means lower cost, and lower toxicity and
environmental impact of hazardous wastes. This is attractive considering
the increasing restriction on the use of organic solvents in the laboratories.
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v) The stabilization of organic solvents by micelles in the mobile phase
reduces the risk of evaporation, making the mobile phases stable for
a longer time.

vi) The retention is highly reproducible and can be modeled accurately to
predict changes in retention times with mobile-phase composition (pH,
and concentration of surfactant and organic solvent) [9]. This facilitates
the optimization of the separation conditions.

vii) Several types of detection are enhanced due to the compartmentalization
of organic compounds by micelles [10–13].

All these features have allowed the development of multiple MLC analytical appli-
cations, which are competitive or complementary to conventional RPLC. All basic
knowledge related to MLC is described in Chapter 3. This chapter is devoted to
the practical aspects of this chromatographic mode in method development.

4.2
How to Work in MLC

MLC uses the same hardware and columns as conventional RPLC. However, the
routine work with hybrid micellar mobile phases requires keeping some cautions
usually not described in scientific reports, which should be followed to preserve
the column performance for long time periods of intensive use. Practical indica-
tions a chromatographer should consider in MLC when developing an analytical
procedure are described next. If these are followed, the life of the hardware and
column can be comparable or even longer than those of conventional RPLC.
Coating of columns with surfactant yields stable stationary phases that can be
used for other purposes, after proper regeneration.

4.2.1

About the Mobile Phase

4.2.1.1 The Surfactant
The most usual surfactants in MLC are sodium dodecyl sulfate (SDS), cetyltrimethy-
lammonium bromide (CTAB), and polyoxyethylene(23)dodecyl ether (Brij-35) [1,2].
In MLC, the range of surfactant concentration in the mobile phase is usually narrow.
The lowest concentration should be well above the CMC to form the micelles
(8.2× 10�3M for SDS, 9× 10�4M for CTAB, and 9× 10�5M for Brij-35), and con-
centrations exceeding 0.20M are not convenient due to the high viscosity of the
mobile phase and degradation of the efficiency. Usual ranges are 0.05–0.15M for
SDS, 0.04–0.1M for CTAB, and 0.01–0.05M for Brij-35.
For ionic surfactants, the chromatographic work should be conducted

above the so-called Krafft point (temperature at which the solubility of sur-
factant monomers equals the CMC) to avoid surfactant precipitation and
possible ruin of the column and chromatographic system The Krafft point

408 4 Micellar Liquid Chromatography: Method Development and Applications



for SDS and CTAB is around 15 °C and 20–25 °C, respectively, but these val-
ues are affected by the presence of salts. Nonionic surfactants have also a
temperature above which phase separation occurs, which is called the cloud
point. However, this seems not to be a problem, since the cloud point for the
most common nonionic surfactant in MLC (Brij-35) is about 100 °C for aque-
ous 0.008–0.05M solutions.
Most separations are performed in buffered media, with phosphoric and citric

acids being the most appropriate acid–base systems. The pH of the mobile phase
should be measured after the addition of the organic solvent. For mobile phases
containing SDS, potassium salts cannot be used, since potassium dodecyl sulfate
presents a high Krafft point and precipitates from aqueous solutions at room
temperature.

4.2.1.2 The Organic Solvent
Organic solvents, such as alcohols, added to the micellar mobile phases
enhance the efficiency of chromatographic peaks (which is rather low when
only the surfactant is present) and permit the accurate control of retention
and selectivity [9,14] (see also Chapter 3). The elution strength of alcohols
depends on their chain length. 1-Propranol is the most usual choice. Metha-
nol and ethanol are rarely used due to their low elution strength. Strongly
retained compounds require a small amount of 1-butanol or 1-pentanol. The
elution strength of acetonitrile is below that of 1-propanol, but efficiency
enhancements are often larger with acetonitrile [15].
The concentration of organic solvent must be low enough to guarantee the

integrity of micelles. This depends on the type of surfactant and organic sol-
vent. For SDS, the maximal volume fractions of methanol, acetonitrile,
1-propanol, 1-butanol, and 1-pentanol are approximately 30–40, 30, 22, 10,
and 6% v/v, respectively [16]. However, analytical reports where these maxi-
mal values are exceeded (i.e., micelles do not exist) are not unusual. In fact,
the weak elution strength of methanol forces the use of high concentrations
of this alcohol to achieve sufficiently short analysis times, giving rise to sub-
micellar conditions (i.e., working in the high submicellar liquid chromato-
graphic mode, HSLC see Chapter 3).
Usually, analysts working in MLC assay several organic solvents before select-

ing the most appropriate. However, the selection of the organic solvent is rela-
tively simple, since it depends primarily on solute polarity. The following
guidelines have been given for SDS mobile phases [5]: a low volume fraction of
propanol (∼1%) is needed to separate polar compounds with octanol–water par-
tition coefficients, log Po/w<�1; a larger concentration of this solvent (∼5–7%)
should be added for compounds in the range �1< log Po/w< 2; and other alco-
hols (<10% butanol or < 6% pentanol) are required for nonpolar compounds with
logPo/w> 3. For positively charged basic drugs with 1< logPo/w< 3, 1-propanol
is relatively weak due to the association of the protonated solutes with SDS
adsorbed on the stationary phase. In this case, a high concentration of 1-propanol
(∼15%) or 1-butanol (<10%) is required.
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4.2.2

The Stationary Phase

Working in MLC involves coating the column with a layer of surfactant, and its
further regeneration before stopping the system or before removing it for stor-
age. The solid nature of surfactants employed in MLC should be considered to
avoid conditions of precipitation inside the column. Also, it should be known
that most micellar solutions are able to dissolve minute amounts of silica, which
can produce serious column damage. This is especially critical at > 30 °C and
pH> 6. Therefore, the mobile phase should be saturated with silica by placing a
short precolumn packed with bare silica, or alternatively, the same packing as
the analytical column located before the injection valve. With convenient exper-
imental cautions, hundreds of injections can be made without modification of
the chromatographic system or pressure buildup [8].

4.2.2.1 Column Conditioning
Before starting column conditioning with the micellar mobile phase, methanol
should be replaced by water to avoid crystallization of the surfactant inside the
system (at least 30 column volumes of water are required to assure complete
removal of methanol). For this operation, the eluent should be pumped at low
flow rate (< 0.5ml/min). Once the pressure decreases, the flow rate may be
increased. Now, the system is ready to be flushed with the micellar mobile phase
to assure equilibration of the column. Different studies on column coating using
surfactant breakthrough patterns have revealed that most surfactant is adsorbed
in less than one hour on the bonded stationary phase by pumping the mobile
phase at 1ml/min. Column saturation is often reached at the CMC or close to
it. However, some additional surfactant may be adsorbed on the column above
the CMC, as is the case of the nonionic Brij-35 [17,18].

4.2.2.2 Mobile Phase Flushing
The micellar solution should never stay motionless in a chromatographic system
to avoid the formation of surfactant crystals that could ruin the column and
instrument. Therefore, if it is stopped during several hours, the micellar solution
should be replaced by water. If the pump is working, the micellar mobile phase
can be kept inside the chromatographic system along several hours, and even
overnight (also, along several days). In this case, the flow can be reduced to a
minimal value (e.g., 0.1–0.25ml/min). This is even advisable, since this avoids
daily cleaning and re-equilibration. In order to reduce the cost, the mobile phase
can be recycled between analyses. Recycling can be carried out also during the
analyses, as long as a sufficiently small number of injections are made. This is
possible due to the low evaporation of organic solvents in micellar media.

4.2.2.3 Column Regeneration
After one or two weeks of continuous experimental work, the elimination of
strongly retained compounds may be convenient by substitution of the micellar
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mobile phase with methanol, which is also required when the experimental work is
finished. This should be made following the procedure explained in Section 4.2.2.2
in reverse: the micellar mobile phase should be removed first with 10–20 column
volumes of water to assure that no surfactant remains in the system. Next, metha-
nol (where most surfactants are highly soluble) or a 75 : 25 methanol–propanol
mixture is pumped at low flow rate to remove the adsorbed surfactant. In order to
assure complete surfactant desorption, at least 10 column volumes of organic
solvent should be passed through the column at a low flow rate.
There is some concern about complete surfactant desorption from the stationary

phase to recover the original column conditions, existing some inconsistency in the
data available in the literature. This is the reason of the recommendation of keep-
ing a column for the exclusive use of a given surfactant. It seems that the layer of
SDS monomers on C8 and C18 stationary phases can be removed completely, but
this is not the case for CTAB and Brij-35 [17,18]. Therefore, a third final step can
be included to check the recovery of the initial stationary-phase surface, consisting
in the measurement of the retention times of a solute mixture with a hydro-
organic mobile phase before and after using the micellar mobile phase.

4.3
Optimization of Experimental Conditions

4.3.1

Need of Interpretive Strategies

In MLC, the retention behavior (elution strength and selectivity) can be quite
different from conventional RPLC with hydro-organic mixtures, even after the
addition of an organic solvent. The range of interactions provided by MLC is far
superior, which is very attractive. However, the need to control at least two fac-
tors (the concentrations of surfactant and organic solvent), which interact with
each other, gives rise to several local optima. This may result in hard optimiza-
tion protocols of the chromatographic conditions, especially if a sequential strat-
egy based on the retention observed with previous mobile phases is applied. The
solution is to optimize simultaneously all selected factors using a computer-
assisted interpretive optimization strategy (based on the description of the reten-
tion behavior and peak shape of solutes inside a selected factor space) [19,20].
This solution is much more efficient and reliable, and requires fewer experi-
ments than trial-and-error strategies to derive an acceptable separation. An
interactive computer program (MICHROM) was developed and marketed in
2000 to help in method development in MLC [21,22].
To achieve good predictions of the retention behavior, accurate models

describing the retention are needed. Fortunately, although the retention and
selectivity may strongly change with pH and the concentrations of surfactant
and organic modifier, the observed changes are highly regular, being well
described by relatively simple models [9,20,23]. In the first step of the
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optimization protocol, the chromatographer develops a limited number of
experiments covering a reasonably wide factor region, to gather information
about the chromatographic behavior of the compounds in the sample. This is
used to fit equations that allow the prediction of retention and peak shape under
any other condition. In the second step, chromatograms are simulated by adding
the predicted signals for the compounds in the analyzed mixture, under a large
number of separation conditions for a prefixed distribution of the experimental
factors. The condition offering maximal resolution or an acceptable analysis time
is selected. The tools for modeling the peak shape and resolution in MLC are the
same as those for conventional RPLC [20]. However, the retention in MLC needs
particular models that are described next.

4.3.2

Modeling the Retention Behavior in MLC

A three-phase (stationary phase, water, and micelle) model was established early
in the development of MLC (Figure 4.1a) [24], which was further extended to
hybrid micellar mobile phases (Figure 4.1b) [25]. These models gave rise to the
proposal of empirical and mechanistic equations that describe accurately the
changes in solute retention at fixed and variable pH.

4.3.2.1 Mechanistic Models for Pure Micellar Mobile Phases
Armstrong and Nome [24], Arunyanart and Cline-Love [26], and Foley [27] sug-
gested three different approaches to describe the retention in MLC as a function
of the concentration of surfactant monomers involved in micelle formation
([M], total concentration of surfactant minus the CMC). The main objective of
the authors in proposing such equations was to measure the strength of solute–
micelle and solute–stationary-phase interactions (Figure 4.1a). This kind of
models is also useful to predict the retention for optimization purposes.
The approach of Armstrong and Nome, published in 1981, is based on the

transitions among the three environments that exist in a micellar chromato-
graphic system [24]: bulk aqueous solvent (A), micelles (M), and stationary phase
(S), described by the partition coefficients of solute between the stationary phase
and the bulk aqueous solvent (PAS), and between the micelle and the bulk aque-
ous solvent (PAM):

k � ΦPAS

1 � υ�PAM � 1� M� � (4.1)

where Φ=VS/V0 is the phase ratio (VS being the volume of active surface on the
stationary phase and V0 the column void volume), and υ is the partial specific
volume of surfactant monomers in the micelle.
Arunyanart and Cline-Love considered instead the association equilibria of

solute in bulk aqueous solvent with the stationary phase binding sites or the
micelle, governed by the solute–stationary phase (KAS) and solute–micelle asso-
ciation (KAM) constants, respectively (Figure 4.1a) [26]:
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Figure 4.1 Simplified illustration of the three-phase chromatographic systems using a C18 sta-
tionary phase and SDS pure micellar mobile phase (a), and SDS/acetonitrile hybrid micellar
mobile phase (b).
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k � Φ
AS� �

A� � � AM� � �
ΦKAS S� �

1 � KAM M� � (4.2)

Since the stationary-phase activity usually does not change by changing the con-
centration of surfactant, the parameters in the numerator of Equation 4.2 are
usually combined as

k � K ÁS

1 � KAM M� � (4.3)

Finally, Foley considered the association between the solute in bulk aqueous sol-
vent and the micelles as a secondary equilibrium, which affects the solute reten-
tion in the absence of micelles (kA) [27]:

k � kA
1

1 � KAM M� � (4.4)

Based on different perspectives, the three parabolic models (Equations 4.1, 4.3 and
4.4) are similar. For convenience, these are rewritten to express a linear depen-
dence. From Equation 4.3,

1
k
� 1
KAS

� KAM

KAS
M� � � 1 � KAM M� �

KAS
� c0 � c1 M� � (4.5)

where KAS is used instead of K ÁS. A zero intercept (high KAS value) suggests a
direct transfer between the micelles and the modified stationary phase. Equa-
tion 4.5 has been verified experimentally for a variety of solutes (ionic, neutral,
polar, and nonpolar), surfactants (anionic, cationic, and nonionic), and column
packings (C8, C18, and cyano), with experimental errors usually below 3–5%. To
obtain these results, the following assumptions should be valid:

i) The surfactant concentration in the mobile phase is above the CMC and
not affected by the small amount of solute in the chromatographic
system.

ii) The aggregation number and geometry of micelles is not altered with an
increasing surfactant concentration, which would affect the KAM values.

iii) The stationary phase is saturated with the adsorbed surfactant. In fact, a
linear plot of 1/k versus [M] is an evidence of saturation.

An important factor that should be considered to calculate KAM and KAS from
MLC data is the correct subtraction of the CMC from the total concentration of
surfactant. Otherwise, significant errors will be obtained. However, there is no
significant difference between using the total or the micellar concentration of
surfactant to predict retention factors for optimization purposes.
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4.3.2.2 Empirical and Mechanistic Models for Hybrid Micellar Mobile Phases
Equation 4.5 describes also the effect of micelles with hybrid micellar mobile
phases containing surfactant and a fixed concentration of organic solvent. The
organic solvent added to the micellar mobile phase shifts the association equili-
bria away from the stationary phase and micelle toward the bulk solvent, which
is less polar (Figure 4.1b). This decreases KAM and KAS, especially for highly
hydrophobic solutes. However, the KAM/KAS ratio increases, due to the signifi-
cant reduction of the surfactant layer on the stationary phase. Therefore, the
mobile phase is stronger. The organic solvent effect on retention depends on the
ratio between the concentrations of surfactant and organic solvent, and is differ-
ent for different solutes.
The linear and quadratic relationships between log k and volume fraction of

organic modifier, φ, followed in conventional RPLC, are also valid in hybrid
MLC at fixed micellar concentration:

log k � log k0 � Sφ � c0 � c1φ (4.6)

log k � c0 � c1φ � c11φ
2 (4.7)

where c0, c1, and c11 are regression coefficients with characteristic values for a
given solute and column/solvent system.
Obviously, the simultaneous optimization of surfactant and organic solvent

needs a model containing both factors [9]. The models correlating log k with
[M] and φ have been demonstrated to be poorer than those correlating 1/k with
both factors. The simplest model is

1
k
� c0 � c1 M� � � c2φ (4.8)

which allows good descriptions only in small regions of the factor space. In
wider ranges, new terms including both surfactant and modifier concentrations
are needed. Good predictions are obtained for polar and moderately polar com-
pounds with

1
k
� c0 � c1 M� � � c2φ � c12 M� �φ (4.9)

Highly hydrophobic compounds need an additional term:

1
k
� c0 � c1 M� � � c2φ � c12 M� �φ � c22φ

2 (4.10)

The regression coefficients in these empirical equations have been related to
physicochemical constants [19,25,28]. Based on Equation 4.5, and considering
the effects of the organic solvent on the micelles and stationary phase modified
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by adsorption of surfactant (see Chapter 3), the following model was proposed:

1
k
� 1 � KAM�1 � KMDφ�=�1 � KADφ��M�

KAS�1 � KSDφ�=�1 � KADφ� � 1 � Kφ
AM�M�

Kφ
AS

(4.11)

where Kφ
AM and Kφ

AS are apparent constants that depend on the concentration of
organic solvent. The constants KMD and KAD account for the shift in the equili-
brium between micelle and solvent, and KMD and KAD describe the shift in the
equilibrium between stationary phase and solvent, due to the decrease in solvent
polarity and the change in the nature of micelle and stationary phase, in the
presence of organic solvent, with respect to the pure micellar solution
(Figure 4.1b). The KSD term is needed only for highly nonpolar solutes, which
are strongly associated with the stationary phase. In other cases, KSD= 0, and
Equation 4.11 is simplified to (compare with Equation 4.5):

1
k
� 1
KAS

�1 � KADφ� � KAM

KAS
�1 � KMDφ� M� � � c0 � c1 M� � � c2φ � c12 M� �φ

(4.12)

The parameters in Equations 4.11 and 4.12 should be obtained by fitting the data
from at least four and five mobile phases, respectively (distributed in the corners
and center of a two-dimensional space defined by surfactant and modifier), tak-
ing into account the practical limitations of the chromatographic system.

4.3.2.3 Modeling in a Three-Factor Space of Surfactant, Organic Solvent, and pH
For the separation of weak organic acids and bases with micellar mobile phases,
it is usual to fix the pH at a preselected value and only optimize the concentra-
tion of surfactant and modifier. However, when the analyzed mixture contains
one or more ionizable compounds, pH tuning can offer unique opportunities to
improve the resolution. The drawback is that when optimizing this factor in
MLC, the complexity of the optimization increases, since changes in the concen-
trations of organic solvent and surfactant affect the acid–base behavior of sol-
utes, due to the different partitioning of the acidic and basic species [23].
For compounds exhibiting acid–base behavior, the retention in pure micellar

medium can be obtained following the Arunyanart and Cline-Love approach
(see Equation 4.2) [29]:

k � Φ
AS� � � HAS� �

A� � � HA� � � AM� � � HAM� � (4.13)

where [A], [AM], and [AS] refer to the basic species, and [HA], [HAM] and
[HAS] to the acidic species. For a monoprotic system, the apparent protonation
constant in the micellar medium is expressed by
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KH � HA� �
A� �h � 1

K a
(4.14)

h being the concentration of hydrogen ion and Ka the acidic constant. By com-
bining Equations 4.13 and 4.14, and considering the association equilibria relat-
ing all involved species to the stationary phase and micelles, the following results
(see also Equation 4.3) are obtained:

k � KAS � KHASKHh
1 � KHh � KAM M� � � KHAMKHh M� � (4.15)

By dividing numerator and denominator in Equation 4.15 by (1+KH h) [23,30]:

k � �KAS � KHASKHh�=�1 � KHh�
1 � �KAM � KHAMKHh� M� �=�1 � KHh� �

KH
AS

1 � KH
AM M� � (4.16)

where KH
AS and KH

AM are apparent binding constants that depend on the pH.
Alternatively, by dividing Equation 4.15 by (1+KAM [M]):

k �
KAS

1 � KAM M� � �
KHAS

1 � KHAM M� �
1 � KHAM M� �
1 � KAM M� � KHh

� �

1 � 1 � KHAM M� �
1 � KAM M� � KHh

� � � kA � kHAKM
H h

1 � KM
H h

(4.17)

where KM
H is an apparent protonation constant that depends on the concentra-

tion of micellized surfactant. In the right-side term of Equation 4.17, the reten-
tion factor appears as a weighted mean of the retention of the basic (A) and
acidic (HA) species. A further step is to describe the simultaneous effect of the
three factors (surfactant, organic solvent, and pH) on the retention of ionizable
compounds. Based on both Equations 4.17 and 4.11, after eliminating the KSD

term due to the significant polarity of weak acids and bases, we can obtain

k�
KAS=�1 � KADφ�

1 � KAM M� ��1 � KMDφ�=�1 � KADφ��
KHAS=�1 � KHADφ�

1 � KHAM M� ��1 � KHMDφ�=�1 � KHADφ� κKHh

1 � κKHh
(4.18)

where KAS, KAM, KAD, and KMD are equilibrium constants associated with the
basic species; KHAS, KHAM, KHAD, and KHMD, correspond to the acidic species;
and κ is given by

κ � 1 � KHAM M� ��1 � KHMDφ�=�1 � KHADφ�
1 � KAM M� ��1 � KMDφ�=�1 � KADφ� (4.19)

Polynomial models can also be suitable to describe the retention, as the following:

1
k
� a0 � a1 M� � � a2φ � a3pH � a12 M� �φ � a13 M� �pH � a23φpH

� a123 M� �φ pH � a33 pH
2 (4.20)

Rapid convergence of the retention models in the optimal solution can be
achieved by previous partial fitting of the data, measured at extreme pH values
to obtain the retention factors for the acidic and basic species. The protonation

(4.18)
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constant can be estimated using data measured at intermediate pH values.
Experimental data from five mobile phases at three different pH values (e.g., 3,
5, and 7) are needed, but extra data are often used to improve the reliability of
the predictions. Relative errors below 6% are usually obtained.

4.4
Analytical Procedures in MLC

Hundreds of reports have been published describing the successful use of MLC
in the determination of a variety of compounds in several types of samples.
However, applications mainly focus on the determination of drugs in physiologi-
cal fluids and pharmaceutical formulations. The direct injection capability of
MLC after simple filtration (with no noticeable damage after repetitive injec-
tions) is especially appreciated. Table 4.1 lists MLC procedures for the determi-
nation of drugs in physiological fluids, oriented to follow the parent drug and/or
its metabolites. Table 4.2 lists procedures applied to formulations and Table 4.3
reports MLC procedures for compounds of industrial, environmental, veterinar-
ian, and nutritional interest, among others. The type of column, nature, and con-
centration of surfactant and organic solvent, and pH, for the different
procedures, are given.
Most MLC analyses are performed in the isocratic mode, with sufficiently

short analysis times and good selectivity. The vast majority of reports employ
hybrid micellar mobile phases, where the amount of organic solvent is limited to
preserve the formation of micelles. Next, some details are given about the analy-
sis of drugs in physiological fluids and formulations.

4.4.1

Analysis of Physiological Samples

4.4.1.1 Need of Previous Separation Steps in Conventional RPLC
The control of drugs and their metabolites in physiological fluids is of great
interest in clinical chemistry, doping, toxicology, and pharmaceutical research.
The therapeutic efficacy of many drugs is often related to their concentration in
physiological fluids, which depends on their dosage, route, and frequency of
administration. However, analytical assays to control drug administration are
problematic, since the drugs are frequently at very low concentration in the
physiological fluids, strongly bound to proteins, and suffer from the interference
of numerous endogenous (and exogeneous) compounds in a complex
matrix [225–226]. Some drugs are rapidly metabolized after oral administration,
and therefore, proper monitoring of the target drug should be performed by
detection of one or several of its metabolites, since the excreted amount of the
parent drug is very low. In addition, compounds excreted as conjugates in urine
require hydrolysis.
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Table 4.1 Experimental characteristics of MLC procedures for the analysis of physiological
fluids.

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Alkaloids: Cotinine, nicotine, nicotinic
acid, and nicotinamide

Urine (2)/0.2M SDS, 3% v/v 2-propanol,
pH 4.6/Econosphere CN-bonded silica/
isocratic/40 °C

[31]

Serum and urine (2)/0.15M SDS, 6%
1-pentanol, pH 3/Kromasil C18/isocratic

[32]

Serum (1)/0.15M SDS, 6% 1-pentanol,
0.001M KCl, pH 6/Kromasil C18/isocratic

[33]

Amino acids: Proline Urine (1)/0.03M SDS, 8% 1-propanol,
pH 5.3/C18/isocratic

[34]

Analgesics, antibiotics, anticonvulsants,
and antiarrhythmics: Acetaminophen,
acetylsalicylic acid, chloramphenicol,
carbamazepine, phenobarbitone,
phenytoin, and procainamide

Serum (7)/0.02–0.10M SDS, pH 3/Supel-
cosil LC-18, Supelcosil LC-CN/isocratic

[7]

Serum (3)/column switching/0.02–0.04M
SDS, 4–14% acetonitrile (extraction)/
0.02–0.04M SDS, 28–70% methanol,
pH 3–4.6/Spherisorb-5 RP-18 (separation)

[35]

Analgesics: Acetaminophen Serum and urine (1)/0.02M SDS, pH 7/
Kromasil C18/isocratic

[36]

Anesthetics: Procaine and tetracaine Plasma (2)/0.15M SDS, 10% 1-propanol,
0.5% triethylamine, pH 2.5/Spherisorb
ODS-2/isocratic

[37]

Antiarrithmics: Acebutolol,
N-acetylprocainamide, atenolol,
celiprolol, disopyramide, labetalol,
lidocaine, metoprolol, nadolol,
procainamide, propranolol,
and quinidine

Urine (7)/0.1M SDS, 15% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[12]

Plasma (2)/0.05M SDS, 1% 1-butanol,
0.9% NaCl, pH 3/Kromasil C18/isocratic/
25 °C

[38]

Serum (3)/0.15M SDS, 7% 1-butanol,
0.9% NaCl, pH 7/Kromasil C18/isocratic/
25 °C

[39]

Antiarrythmics and diuretics: Acebutolol,
atenolol, labetalol, metoprolol, nadolol,
propranolol, and amiloride,
bendroflumethiazide, piretanide, and
triamterene

Urine (10)/0.11M SDS, 15% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[40]

Antiarrythmics and metabolites:
Desisopropylpropranolol,
α-naphtoxylactic acid, α-naphtoxyacetic,
propranolol, and propranolol glycol

Urine (5)/0.15M SDS, 10% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[41]

(continued)
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Table 4.1 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Antibacterial agents: Amoxicillin,
ampicillin, ciprofloxacin, cloxacillin,
danofloxacin, dicloxacillin, difloxacin,
enoxacin, flumequine, levofloxacin, lome-
floxacin, marbofloxacin, moxifloxacin,
norfloxacin, ofloxacin, sulfacetamide, sul-
fadiazine, sulfaguanidine, sulfamerazine,
sulfathiazole, sulfamethazine, sulfamethi-
zole, sulfamethoxypyridazine, sulfachlor-
pyridazine, sulfamonomethoxine,
sulfabenzamide, sulfamethoxazole, sulfa-
dimethoxine, sulfaquinoxaline, sulfathia-
zole, and sulfisomidinetinidazole

Human urine and cow milk (12)/0.07M
SDS, 6% 1-propanol/YMC-Pack ODS/iso-
cratic/40 °C

[42]

Urine (5)/0.05M SDS, 2.4% 1-pentanol/
Spherisorb ODS-2/isocratic

[43]

Milk (11)/0.019M SDS, 5.8% acetonitrile,
pH 3/Hypersil ODS-2/isocratic

[44]

Serum (2)/0.075M SDS, 3% 1-propanol,
pH 3/Licrospher 100RP18/isocratic

[45]

Milk (2)/0.075M SDS, 3% 1-propanol,
pH 3/isocratic

[46]

Milk (6)/0.08M SDS, 8.5% 1-propanol,
pH 7/Kromasil C18/isocratic/25 °C

[47]

Milk (14)/0.04M SDS, 2% 2-propanol,
pH 2.8–3.5/Lichrospher C18/isocratic/
40 °C

[48]

Urine (1)/0.10M SDS, 4% 1-butanol,
pH 3/Hypersil phenyl/isocratic/25 °C

[49]

Urine (5)/0.15M SDS, 12.5% 1-propanol,
0.5% triethylamine, pH 3.0 or 0.05M
SDS, 12.5% propanol, 0.5% triethylamine,
pH 3.0/Kromasil C18/isocratic

[50]

Urine and serum (2)/0.01M SDS, pH 6/
C18/isocratic

[51]

Plasma (2)/0.15M SDS, 5% 1-propanol,
0.3% triethylamine, pH 4/Simmetry C18/
isocratic

[52]

Urine (4)/0.11M SDS, 6% 1-propanol,
pH 3/Zorbax C18/isocratic/25 °C

[53]

Milk (4)/0.05M SDS, 10% 1-butanol,
0.5% triethylamine, pH 3/Kromasil C18/
isocratic/25 °C

[54]

Anticancer drugs: Endoxifen, hexamethy-
lene bisacetamide, 6-mercaptopurine,
6-thioguanine and their metabolites,
6-mercaptopurine riboside, methotrexate,
mitomycin-c, tamoxifen, 6-thioguanine
riboside, and 6-thioxanthine

Serum (5)/0.08M SDS, pH 3/LiChrosorb
RP-18/isocratic/30 °C

[55]

Serum and urine (1)/0.1M SDS, pH 5.7/
LiChrospher 100 RP-18/isocratic

[56]

Plasma and urine (1)/column switching/
0.02M SDS, 10%methanol, pH 6 (extrac-
tion)/30%methanol, pH 6 (separation)/
RP-18

[57]

Plasma (1)/column switching/0.02M
SDS, 10% methanol, pH 6.8 (extraction)/
30% methanol, pH 6.8 (separation)/
RP-18

[58]
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Plasma (1)/0.15M SDS, 7% 1-butanol,
pH 3/Kromasil C18/isocratic/40 °C

[59]

Plasma (2)/0.15M SDS, 7% 1-butanol,
pH 3/Kromasil C18/isocratic/40 °C

[60]

Anticonvulsant agents: Bromazepam,
carbamazepine, diazepam, flunitrazepam,
halazepam, medazepam, nitrazepam,
oxazepam, phenobarbital, phenytoin,
tetrazepam, and zopiclone

Serum (1)/0.02M SDS/Supelcosil
LC-CN/isocratic

[61]

Serum (1)/column switching/0.01M SDS
(extraction)/65%methanol (separation)/
Adsorbosphere ODS

[62]

Serum (8)/0.06M SDS, 5% 1-butanol,
pH 7/Kromasil C18/isocratic/25 °C

[63]

Serum (3)/0.05M SDS, 7% 1-butanol,
pH 7/Kromasil C18/isocratic

[64]

Urine (2)/0.15M SDS, 10% 1-propanol,
0.3% triethylamine, pH 3.5/Hypersil phenyl
column/isocratic

[65]

Serum (3)/0.13M SDS, 2.4% 1-pentanol,
0.1% triethylamine, pH 7/Kromasil C8/
isocratic/25 °C

[66]

Antidepressants: Desipramine,
imipramine, and trazodone

Serum (2)/0.15M SDS, 6% 1-pentanol, pH
7/Kromasil 5 C18 /isocratic

[67]

Urine (1)/0.2M SDS, 1% 1-butanol, pH 3/
Kromasil C18/isocratic/25 °C

[68]

Antihistamines: Cetirizine Plasma (1)/0.135M SDS, 11% 1-propanol,
0.3% triethylamine, pH 3.3/EC Nucleosil
C18-SN /isocratic

[69]

Anti-inflamatory drugs: Diclofenac, flu-
nixin, 5-lipoxygenase inhibitor zileuton,
and phenylbutazone

Urine (2)/0.025M SDS, 9% 1-butanol,
pH 3/CN-bonded silica/isocratic

[70]

Equine serum (3)/C18/isocratic [71]

Antipyrine metabolites: 4-Aminoantipyr-
ine, 4-methylaminoantipyrine, and
4-formylaminoantipyrine

Plasma (3)/0.1M SDS, 2.5% 1-pentanol/
Nucleosil C18/isocratic

[72]

Plasma (3)/0.1M SDS, 2.5% 1-pentanol/
Spherisorb RP-18/isocratic

[73]

Antivirals: Efavirenz, zidovudine, lamivu-
dine, stavudine, tenofovir, zidovudine-
leucine, and zidovidine-valine

Simulated physiological fluids (4)/0.05M
SDS, 1% 1-butanol, pH 3.0/Synergi C18

/isocratic/30 °C

[74]

Serum (5)/0.05 M SDS, 2.5% 1-propanol
or 6% 1-pentanol, pH 7/Kromasil C18/
isocratic

[75]

Barbiturates: Amobarbital, barbital,
butabarbital, diallybarbituric acid, hexo-
barbital, pentobarbital, phenobarbital,
and secobarbital

Plasma and urine (1)/0.02M CTAB, 15%
1-propanol, pH 7.5/Spherisorb ODS-2/
isocratic

[76]

Urine (5)/0.07M SDS, 0.3% 1-propanol,
pH 7.4/Spherisorb ODS-2/isocratic

[77]

Plasma (1)/0.03M CTAB, 3% 1-propanol,
pH 7/Spherisorb ODS-2/isocratic

[78]

(continued)
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Table 4.1 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Plasma (2)/0.04M CTAB, 3% 1-propanol,
pH 7.5/Spherisorb ODS-2 /isocratic

[79]

Serum (4)/0.10M SDS, 4% 1-butanol,
pH 7/Spherisorb ODS-2/isocratic/25 °C

[80]

Biogenic amines and metabolites: Dopa-
mine, homovanilic acid, hydroxyindole-
acetic acid, serotonin, and tyramine

Serum (5)/0.15M SDS, pH 3/Kromasil
C18/isocratic

[81]

Bronchodilators: Caffeine, theobromine,
and theophylline

Serum (1)/0.02–0.10M SDS/μ-Bondapak
C18/isocratic

[7]

Serum (1)/0.05M SDS/Supelcosil LC-18/
isocratic

[61]

Serum (1)/0.001M 3-(dimethyldodecy-
lammonium) propanesulfonate, 3%
1-propanol/μ-Bondapak/isocratic

[82]

Urine (3)/0.075M SDS, 1.5% 1-propanol/
Spherisorb ODS-2/isocratic

[83]

Serum (2)/0.05M SDS, 2.5% 1-propanol,
pH 7/Kromasil C18/isocratic

[84]

Calcium channel blockers: Nifedipine and
verapamil

Urine and serum (1)/0.125M SDS, 3%
1-pentanol, pH 3/Kromasil C18/isocratic

[85]

Urine and serum (1)/0.15M SDS, 5%
1-pentanol, pH 7/Kromasil C18/isocratic

[86]

Cathecolamines and metabolites: Epi-
nephrine, normetanephrine, nor-
epinephrine, and metanephrine

Serum (4)/0.075M SDS, 1.6% 1-butanol,
pH 7/C18/isocratic/25 °C

[87]

Cephalosporins: Cefmenoxime hemihy-
drochloride, cefotaxime, cefotiam dihy-
drochloride, cefradine, and cephalexin

Serum (2)/0.08M SDS, 8% 2-propanol,
pH 3/Nucleosil C18/isocratic

[88]

Serum (4)/0.02M SDS, pH 6.1 or 0.15M
SDS, pH 3.1/Develosil ODS/isocratic/
40 °C

[89]

Desferroxiamine and chelates with Al
and Fe

Serum (3)/0.2M SDS, 5% acetonitrile or
0.5% Brij-35, pH 7.4/Spherisorb ODS-2/
isocratic

[90]

Diuretics: Althiazide, amiloride, bendro-
flumethiazide, benzthiazide, bumetanide,
canrenoic acid, canrenone, chlorthali-
done, chlorthiazide, clopamide, cyclothia-
zide, dichlorphenamide, ethacrynic acid,
furosemide, hydrochlorthiazide, hydroflu-
methiazide, indapamide, piretanide, poly-
thiazide, probenecid, spironolactone,

Plasma (1)/0.05M SDS, 5% 1-propanol,
pH 5.8/C8/isocratic

[91]

Serum and urine (1)/0.10M SDS, 3%
1-propanol, pH 3.5/Nucleosil RP-18/
isocratic

[92]

Urine (1)/0.02M Brij-35, 0.004M SDS,
pH 6.5/Hypersil C18/isocratic

[93]

Urine (2)/0.05M SDS, 5% methanol/
Spherisorb ODS-2/isocratic/50 °C

[94]
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torasemide, triamterene, trichlormethia-
zide, and xipamide

Urine (10)/0.042M SDS, 4% 1-propanol,
pH 4.5/Spherisorb ODS-2/isocratic

[95]

Urine (8)/0.055M SDS, 10% 1-propanol/
Spherisorb ODS-2/isocratic

[96]

Urine (7)/0.055M SDS, 8% 1-propanol/
Spherisorb ODS-2/isocratic

[97]

Urine (15)/0.055M SDS, 6% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[98]

Urine (19)/0.040M SDS, 4% tetrahydro-
furan, pH 3.2/Hypersil C18/isocratic/50 °C

[99]

Urine (1)/0.05M SDS, 6% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[100]

Urine (1)/0.05M SDS/C18/isocratic [101]

Diuretics, steroids, and stimulants: Ami-
phenazole, amiloride, amphetamine, clos-
tebol, ephedrine, phenylpropanolamine,
methandienone, methoxyphenamine,
nandrolone, and spironolactone

Urine (10)/0.1M SDS, 3% 1-pentanol/
Spherisorb-5 RP-18/isocratic

[102]

Insecticides: Carbaryl and 1-naphthol Urine and serum (2)/0.15M SDS, 6%
1-pentanol, pH 3/C18/isocratic

[103]

Melamine Milk (1)/0.05M SDS, 7.5% 1-propanol,
pH 3/Kromasil C18/isocratic

[104]

Plasma and urine (1)/0.2M SDS, pH 3/
Kromasil C18/isocratic

[105]

Nucleoside/nucleotide reverse transcrip-
tase inhibitors: Lamivudine and
metabolites

Gastric and intestinal fluids (8)/0.15M
SDS, 4% 1-butanol, pH 7/Kromasil C18/
isocratic/30 °C

[106]

Omeprazole and metabolites: Hydroxyo-
meprazole, omeprazole, and omeprazole
sulphone

Serum and urine (3)/0.08M SDS, 10%
1-propanol, pH 7/Kromasil C18/isocratic

[107]

Opiates: Benzoylecgonine, codeine, her-
oin, 6-monoacetylmorphine, morphine,
and thebaine

Serum (3)/0.15M SDS, 7% 1-butanol,
pH 7/Kromasil C18/isocratic/25 °C

[108]

Serum (4)/0.1M SDS, 4% 1-butanol,
pH 7/Kromasil C18/isocratic

[109]

Phenols: 2-Aminophenol, 4-nitrophenol,
and phenol

Urine (3)/column switching/0.03M
CTAB, 7% acetonitrile, pH 5 Nucleosil C4

(extraction)/0.03M CTAB, 20% acetoni-
trile, pH 5 Kromasil or Nucleosil C18

(separation)

[110]

Radioligands: [11C]AZ10419369, [11C]
AZD2184, [11C]clozapine, [11C]deprenyl,
[11C]diazepam, [11C]doxepin, [18F]FE-
DTBZ, [18F]FE-PE2I, [11C]flumazenil,
[18F]LBT-999, [18F]MCL-524,
[11C]MePPEP, [11C]MNPA, [11C]PBR28,
[11C]Ro15-4513, [11C]rolipram, [11C]ven-
lafaxine, and [11C]verapamil

Plasma (9)/0.1M SDS, 1–2% to 10–25%
1-butanol, pH 7.2/Atlantis Prep OBD T3
C18/gradient

[111]

Plasma (5)/column switching/
0.02–0.025M SDS, 10% acetonitrile
(cleanup)/0.02–0.025M SDS, 10–50 or
70% acetonitrile (separation: MLC and
HSLC)/XBridge OST C18/gradient

[112]

(continued)
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Particularly troublesome is the presence of high molecular mass proteins in
the samples when injected directly into a conventional RPLC system, since they
tend to denature and precipitate in the injection valve or at the column head.
This produces clogging of the system and irreversible adsorption on the station-
ary phase, giving rise to a rapid degradation of chromatographic performance
and an increase in back pressure.
In a conventional RPLC system using hydro-organic mixtures, the harmful

proteinaceous material must be usually removed from the sample prior to injec-
tion, to prevent irreversible adsorption on the stationary phase. These proce-
dures are tedious, repetitive, time-consuming, and expensive, and introduce
additional sources of error because of incomplete recoveries. Proteins can either
be insolubilized by organics (acetone, acetonitrile, or trichloroacetic acid) and
sodium hydroxide or be removed by ultrafiltration. Isolation of the analyte from
the matrix is usually still needed by liquid–liquid or solid–phase extraction (and

Table 4.1 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Plasma (4)/1–2% v/v Triton X-100, 0.1M
SDS, 0–5% 1-butanol, pH 7/monolithic
C18/isocratic

[113]

Plasma (6)/0.05M SDS, 5–68% acetoni-
trile, pH 7/monolithic C18/gradient

[114]

Steroids: Acetonide, betamethasone, cor-
ticosterone, cortisol, cortisone, deflaza-
cort, dehydrotestosterone,
dexamethasone, dydrogesterone, fludro-
cortisone, fludrocortisone acetate,
hydroxycorticosterone, 21-hydroxydefla-
zacort, 11α-hydroxyprogesterone,
medroxyprogesterone, medroxyproges-
terone acetate, methandienone, methelo-
none enanthate, methylprednisolone,
methyltestosterone, nandrolone, nandro-
lone decanoate, norhisterone, predniso-
lone, prednisone, progesterone,
testosterone, testosterone enanthate,
testosterone propionate, triamcindone,
and triamcinolone

Urine (1)/column switching/0.02M SDS,
18% methanol, 25% 1-propanol, pH 6
(extraction)/0.02M SDS, 38% methanol,
2% 1-propanol, pH 6/RP-18 (separation)

[115]

Urine (6)/0.05M SDS, 9% 1-butanol/
Spherisorb-5 RP18/isocratic

[116]

Urine (16)/0.036M SDS, 1.9% 1-butanol/
Hypersil C18/isocratic/50 °C

[117]

Urine (13)/0.12M SDS, 7% 1-pentanol/
Spherisorb ODS-2/isocratic

[118]

Urine (2)/0.018M SDS, 8.3% tetrahydro-
furan/Hypersil C18/isocratic

[119]

Stimulants: Amphetamine, ephedrine,
methoxyphenamine, phenylephrine, and
phenylpropanolamine

Urine (5)/0.15M SDS, 3% 1-pentanol,
pH 3/Spherisorb ODS-2/isocratic

[120]

Vitamins: B6 (pyridoxal, pyridoxine, and
pyridoxamine)

Serum (3)/0.15M SDS, 2% 1-pentanol,
pH 3/Kromasil C18/isocratic

[121]
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Table 4.2 Experimental characteristics of MLC procedures for the analysis of pharmaceutical
formulations.

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Alkaloids: Nicotinic acid and
nicotinamide

Diverse formulations (2)/0.15M SDS, 6%
1-pentanol, pH 3/Kromasil C18/isocratic

[32]

Aminoacids: Glycine, lysine, threonine,
and methionine

Pills, capsules, drops, and powders (4)/
0.05M SDS, 3% 1-propanol, pH 3/Spher-
isorb ODS-2/isocratic

[122]

Analgesics, antihistamines and phenethyl-
amines: Acetaminophen, acetylsalycilic
acid, carbinoxamine, chlorpheniramine,
dexbrompheniramine, dexchlorphenir-
amine, diphenhydramine, doxylamine,
pheniramine, phenyltoxolamine, tripoli-
dine, azatadine, ephedrine, methoxyphen-
amine, phenylephrine,
phenylpropanolamine, and
pseudoephedrine

Tablets (3)/1.8% Brij-35, 0.012M SDS, 4.5%
1-propanol/Zorbax CN/isocratic/65 °C

[123]

Tablets (1)/0.02M SDS, 15% 1-propanol,
pH 3/C18/isocratic

[124]

Diverse formulations (15)/0.05M SDS,
6% pentanol, pH 7/Eclipse XDB C8/
isocratic

[125]

Cough and cold preparations (4)/0.15M
SDS, 6% pentanol, pH 7/Spherisorb
ODS-2 C18/isocratic

[126]

Anesthetics: Bupivacaine, lidocaine, mepi-
vacaine, procaine, propanocaine, and
tetracaine

Diverse formulations (6)/0.15M SDS,
1-propanol (9 : 1), pH 3/Spherisorb
ODS-2/isocratic

[127]

Anesthetics and muscle relaxants: Lido-
caine and tolperisone

Diverse formulations (2)/0.075M SDS,
7.5% 1-propanol/Zorbax C18/isocratic

[128]

Antianginals: Diltiazem, nadolol, nifedi-
pine, propranolol, and verapamil

Diverse formulations (5)/0.05M SDS, 5%
pentanol, pH 7/Kromasil C18/isocratic

[129]

Antiarrithmics: Atenolol, carteolol, celi-
prolol, labetalol, metoprolol, nadolol,
oxprenolol, propranolol, and timolol

Tablets, capsules, and ophthalmic solu-
tions (9)/0.15M SDS, 15% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[130]

Antiarrithmics, diuretics, and/or vasodi-
lators: Atenolol, metoprolol, oxprenolol,
amiloride, bendroflumethiazide, chlortali-
done, hydrochlorthiazide, hydralazine,
indapamide, and pindolol

Tablets and capsules (8)/0.15M SDS, 7%
1-propanol, pH 3/Spherisorb ODS-2/
isocratic

[131]

Tablets (2)/0.15M SDS, 18% methanol,
0.3% triethylamine, pH 3/Symmetry C18/
isocratic

[132]

Diverse formulations (2)/0.07M SDS,
15% 1-propanol, pH 3/C18/isocratic

[133]

Antibacterial agents: Amoxicillin, ampi-
cillin, azithromycin, cefuroxime, cloxacil-
lin, dicloxacillin, levofloxacin,
moxifloxacin, norfloxacin, pipemidic acid,
sulfacetamide, sulfadiazine, sulfadime-
thoxine, sulfaguanidine, sulfamerazine,
sulfamethazine, sulfamethizole, sulfa-
methoxazole, sulfanilamide, sulfathiazole,
and trimethoprim

Tablets, pills, capsules, suspensions, and
drops (8)/0.05M SDS, 2.4% 1-pentanol/
Spherisorb ODS-2/isocratic

[134]

Diverse formulations (6)/0.04M SDS, 2%
2-propanol/Nucleosil C18/isocratic/40 °C

[135]

Human and veterinary formulations (7)/
SDS, 6% acetonitrile, pH 3/Hypersil
ODS/isocratic

[136]

Tablets and capsules (1)/0.1M SDS, 15%
1-butanol, pH 7/Hypersil C18/isocratic/
60 °C

[137]

(continued)
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Table 4.2 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Tablets (1)/0.02M SDS, 8% acetonitrile/
XTerra C18/isocratic/50 °C

[138]

Diverse formulations (2)/0.1M SDS, 3%
1-butanol/Hypersil ODS/isocratic/35 °C

[139]

Diverse formulations (4)/0.025M SDS,
2% 1-butanol, pH 5/Ultra C18/isocratic

[140]

Diverse formulations (4)/0.15M SDS,
2.5% 1-propanol, 0.5% triethylamine,
pH 3/C18/isocratic

[141]

Tablets and capsules (4)/0.11M SDS, 6%
1-propanol, pH 3/Zorbax C18/isocratic/
25 °C

[53]

Anticonvulsant agents: Bentazepam, car-
bamazepine, clorazepate, chlordiazepox-
ide, diazepam, diltiazem, ethosumixine,
halazepam, oxazepam, phenobarbital,
phenytoin, pinazepam, tetrazepam, and
zoplicone

Diverse formulations (3)/0.1M SDS, 3%
1-butanol, pH 3/Spherisorb ODS-2/
isocratic

[142]

Pills and capsules (6)/0.1M SDS, 3% 1-buta-
nol, 0.1% triethylamine, pH 3/Spherisorb
ODS-2/isocratic

[143]

Capsules, pills, tablets, injections,
drops, and suppositories (7)/CTAB/C18/
isocratic

[144]

Antidepressants: Amitriptyline, clomipra-
mine, doxepin, imipramine, maprotiline,
nortriptyline, trazodone, and
trimipramine

Capsules, pills, tablets, and injections (7)/
0.04M CTAB, 5–15% 1-propanol, pH
3–4/Kromasil C18/isocratic

[145]

Tablets and capsules (7)/0.075M SDS, 6%
1-pentanol, pH 3/Eclipse XDB C18/
isocratic

[146]

Tablets and injectables (1)/0.2M SDS, 1%
1-butanol, pH 3/Kromasil C18/isocratic/
25 °C

[68]

Tablets and capsules (7)/0.02M Brij-35,
pH 3/Zorbax C18/isocratic/25 °C

[3]

Antidiabetic drugs: Glicazide, glipizide,
metformin, and nateglinide

Diverse formulations (3)/Zorbax XDB
C18/isocratic

[147]

Diverse formulations (3)/0.12M SDS,
10% 1-propanol, 0.3% triethylamine, pH
5.6/Nucleosil C18/isocratic

[148]

Antihistamines: Azatadine, carbinox-
amine, cetirizine, cyclizine, cyprohepta-
dine, diphenhydramine, doxylamine,
tripelennamine, brompheniramine,

Tablets, capsules, powders, solutions, and
syrups (7)/0.15M SDS, 6% 1-pentanol/
Spherisorb ODS-2/isocratic

[149]
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chlorcyclizine, chlorphenamine, flunari-
zine, hydroxyzine, promethazine, terfena-
dine, tripelennamine, and tripolidine

Tablets, capsules, suppositories, syrups,
and ointments (11)/0.02M CTAB, 3%
1-propanol, pH 6; 0.02M CTAB, 3%
1-propanol, pH 7; 0.04M CTAB, 3%
1-butanol, pH 3; 0.04M CTAB, 3%
1-butanol, pH 5/Spherisorb C18/isocratic

[150]

Capsules (1)/0.135M SDS, 11% 1-propa-
nol, 0.3% triethylamine, pH 3.3/EC
Nucleosil C18-SN/isocratic

[69]

Antihistamines and local anesthetics:
Bupivacaine, chlorpheniramine, diphen-
hydramine, lidocaine, pheniramine,
phenylpropanolamine, prilocaine, pro-
caine, pseudoephedrine, and tripolidine

Formulations (10)/0.05M SDS, 10%
2-propanol/Zorbax SB C18/isocratic/30 °C

[151]

Antiplatelet agents: Clopidogrel Tablets (1)/0.15M SDS, 10% 1-propanol,
0.3% triethylamine, pH 3/Nucleodur MN-
C18/isocratic

[152]

Antivirals: Nelfinavir Tablets (1)/0.5M Tween 20, 2% 1-butanol,
pH 4.2/LiChrosphere C18/isocratic/25 °C

[153]

Benzyl alcohol and benzaldehyde Injectable formulations (2)/0.07M SDS,
10% 1-propanol, 0.3% triethylamine, pH 7.5/
Apex ODS-2/isocratic

[154]

Bronchodilators: Caffeine and
theophylline

Tablets, capsules, and pills (1)/0.05M SDS,
1.5% 1-propanol/Spherisorb ODS-2/isocratic

[155]

Tablets, capsules, and syrups (1)/0.05M SDS,
3% 1-propanol/Spherisorb ODS-2/isocratic

[156]

Calcium channel blockers: Flunarizine,
nifedipine, verapamil, and their degrada-
tion products

Diverse formulations (6)/0.15M SDS,
10% 1-propanol, 0.3% triethylamine, pH 4
or 6.8/cyanopropyl-bonded/isocratic

[157]

Catecholamines: L-Dopa, 2-methyldopa,
epinephrine, dopamine, and isoprotenerol

Tablets, capsules, injections, suspensions,
and gels (5)/0.1M SDS, 5% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[158]

Diuretics: Acetazolamide, althiazide, ami-
loride, bendroflumethiazide, bumetanide,
chlortalidone, chlorthiazide, cyclothiazide,
furosemide, hydrochlorthiazide, hydroflu-
methiazide, spironolactone, triamterene,
trichlormethiazide, and xipamide

Tablets and suspensions (9)/0.05M SDS,
3% 1-propanol/Spherisorb ODS-2/
isocratic

[159]

Tablets (5)/0.07M SDS, 0.5% 1-pentanol/
Spherisorb ODS-2/isocratic

[160]

Tablets and capsules (7)/0.02M SDS
or 0.15M SDS, pH 7/Spherisorb ODS-2/
isocratic

[161]

Tablets, capsules, injectables, and drops
(1)/0.06M SDS, 8% 1-propanol, pH 3/
Spherisorb ODS-2/isocratic

[162]

Diverse formulations (1)/0.05M SDS/
C18/isocratic

[102]

Histamine H2 receptor antagonist:
Ranitidine

Tablets (1)/3M Tween-20, 8% 1-butanol,
pH 5.9/Luna C18/isocratic/25 °C

[163]

[164]

(continued)
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Table 4.2 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution mode/
temperature

Ref.

Opiates: Codeine, morphine, noscapine,
and papaverine

Injection solution (4)/0.10M SDS, 5%
1-butanol, pH 2.5/Kromasil C18/isocratic/
40 °C

Parabens and active ingredients: Benzoic
acid, methyl paraben, propyl paraben,
paracetamol, caffeine, and guaifenesin

Syrups (6)/0.04M SDS, 0.1% tri-
chloroacetic acid/Kromasil C18/isocratic/
40 °C

[165]

Phenethylamines: Amphetamine, arterenol,
ephedrine, phenylephrine, phenyl-
propanolamine, mephentermine, methoxy-
phenamine, pseudoephedrine, and tyramine

Capsules, tablets, pills, powder, syrup,
and drops (9)/0.15M SDS, 5% 1-penta-
nol, pH 7/Spherisorb ODS-2/isocratic

[166]

Risedronate Tablets (1)/0.02M SDS, 10% 1-propanol,
0.3% triethylamine, pH 6/Simmetry C18/
isocratic

[167]

Nonsteroideal anti-inflammatory drugs:
Acemetacin, diclofenac, indomethacin,
ketoprofen, nabumetone, naproxen, tol-
metin, and piketoprofen

Diverse formulations (8)/0.06M CTAB,
10% 1-butanol, pH 7/Kromasil C18/
isocratic

[168]

Diverse formulations (6)/0.15M SDS,
10% 1-propanol, pH 3/Spherisorb
ODS-2/isocratic

[169]

Selenium (IV) Tablets and syrups (1)/0.05M SDS, 10%
1-butanol/Hypersil ODS/isocratic

[170]

Steroids (anabolics and corticoids): Beclo-
methasone, bethamethasone, budesonide,
danazol, dexamethasone, dydrogesterone,
fludrocortisone, fluocinolone, hydro-
cortisone, medroxyprogesterone, methyl-
testosterone, nandrolone, nandrolone
decanoate, progesterone, stanozolol, tes-
tosterone enanthate, testosterone propri-
onate, and triamcinolone

Tablets, injections, suspensions, and gels
(9)/0.1M SDS, 7% 1-pentanol/Spherisorb
ODS-2/isocratic

[171]

Creams, gels, and ointments (7)/0.1M
SDS, 4% 1-butanol, pH 7/Kromasil C18/
isocratic

[172]

Pills (1)/0.04M SDS, 10% 1-propanol/
Hypersil ODS/isocratic/60 °C

[173]

Capsules (1)/0.04M SDS, 2% 1-pentanol/
Hypersil ODS/isocratic/60 °C

[174]

Tablets and cocktails (2)/0.032M CTAB,
0.24% 1-pentanol/Hypersil C18/isocratic/
60 °C

[175]

Vitamins: A, B3 (nicotinamide), B1
(thiamine), B2 (rivoflavin), B6 (pyridoxal,
pyridoxine, and pyridoxamine), B9 (folic
acid), B12 (cyanocobalamin), C (ascorbic
acid), and E (tocopherols)

Capsules, pills, and syrups (5)/0.1M SDS,
4% 1-pentanol, pH 3/Kromasil C18/
isocratic

[176]

Multivitamin tablets (7)/0.016M SDS,
3.5–10% 1-butanol, pH 3.6/Particil
ODS-2 (250mm× 4.6mm i.d.)/gradient/
35 °C

[177]

Multivitamin syrup (2)/0.077M SDS, 12%
1-butanol, pH 7/Spherisorb ODS-2/
isocratic/30 °C

[178]
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Table 4.3 Experimental characteristics of MLC procedures for the analysis of other samples.

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution
mode/temperature

Ref.

Alkaloids: Berberine, coptisine, jatror-
rhizine, matrine, nicotine, oxymatrine,
sophocarpine, oxysophocarpine, sopho-
ridine, oxysophoridine, and palmatine

Coptis rizhome, phellodendron bark,
and Chinese parent medicines (4)/
0.12M SDS/Bondapak phenyl/isocratic

[179]

Sophora medicinal plants (6)/0.02M
Brij-35/0.01 M SDS, 5% acetonitrile,
pH 6/Diamonsil C18/isocratic/40 °C

[180]

Tobacco and chewing gums (1)/0.15M
SDS, 6% 1-pentanol, 0.001M KCl,
pH 6/Diamonsil C18 (250mm× 4.6mm
i.d.)/isocratic

[33]

Amino acids and biogenic amines:
Tryptophan, tyrosine, tryptamine, and
tyramine

Wines (4)/0.15M SDS, 5% 1-propanol,
pH 3/Kromasil C18/isocratic

[181]

Antibacterial agents: Blasticidin S, car-
badox, danofloxacin, difloxacin, enro-
floxacin, flumequine, kasugamycin,
marbofloxacin, olaquindox, oxolinic
acid, sarafloxacin, sulfacetamide, sulfa-
chloropyridazine, sulfadiazine, sulfadi-
methoxine, sulfafurazole,
sulfaguanidine, sulfamerazine, sulfame-
thazine, sulfamonomethoxine, sulfanila-
mide, sulfaproxyline, sulfapyridine,
sulfaquinoxaline, sulfathiazole, sulfa-
thiocarbamide, sulfisomidine, and
sulfisoxazole

Honey (11)/0.019M SDS, 5.8% acetoni-
trile, pH 3/Hypersil ODS-2/isocratic

[44]

Honey, eggs, and meat (14)/0.04M
SDS, 2% 2-propanol, pH 2.8–3.5/
Lichrospher C18/isocratic/40 °C

[48]

Fish muscles (5)/0.065M SDS, 12.5%
1-propanol, 0.5% triethylamine, pH 3/
Kromasil C18/isocratic

[182]

Eggs (4)/0.05M SDS, 10% 1-butanol,
0.5% triethylamine, pH 3/Kromasil C18/
isocratic/25 °C

[54]

Standard samples (2) 0.69M SDS/
Aqua C18/isocratic

[183]

Chicken muscles and liver, bovine meat
and liver, milk, and baby food (2)/0.1M
SDS, 10% acetonitrile, 0.3% triethyl-
amine, pH 4/Supelco Discovery HS C18

column/isocratic

[184]

Anti-infective: Ethopabate Chicken muscles and liver, eggs, and
baby food (1)/0.1M SDS, 10% 1-propa-
nol, 0.3% triethylamine, pH 4/Nucleo-
dur C18/isocratic

[185]

Antioxidants: Anserine, butylated
hydroxyanisole, butylated hydroxy-
toluene, carnosine, docecyl gallate,
hydroxytyrosol, nordihydroguaiaretic
acid, octyl gallate, propyl gallate, tert-
butylhydroquinone, 3-tert-buytl-4-

Edible oil (7)/0.1M SDS, 2.5% 1-propa-
nol, pH 3/Spherisorb ODS-2/isocratic

[186]

Sunflower, corn, and olive oils; marga-
rine, lard, and butter oil (4)/0.1M SDS,
2.5% 1-propanol, pH 3/Spherisorb
ODS-2/isocratic

[187]

(continued)
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Table 4.3 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution
mode/temperature

Ref.

hydroxyanisole, and 2,4,5-
trihydroxybutyrophenone

Powered and liquid milk, cream of
milk, and dietetic supplements (7)/
0.05–0.15M SDS, 1–9% 1-propanol,
pH 3/Spherisorb ODS-2/isocratic

[188]

Olive oil (5)/0.01M SDS, 30%
1-propanol acid, pH 2/Lichrosorb
RP-18/isocratic

[189]

Meat samples (2)/0.10M SDS, pH 7/
Kromasil amino/isocratic/25 °C

[190]

Olive extracts (1)/0.05M SDS, 4%
methanol, pH 7/Kromasil C18/isocratic

[191]

Aromatic amines: Benzidine, o-anisi-
dine, o-phenylenediamine, o-nitroani-
line, o-toluidine, p-chloroaniline,
p-cresidine, and p-toluidine

Waste waters (8)/0.085M SDS, 3.2%
1-pentanol, pH 7/Princeton Sphere-100
C18/isocratic

[192]

Biogenic amines and metabolites:
Agmatine, cadaverine, dopamine,
homovanilic acid, hydroxyindoleacetic
acid, histamine, 2-phenylethylamine,
putrescine, serotonin, spermidine, sper-
mine, tryptamine, tyramine, and agma-
tine sulfate

Trout samples (9)/0.4M SDS, 58–70%
acetonitrile, pH 3/LiChrospher RP-18/
gradient

[193]

Food substrates (9)/0.4M SDS, 58–70%
acetonitrile, pH 3/LiChrospher RP-18/
gradient

[194]

Fish sauce (4)/0.15M SDS, pH 7/Kro-
masil C18 column/isocratic

[195]

Carbamates: Carbaryl, carbofuran, des-
medipham, methiocarb, and propoxur

Commercial pesticide formulations and
water (5)/0.07M Brij-35/Kromasil C18/
isocratic

[196]

Water samples (3)/0.15M SDS, 6%
1-pentanol, pH 3/C18/isocratic

[197]

Cholesterol Food (1)/0.03M Brij-35, 10% 1-propa-
nol, pH 7.2/Zorbax CN/isocratic

[198]

Disulfiram Herbal preparations (1)/0.1M SDS, 4%
1-butanol, pH 7/C8/isocratic

[199]

Flavonoids: Chrysin, hesperetin, and
quercetin

Honey (3)/0.124M SDS, 7.8% ethanol,
5% acetic acid/Spherisorb C18/isocratic

[200]

Folylpolyglutamate hydrolase activity Crude tissue extracts (1)/0.2M SDS/
Whatman PXS 10/25 ODS/isocratic

[201]

Food additives: Curcumin, capsaicin,
and piperine

Spice samples (3)/0.15M SDS, 12.5%
1-propanol, pH 7/Kromasil C18/
isocratic/25 °C

[202]

Fungicides: Ammonium tetramethyle-
nedithiocarbamate, disodium ethylene-
bisdithiocarbamate, sodium N,N-
diethyldithiocarbamate, sodium N,N-

Pond water (5)/0.0125M CTAB, 30%
methanol, pH 6.8/μ-Bondapak CN/
isocratic

[203]
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dimethyldithiocarbamate, sodium
N-methyldithiocarbamate, and thiram

River water (1)/0.01M CTAB, 20% ace-
tonitrile, pH 6.3/Spherisorb ODS-2/
isocratic

[204]

Human growth hormone Escherichia coli fermentation broth/
0.035M SDS, 20–30% 1-propanol,
pH 6.4/Nucleosil C4/60 °C

[205]

Insecticides: Deltamethrin and
imidacloprid

Shampoo (1)/0.12M SDS, 9% 1-buta-
nol/Kromasil C18/isocratic

[206]

Fruit juices (1)/0.10M SDS, 2.5%
1-propanol, pH 7/Kromasil C18/
isocratic

[207]

Maleic hydrazide Tobacco (1)/0.004M CTAB, pH 7/
Hypersil ODS/isocratic

[208]

Melamine Dietetic supplements (1)/0.15M SDS,
pH 3/Kromasil C18/isocratic/25 °C

[209]

Preservatives: 4-Aminobenzoic acid,
benzoic acid, benzylalcohol, 2-hydroxy-
benzoic acid, 4-hydroxybenzoic acid; 4-
hydroxybenzoic acid esters or parabens
(methyl, ethyl, propyl and butyl) and
sorbic acid

Cosmetics (5)/0.1M SDS, 2.5% 1-prop-
anol, pH 3/Spherisorb ODS-2/isocratic

[210]

Cosmetics and food samples (7)/2%
Brij-35, 20% 1-propanol, pH 3/Lichro-
sorb ODS/isocratic

[211]

Cranberry juice (14)/0.045M SDS, 1.5%
1-pentanol, pH 2.5/Kromasil C18/
isocratic/40 °C

[212]

Cosmetics (5)/0.045M SDS/Zorbax SB
C18/isocratic/30 °C

[151]

Phenolic compounds and phospholipids:
Caffeic acid, p-coumaric acid, oleuro-
peina, and tyrosol;
Phosphatidylcholine and
phosphatidylethanolamine

Virgin olive oil (6)/0.07M SDS, 2.5%
2-propanol, pH 3/Nucleosil 120 C18/
isocratic

[213]

Phenothiazine drugs: Oxopromethazin,
dioxopromethazin, diethazin, prome-
thazin, promazin, chlorphenethazin,
chlorpromazin, perphenazin, and
fluphenazin

Standard (9)/0.005M CTAB, pH 4.6/
LiChrosorb C8/isocratic

[214]

Polyphenols: Chlorogenic acid, rutin,
and scopoletin

Tobacco (3)/0.022M SDS, 0.45%
1-propanol, pH 5/Eclipse XDB C18/
isocratic/25 °C

[215]

Proteins: Bovine serum albumine, chy-
motrypsinogen, β-lactoglobulin, lyso-
zime, myoglobin, ovalbumin, and
thyroglobulin

Mixtures of proteins and beef heart (5)/
Neodol 91-6, pH 7/Supelcosil LC-8/
isocratic

[216]

Steroids (anabolics and corticoids):
Androsterone, bolasterone, boldenone,
corticosterone, cortisone, cortisol,
dehydroepiandrosterone, deoxycorti-
costerone, epitestosterone,

Standard solutions (9)/0.075M SDS,
12.4% acetonitrile or 0.13M SDS, 4.5%
pentanol with 0.01M Tb(III)/Hypersil
C18/isocratic

[217]

(continued)
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re-extraction), using appropriate conditions (pH and solvent composition), fol-
lowed by evaporation of the solvent. In these operations, a suitable internal stan-
dard should be used to correct possible errors in the global procedure (even a
simple deproteinization step may cause analyte losses due to drug protein bind-
ing). The complexity of the procedures does not allow processing of a large
number of samples in a short period of time, which may be needed. An addi-
tional problem is the use and disposal of toxic solvents and chemicals, which are
dangerous not only to the analyst but also to the environment. The most prob-
lematic fluids are those that contain a high protein content, mainly blood,
plasma, and serum. The protein content of urine and cerebrospinal and intersti-
tial fluids is smaller.
This is the reason of the large effort dedicated to the development of systems

that can tolerate the direct injection of physiological fluids, avoiding all previous
preparation steps. Advantages are found related to the simplification of the pro-
cedures, the reduction in the analysis time with the consequent increase in sam-
ple throughput, and the improved accuracy and precision in the quantification of
the drugs.

Table 4.3 (Continued)

Compounds Sample (number of analytes)/mobile
phase/stationary phase/elution
mode/temperature

Ref.

hydroxyprogesterone, 11β-hydroxypro-
gesterone, 11-ketotestosterone, nandro-
lone, nandrolone decanoate,
medroxyprogesterone, medroxyproges-
terone acetate, methyltestosterone, pro-
gesterone, testosterone, testosterone
enanthate, and testosterone propionate

Standard solutions (13)/0.04M SDS,
5% 1-propanol/Hypersil C18/isocratic/
60 °C

[218]

Sugars: Arabinose, glucose, lactose,
maltose, and xylose

Infant formula and syrups (5)/0.017M
SDS, 7.7% ethanol, pH 6.7/Kromasil
100-10NH2/isocratic/35 °C

[219]

Sunscreen agents: 2-Ethylhexyl-4-dime-
thylaminobenzoate, 2-ethylhexyl-4-
methoxycynnamate, and 2-hydroxy-4-
methoxybenzophenone

Cosmetic products (3)/0.1M SDS, 10%
2-propanol, 0.3% triethylamine, pH 3/
Hypersil C8/isocratic

[192,220]

Tetracyclines: Chlortetracycline, doxy-
cycline, minocycline, oxytetracycline,
and tetracycline

Animal feeds (5)/0.05M SDS, 5%
1-butanol, pH 3/Hypersil ODS/
isocratic

[193,221]

Skin-lightening agents: Arbutin and
hydroquinone

Plant extracts and cosmetics (2)/
0.006M Brij-35, 1% acetonitrile,
pH 6/Nova-Pack C18/isocratic

[222]

Vanillin and ethylvanillin Smoking tobacco (2)/6% Brij-35/
Radicalpack C18/isocratic

[223]

Vitamins: A and E Standard (2)/3% (w/v) SDS, 15% butyl
alcohol, pH 7/C18/isocratic

[224]
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4.4.1.2 MLC: A Direct Injection Chromatographic Mode
MLC provides a solution to the direct injection of physiological samples through
the solubilization of the protein components in the physiological matrix by interac-
tion with the micelles in the mobile phase, and protection of the stationary phase
by coating with surfactant monomers to avoid clogging [8,225] (see Table 4.1).
The proteins are, therefore, swept harmlessly away, eluting with or shortly after
the solvent front (Figure 4.2). Micelles also release protein-bound drugs, which
results in higher concentrations in the mobile phase for partitioning to the station-
ary phase and detection, although displacement by micelles can be incomplete,
depending on the nature of the drug, protein binding, and mobile-phase composi-
tion. Interestingly, doubled peaks ascribed to the protein-bound (the peak at
shorter retention time) and unbound drug were observed for cephalosporins in
serum samples, injected directly into a C18 column and eluted with an SDS mobile
phase [89]. The results suggested that the protein binding of a drug might be eval-
uated, and for a strongly bound drug, the alteration of drug–protein binding by
changing the conditions, such as the pH, is required for the recovery and quantita-
tion of the total drug.
The anionic SDS is the most common surfactant in the analyses of physiologi-

cal fluids by MLC. The nonionic Brij-35 can also be used but has the dis-
advantage of its higher adsorption on C18-bonded stationary phases. Cationic
surfactants are not compatible, since they give rise to protein precipitation [7].
Sufficiently surfactant should be used in the mobile phase to obtain an adequate
coating of the reversed phase packing to prevent protein adsorption and keep
the endogenous proteins solubilized during a chromatographic run. Thus, the
surfactant concentration should be well above the CMC, and the organic solvent
content should be kept as low as possible. In a recent interesting methodology,
the physiological fluid was injected into a chromatographic system using initially
micellar conditions. Once the protein band was eluted, a gradient of organic sol-
vent was applied, which disrupted the micelles (going to the HSLC mode), in
order to elute highly retained compounds in a short time [112].
Conventional SDS-modified C18 columns can accommodate hundreds of

injections of physiological matrices without any increase in back pressure or
decrease in column performance (noticeable column damage). The use of the
same column for a large array of analyses eliminates the risk of nonreproducibil-
ity of offline procedures previous to the chromatographic separation. Another
advantage of the direct injection is the low sample demand of only a few micro-
liters, which is interesting in pediatric applications.
The first application of MLC to the assay of drugs in physiological fluids was

reported in 1985 [7]. In 1989, a kit for drug monitoring using MLC was
patented [227]. Today, the versatility of MLC has been demonstrated through
the numerous procedures reported for a wide range of drug classes normally
monitored, such as analgesics, anticancer drugs, antidepressants, bacteriostats,
β-blockers, bronchodilators, catecholamines, diuretics, and steroids, among
others (Table 4.1). Analytical procedures have been developed in urine, plasma,
serum, and cow milk samples (Figures 4.2–4.5). MLC seems to be also useful in
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Figure 4.2 Chromatograms of a standard
aqueous mixture of 50 ng/ml of three metabo-
lites of propranolol (a), and urine samples of a
volunteer before (b) and after (c) the ingestion
of a pharmaceutical preparation containing
propranolol. Mobile phase: 0.15M SDS-10%

v/v propanol at pH 4, flow rate 1ml/min, UV
detection at 210 nm. Column: Spherisorb
ODS-2 (125mm× 4.6mm i.d.). Peak identity:
NLT, α-naphthoxylactic acid; NAC, α-naph-
thoxyacetic acid; PPG, propranolol glycol.
(Reproduced with permission from Ref. [41].)
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Figure 4.3 Chromatograms of: (a) urine
spiked with four penicillins (10 μg/ml), (b) clox-
acillin excreted in urine as an unchanged drug
2 h after oral ingestion, and (c) cloxacillin
excreted 12 h after oral ingestion. All the
samples were 1 : 50 diluted with 0.05M SDS at
pH 3. Mobile phase: 0.11M SDS, 6% propanol

at pH 3, flow rate 1ml/min, UV detection at
210 nm. Column: Zorbax C18 (150mm× 4.6
mm i.d.). Peak identity: AMO, amoxicillin; CLO,
cloxacillin; DIC, dicloxacillin; and AMP,
ampicillin. (Reproduced with permission from
Ref. [53].)
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the screening of illegal drugs in sport (stimulants, narcotic analgesics, anabolic
steroids, β-blockers, and diuretics in urine samples) [228]. UV detection is usual,
but enhanced detection has been reported by measuring the absorbance in the
visible region of drug derivatives formed precolumn, and with a variety of other
techniques, such as fluorimetry, amperometry, inductively coupled plasma-mass
spectrometry (ICP-MS), and immunoassay (see Section 4.5).

Figure 4.4 Chromatograms of urine: (a) and
serum blanks (b), omeprazole excreted in
urine at 3 h (c) and 10 h (d) after oral adminis-
tration, and omeprazole in serum at 2 h
(e) and 6 h (f) after oral administration. Mobile
phase: 0.08M SDS,10% propanol at pH 7.

Column: Kromasil C18 (150mm× 4.6mm i.d.).
Peak identity: HOME, 5-hydroxyomeprazole;
OME, omeprazole; and OMES, omeprazole
sulphone. (Reproduced with permission from
Ref. [107].)
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4.4.1.3 Matrix Background Signal
As commented, the micelles in the mobile phase solubilize the high molecular
mass proteins. Meanwhile, the underlying alkyl-bonded silica phase is protected
by a constant layer of surfactant monomers. The proteins are not retained prob-
ably due to the formation of protein–surfactant complexes, which are excluded
from the pores of the stationary-phase support, appearing as a broad band at the
solvent front (Figures 4.2–4.4). This band is similar, although larger, to the back-
ground signal observed in conventional RPLC with physiological matrices, even
after carrying out a sample cleanup.
The matrix also contains endogenous compounds with peaks at diverse reten-

tion times, some of them standing out among other smaller peaks that may rep-
resent a serious interference, overlapping the peaks of the analytes and resulting
in a useless region in the chromatogram. Unfortunately, the high background

Figure 4.5 Chromatograms obtained from
milk samples: (a) blank milk at 260 nm,
(b) blank milk treated with the diazotization
and coupling reagents at 490 nm, and (c) milk
spiked with 25 ng/ml of several sulfonamides.
Mobile phase: 0.08M SDS, 8.5% propanol at
pH 3, flow rate 1ml/min, UV detection at

490 nm. Column: Kromasil C18 (250mm
× 4.6mm i.d.). Peak identity: ACE, sodium sul-
facetamide; MET, sulfamethiazole; GUA, sulfa-
guanidine; MER, sulfamerazine; THI,
sulfathiazole; and THO, sulfamethoxazole.
(Reproduced with permission from Ref. [47].)
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signal of the matrix at the beginning of the chromatogram and the peaks of
endogenous compounds can affect the detection of early-eluting compounds,
representing a limitation of the method. Only when the elution of the analyte
occurs after the protein band, the determination will be possible [93,229]. Drugs
eluting at shorter times will need extraction procedures. It is, thus, convenient to
decrease the retention of the protein band as much as possible. The profile of
the band depends on the mobile-phase composition and pH. It can be reduced if
UV detection is carried out at larger detection wavelength, or by dilution of the
physiological samples with 1% NaCl solution [38].
On the other hand, especial attention should be paid to the endogenous com-

pound yielding the largest peak in the chromatogram of urine matrix, whose
retention decreases at increasing concentration of surfactant and organic solvent
(this effect is less noticeable for the protein band). The endogenous compound
exhibits acid–base behavior in the usual working pH with pKa= 4.5–5.0. Its
retention is thus minimized in the pH 5.5–7.5 range. However, most analyses
are carried out with mobile phases at pH 2.5–3.5. Therefore, both drugs and
endogenous compounds should be considered in the optimization of the separa-
tion conditions to avoid overlapping.
The reliability of the direct injection approach requires reproducible background

signals. The position of the peak of the main endogenous compound in the MLC
chromatograms of urine matrix has been measured for male and female volunteers
of different ages, diets, and weights [229]. The variation in the retention time of the
peak among volunteers was <4%, similar to the variation for different urine sam-
ples taken from the same volunteer along 1–2 days. However, the width of the
band at the front of the chromatograms and the intensity of the peaks of the
endogenous compounds change for the extracts from different individuals.

4.4.1.4 Treatments Before MLC Analysis
The possible precipitation of proteinaceous material into the column in MLC
with SDS has been examined by several authors. The injection of a large number
of untreated urine or serum samples, or a large volume of sample, has been
observed to increase the back pressure of the system or even damage the packing
material, thus shortening the column life. Thus, the regeneration of the station-
ary phase is required after a number of injections. This can be made by flushing
with water, then with methanol and, occasionally, chloroform, to recover the
initial conditions. Changes in retention times were observed under severe
conditions: injection of a relatively large volume of urine sample (20 μl) without
dilution, and 40–50 analyses during 4–5 days using a volume of approximately
500ml of mobile phase recycled through the chromatographic system [12]. The
retention times were, however, recovered again after cleaning the system and
changing the solution used as mobile phase.
When a large number of repetitive consecutive injections should be per-

formed, some pretreatment of the sample before injection may be convenient.
For physiological fluids with small protein content as urine, it can consist of
only dilution (usually 1 : 5 to 1 : 25) and filtration (which can be carried out
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directly into the autosampler vials). This will keep the column operative for a
longer time, although injection of undiluted urine samples to reach smaller lim-
its of detection (LOD) is feasible. For fluids containing a large amount of pro-
teins (mainly plasma and serum), an additional centrifugation step is required.
Here, it should be noted that when a physiological sample is filtered prior to its
injection into the chromatographic system, the analytes may be retained on the
filter, which should be judiciously selected.
Using a guard column or cartridge located just before the column inlet has

also been recommended, which should be replaced after every 100 injections to
prevent column degradation. This will contribute to minimize column exposure
to undesirable compounds and prevent any possible column contamination in
the long-term. On the other hand, pressure increase and reduced retention times
have been observed with direct injection of serum and plasma samples in MLC
with mobile phases containing low concentration of surfactant (0.02M SDS) and
alcohol (which desorbs the surfactant from the stationary phase). The chromato-
grams have a much less noisy background by increasing the concentration of
SDS from 0.02 to 0.1M, probably due to better solubilization of proteins.
As commented, the broad background signal at the beginning of the chromato-

gram and the peaks of endogeneous (also exogeneous) compounds can eclipse the
detection of early-eluting drugs [229]. Another limitation of direct injection is that
the advantage of drug preconcentration in an extraction procedure prior to analysis
is lost, which reduces the LOD. This may force the analyst to inject a large volume
of untreated physiological fluid to determine drugs whose therapeutic ranges lie in
the ng/ml range, which will soon obstruct the analytical column and produce
buildup of strongly retained endogenous compounds. In addition, direct sample
injection is not possible when conjugate hydrolysis is needed. Therefore, in some
cases, a previous separation step should be carried out.
Some authors have considered the MLC approach still interesting for the con-

trol of drugs in physiological fluids, applied after extraction. Thus, in order to
remove the interferences and/or preconcentrate the drug, the determination of
endogeneous cortisol and cortisone was carried out after extraction with
dichloromethane [119], antipyrine metabolites were separated in plasma samples
after extraction with methylene chloride or using disposable C18-bonded porous
silica cartridges and methanol as eluent [72], chlorthalidone was extracted from
plasma with diethyl ether-2-propanol [91], catecholamines from urine through
alumina columns with 0.5M perchloric acid [230], and clenbuterol from urine
through a cation-exchange sorbent and elution with the same solvent used as
mobile phase containing SDS and butanol [231].

4.4.2

Analysis of Pharmaceutical Formulations

MLC is also competitive against conventional RPLC for the determination of
drugs in pharmaceutical formulations, since the samples can be injected into the
chromatographic system without the need of any treatment other than filtration,
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thus reducing sample preparation time [125] (see Table 4.2). Although the exci-
pients are often not soluble in the micellar medium, the drugs are easily
extracted when the samples are treated with micellar solutions. The addition of
a small amount of alcohol (methanol or ethanol) to the micellar media can
improve the solubility of the drugs. The chromatograms of the formulations
show a peak in the void-volume region that corresponds to the excipients
(Figure 4.6).
Sample preparation is very simple and depends on the type of presentation:

solids (capsules, tablets, pills, and powders), liquids (drops, solutions, suspen-
sions, sprays, oily injections, and syrups), ointments, and creams. To carry out
the analyses, a portion of the solids is dissolved in the micellar mobile phase.
The liquids are simply diluted with the mobile phase. If the sample contains high
concentrations of fat-soluble excipients, as is the case of ointments and creams,

Figure 4.6 Chromatograms of formulations
containing antianginals: (a) Diltiazem Edigen,
(b) Solgol 40, (c) Nifedipine Retard Bayvit, and
(d) Manidon 120 Retard. Peak identity: DIL,
diltiazem; NAD, nadolol; NIF, nifedipine; and

VER, verapamil. Mobile phase: 0.05M SDS, 5%
pentanol at pH 7, flow rate 2ml/min,
UV detection at 220 nm. Column: Kromasil C18
(150mm× 4.6mm i.d.). (Reproduced with
permission from Ref. [129].)
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a portion of the hybrid micellar mobile phase is added to obtain a clear solution
for analysis that is injected after filtration. The process is facilitated by the use of
mechanical stirring and ultrasonic bath. The recoveries usually agree with the
compositions declared by the manufacturers within the tolerance limits, and with
those obtained using reference RPLC procedures with hydro-organic mixtures,
although with a smaller consumption of organic solvent, or for polar compounds
even without organic solvent (mobile phase with only water and surfactant).

4.5
Detection Techniques in MLC

Several detection techniques have been coupled to MLC. The ability of micelles
to organize molecules and alter the microenvironment experienced by a solute
forms the basis to enhance spectroscopic methods. Often, micelles improve the
analytical performance of these and other detection methods by increasing the
sensitivity, modifying the selectivity, and overcoming some problems associated
with the use of hydro-organic solvents.

4.5.1
UV and Colorimetric Detection

UV detection at fixed wavelength is used in most reported MLC procedures.
This may allow LOD of drugs in the ng/ml range. However, the sensitivity is
insufficient for some analytes. The reduction of matrix interferences and confir-
mation of peak identity through diode array detection with the help of
Chemometrics still presents challenges. In some reports, precolumn derivatiza-
tion has been proposed to improve the sensitivity and selectivity of the analyses.
This is the case of a procedure developed for the determination of a mixture of
proline, glutamine, threonine, and tyrosine in urine after the precolumn forma-
tion of the copper(II) complexes and detection at 235 nm [34]. In another proce-
dure, several biogenic amines were determined using solid-phase extraction with
a C18 guard column installed instead of the filling loop in the HPLC apparatus,
combined with online derivatization with benzoyl chloride, which was acceler-
ated by the presence of the nonionic surfactant Triton X-114 [194]. Chromato-
graphic separation was further carried out by MLC with SDS and acetonitrile.
LOD were smaller than those obtained with simple fluorescence detection and
unparalleled to any other UV approach.
The high background observed at the beginning of the chromatogram of a

physiological sample, when the detection is performed at 230–280 nm, is elimi-
nated in the visible region. On the other hand, sulfonamides (which contain a
primary aromatic amine), elute close to the void volume in an MLC system,
owing to their relatively high polarity. The hydrophobicity (and thus, retention
and resolution) of these drugs can be increased by derivatization through the
classical coupling with N-(1-naphthyl)ethylenediamine dihydrochloride (NED,
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Bratton–Marshall reagent) after diazotization with nitrite, to obtain the azo dyes,
which absorb at 488 nm [47] The chromatogram of urine matrix treated with the
derivatization reagents produced only one peak, associated with an endogenous
compound that was also derivatized. This peak did not interfere, however, with
the quantitation of the sulfonamides.
A similar procedure was applied to thiazide diuretics [96]. The MLC analysis

of underivatized thiazides is difficult, especially for those with a Cl substituent,
due to overlapping with the protein band in urine, and the peak of an endoge-
neous compound. Only diuretics like chloraminophenamide can react directly
with nitrite and NED to form the azo dye. Other thiazide diuretics should be
hydrolyzed before hand in acid medium at 100 °C. This yields two different aryl-
amines, corresponding to thiazides with either Cl or CF3 substituents, with peaks
that can be detected at 530 nm. The derivatization step takes time, but the stabil-
ity of the hydrolyzed products and azo dyes allow the simultaneous treatment of
a large number of samples, which can be injected into the chromatograph along
a day run. Although the hydrolysis of the diuretics is not complete, the repro-
ducibility is good. However, as commented, thiazides giving the same hydrolysis
product cannot be differentiated.
Sensitive detection of catecholamines in urine (LOD= 4 ng/ml), separated with

SDS/1-propanol mobile phases after oxidation to aminochromes with hexacya-
noferrate(III), was achieved with thermal lens spectrometric detection [232].
This is a laser technique that allows measurement of extremely low absorbances,
based on the illumination of the sample by a laser beam with a Gaussian distri-
bution profile (e.g., the 488 nm line of an Ar+ laser), which is modulated at low
frequency (e.g., 2–4Hz). Nonradiative relaxation of the excited molecules pro-
duces a temperature distribution, which is maximal at the beam center, produc-
ing a refractive index gradient, which behaves as a diverging lens with a focal
length proportional to the concentration of the absorbing species, which is
probed with a He–Ne laser.

4.5.2

Miscellaneous Detection Techniques

In some cases, fluorimetric monitoring has yielded higher sensitivity and
improved selectivity in MLC, compared to absorption methods, as described for
diuretics, β-blockers, and calcium channel blockers, with LOD more adequate
for drug monitoring of concentration ranges normally encountered in serum
and urine [12,41]. The fluorescence background signal of the physiological
matrix at the solvent front, due to unretained proteins, is again the limiting fac-
tor in the LOD, although it is substantially smaller compared to UV detection.
The response varies by changing the excitation wavelength and pH.
MLC with sensitized fluorimetric detection has been suggested as a viable

alternative for steroid analysis in urine to decrease the LOD [233]. Most steroids
are nonfluorescent, and must be derivatized to be detected using fluorimetry.
This makes the methods too laborious. However, several anabolic steroids with

442 4 Micellar Liquid Chromatography: Method Development and Applications



an α,β-unsaturated carbonyl group (e.g., medroxyprogesterone, medroxyproges-
terone acetate, methyltestosterone, nandrolone, nandrolone decanoate, proges-
terone, testosterone, testosterone enanthate, and testosterone propionate) are
able to sensitize the fluorescence of lanthanide ions, such as Tb3+ with 245 and
545 nm as excitation and emission wavelengths, respectively. Sensitized fluores-
cence is achieved when a molecule (the donor) transfers energy to the low
absorbing lanthanide ion (the acceptor), which enhances greatly its fluorescence.
The efficiency of the energy transfer depends on the proximity of the excited
triplet level of the donor and the excited singlet level of the acceptor, which
should be slightly lower. The fluorescence yield depends also on the spatial prox-
imity between donor and acceptor. Micellar media can favor this proximity,
since both donor and acceptor can be accommodated simultaneously in the
micelles. Micelles are also effective in separating excited steroid molecules from
each other, reducing triplet–triplet annihilation. The micellar medium can be
introduced into the system in two ways: (i) as a postcolumn reagent in conven-
tional RPLC with hydro-organic mobile phases (ii) and directly into an MLC sys-
tem. The former method gives somewhat better sensitivity but requires prior
extraction of the steroids. The instrumentation for postcolumn addition involves
a further degree of complication.
Another procedure, based on fluorescence measurements, consists in the use

of cetylpyridinium chloride (CPC) as micellar mobile-phase modifier and selec-
tive fluorescence quenching agent of alternant polycyclic aromatic hydrocarbons
(PAHs), with little effect on the nonalternants [234]. This simplifies fluores-
cence-detected chromatograms of complex PAHs samples. Since micelles only
composed of pure CPC would quench fluorescence signal of all PAHs, cetyltri-
methylammonium bromide, which is not a fluorescence quencher and has simi-
lar properties to CPC (a C16 tail and positively charged head groups), is used as
cosurfactant to lower the concentration of CPC in the mobile phase.
In the early development of MLC, phosphorimetry was proposed for detection

and quantitation in the analysis of mixtures of PAHs and substituted aromatic
compounds, using a solution of tallium dodecyl sulfate or SDS with tallium ion
added as mobile phase [10]. The delicate appearance of phosphorescence at
room temperature is due to the protection of the fragile triplet excited state by
micelles. Although less sensitive than classical fluorescence detection, the selec-
tivity is improved with phosphorimetric detection owing to the spectral differen-
tiation, since not all molecules that fluoresce will phosphoresce, and for those
that do, the emission is red-shifted relative to the fluorescence, occurring in a
less crowded spectral region.
MLC has also been applied to elemental speciation, taking advantage of the

low LOD achieved with ICP-MS. The applicability of MLC direct injection with
ICP-MS detection of “dirty samples”, in “real-life” situations, was demonstrated
by determining arsenic compounds (As(III), As(V), monomethylarsonic acid,
and dimethylarsenic acid) in urine [235] and chlorides of dimethyltin, trimethyl-
tin, dibutyltin, tributyltin, diphenyltin, and triphenyltin in seawater [236], which
were fully resolved within 20min using butyl group bonded silica gel as
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stationary phase and tris-(hydroxymethyl)aminomethane dodecyl sulfate in the
mobile phase. LOD were within the pg range.
Electron transfer processes offer highly sensitive and selective methods for

detection of solutes in flowing streams in MLC. Various techniques have been
devised for these measurements, with the most popular being based on the
application of a fixed potential to a glassy carbon solid electrode. Mobile phases
containing a surfactant have been reported to prevent the effects of adsorptive
fouling of these electrodes [11]. Amperometric detection was successful in
detecting several drugs and endogeneous compounds in urine samples.
MLC has also been successful in combination with immunoassay detection. The

activity of enzymes (natural polypeptidic molecules) decreases rapidly and
irreversibly due to denaturation when mixed with organic solvents. Using conven-
tional RPLC, after the separation, the fraction containing the analyte is collected
and the eluent is evaporated to remove the organic solvent. The sample is then
dissolved in a buffer compatible with the immunoassay. This time-consuming pro-
cedure is hard to automate and may lead to erroneous results due to a decrease in
recovery and a potential risk of contamination. On the other hand, the denatura-
tion problem with hydro-organic mixtures using online enzyme reactors in RPLC
is expensive due to the frequent replacement of the reactor damaged by the
organic solvent in the mobile phase. The use of a minimal amount of organic sol-
vent in the mobile phase or dilution of the mobile phase before entering the post-
column enzyme reactor has been proposed to reduce this problem. However, these
solutions result in either prohibitively long retention times or loss in sensitivity.
This can be obviated when using MLC with a mobile phase compatible with the
immunoassay [13,198]. Examples have been developed for determining cholesterol
and several metabolites using mobile phases of the surfactant Tween 20 and UV
detection, and amino acids using mobile phases of Brij-35 and fluorimetric detec-
tion. Ionic surfactants are not adequate since they bind to charged groups on pro-
teins and/or enzymes blocking them. Instead, nonionic surfactants allow the
enzyme activity to remain at a higher level and for much longer time than with
conventional RPLC, allowing lower LOD.
Finally, radiometric detection has been reported in combination with MLC

and HSLC, using SDS as surfactant [111–114]. The determination of radiometa-
bolites in plasma samples taken during a positron emission tomography (PET)
study is an important component in the pharmacokinetic evaluation of PET
radioligands. MLC in combination with HSLC allowed direct plasma injection
into the RPLC column and short retention times. Excellent separation of target
PET radioligand from its radiometabolites was achieved. The method is advanta-
geous in terms of simplifying and shortening the processes required to analyze
short-lived radioligands, as well as in providing more accurate estimations, espe-
cially for the radioligands with lower recoveries or degradation potential during
the deproteination process in a conventional procedure. The developed method
was successfully applied to study the metabolism for a wide variety of 11C and
18F labeled radioligands, providing reliable determinations in human and mon-
key plasma. The improved sensitivity and throughput permits the analysis of a
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large number of plasma samples for accurate determination of PET radioligands
during quantitative PET imaging studies.

4.6
Can MLC Still be More Squeezed?

In Chapter 3 and this chapter, the birth of the MLC technique, its basic princi-
ples, the retention mechanisms, the correct protocol to work with mobile phases
containing surfactants, and the main applications developed in several fields
have been described. Each year, new analytical MLC procedures are reported,
including some interesting new applications, especially related with the direct
injection of the sample in the chromatographic system. However, the number
of reports in MLC is still a minority with regard to conventional RPLC. Indeed,
some of the reasons that explain the relatively few applications reported to date
for MLC in clinical and toxicological analyses may be that most of the present
extraction/reconstitution methods are well established, or the method develop-
ment in MLC is unfamiliar.
In our opinion, there is no doubt that the ability to inject physiological sam-

ples directly into a micellar system will be largely exploited in the future. As
more people become familiar with the MLC mode, the possibilities for its devel-
opment will increase. As commented, in MLC the analytical procedures are sim-
plified, but there may also be economic reasons for using this chromatographic
mode: less favored laboratories can take advantage from the work with MLC due
to the smaller amount of organic solvent needed and the smaller requirement of
gradient elution. Also, the demand for environment-friendly techniques is also
increasing. Several applications described in the literature involving MLC use
surfactants (SDS or Brij-35) in the mobile phase without the addition of an
organic solvent. This permits to consider MLC as a promising “green” technique.
On the other hand, the new surfactant-mediated mode called high submicellar

liquid chromatography can solve new or traditional problems found in the
micellar mode or conventional RPLC. Strongly retained compounds in MLC can
be resolved within short analysis times, which may allow the development of
relatively fast methods. Also, new or hardly explored fields such as the use of
ionic liquids that are able to form micelles and mixed micelles or the examina-
tion of new surfactants are still pending development. The direct online coupling
with mass spectrometry is still the most important issue to be solved.
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