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a b s t r a c t

Capillary electromigration techniques are often considered ideal methods for the analysis of chiral com-
pounds due to the high resolution power and flexibility of the technique. Therefore, especially capillary
electrophoresis using a chiral selector in the background electrolyte, also termed electrokinetic chro-
matography, has found widespread acceptance in analytical enantioseparations of drug compounds in
pharmaceuticals and biological media. Moreover, mechanistic studies on analyte complexation by the
vailable online 23 November 2010
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chiral selectors have continuously been conducted in an effort to rationalize enantioseparation phenom-
ena. These studies combined capillary electrophoresis with spectroscopic techniques such as nuclear
magnetic resonance and/or molecular modeling. The present review focuses on recent examples of mech-
anistic aspects of capillary electromigration enantioseparations and summarizes recent applications of
chiral pharmaceutical and biomedical analysis published between January 2009 and August 2010.
eview © 2010 Elsevier B.V. All rights reserved.
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. Introduction

The importance of the stereochemistry of pharmaceutical drugs
s well recognized as stereoisomers often differ in their pharma-
ological, toxicological and/or pharmacokinetic profile. This has
lso affected the requirements for chiral compounds by regulatory
uthorities worldwide. For example, the Food and Drug Adminis-
ration (FDA) and the European Medicines Agency (EMA) require
he development of a single enantiomer of a drug candidate if the

enantiomer drugs, while 4 drugs are achiral compounds, 3 prod-
ucts are marketed as racemates and one product is a combination
of a chiral and a racemic drug [1]. In fact, the top 3 products are sin-
gle enantiomer drugs. For drug development and quality control
the determination of the stereoisomeric composition and purity of
a compound requires sensitive and accurate analytical methods in
order to determine the stereoisomer ratios in synthetic products,
pharmaceutical formulations and biological samples.

Among the separation techniques, high-performance liquid

nantiomers differ qualitatively or quantitatively in their pharma-
ological action or toxicological profile. As a consequence, 12 drugs
f the top 20 products according to their sale in 2009 are single

∗ Fax: +49 3641 949830.
E-mail address: gerhard.scriba@uni-jena.de

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.11.018
chromatography (HPLC) and capillary electrophoresis (CE) are most
often applied in stereoisomer analysis. Specific advantages of CE are
the high separation efficiency, rapid method development and con-

sumption of only small amounts of chemicals and drugs. The most
common modes of chiral CE are electrokinetic chromatography
(EKC) in the presence of a chiral selector, micellar electroki-
netic chromatography (MEKC) and more recently microemulsion

dx.doi.org/10.1016/j.jpba.2010.11.018
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:gerhard.scriba@uni-jena.de
dx.doi.org/10.1016/j.jpba.2010.11.018


l and B

e
t
h
t

c
d
w
f
e
2
b
p
g
r
m
c

2

a
c
S
(
l
m
b

2

i
p
t
c
e
h
o
t
m
a
N
l
o
a

i
t
b
n
C
t
t
i
O
C
(
e
o
a
s
f
i
t

G.K.E. Scriba / Journal of Pharmaceutica

lectrokinetic chromatography (MEEKC). Moreover, capillary elec-
rochromatography (CEC) has been investigated combining the
igh efficiency of electromigration techniques with the high selec-
ivity of stationary phases.

Within the many analytes and applications of pharmaceuti-
al, chemical, environmental and natural products that have been
escribed for chiral electromigration techniques the present review
ill focus on pharmaceutical and biomedical applications. With a

ew exceptions of research which appeared to be of specific inter-
st, only publications dating between January 2009 and August
010 have been considered. Previously published literature has
een summarized in recent reviews on the stereoisomer analysis of
harmaceuticals [2–4] and drug analysis in biological media [5,6],
eneral pharmaceutical analysis by CE [7–10] as well as in general
eviews on chiral electromigration techniques [11–15]. Further-
ore, the reader is referred to recently published monographs on

hiral CE [16] and CE in pharmaceutical analysis [17].

. Fundamental aspects

Efforts have continued to evaluate the structure of
nalyte–selector complexes in an attempt to understand the
omplexation behavior and its effect on analyte separation in EKC.
pectroscopic techniques such as nuclear magnetic resonance
NMR) spectroscopy, X-ray crystallography as well as molecu-
ar modeling have been employed. Furthermore, mathematical

odels were developed to quantitatively describe the migration
ehavior of analytes.

.1. Spectroscopic methods in analyte–selector complexation

A comprehensive review on chiral recognition mechanism stud-
es primarily by spectroscopic and modeling techniques has been
ublished by Lämmerhofer [18]. Uccello-Barretta et al. reviewed
he use of NMR for the rationalization of enantiorecognition pro-
esses [19]. The application of chemoinformatic techniques to the
xploration of enantioselective molecular recognition mechanisms
as been summarized in [20]. Furthermore, a web-based program
n CD-ligand complexation data has been described [21]. Although
hese publications focus on enantiorecognition processes in chro-

atography conclusions may certainly be drawn from these for EKC
s well. Most publications combining CE enantioseparations and
MR spectroscopy investigated the interaction between the ana-

ytes and CDs. However, an increasing number of studies dealt with
ther classes of chiral selectors as well as the interaction between
nalytes and chiral micelles.

Servais et al. have performed a number of NMR and CE stud-
es in an attempt to rationalize the affinity pattern of CDs towards
he enantiomers of propranolol in aqueous [22] and non-aqueous
ackground electrolytes [23]. The migration order of the propra-
olol enantiomers was investigated in the presence of various
Ds in aqueous buffers, pH 3.0 [22]. Using �-CD or the neu-
ral derivative 2,3,6-trimethyl-�-CD (TM-�-CD) as chiral selector
he S-enantiomer migrated in front of the R-enantiomer while
n the presence of sulfated single isomer CDs, i.e. heptakis(6-
-sulfo)-�-CD (HS-�-CD), heptakis(2,3-O-diacetyl-6-O-sulfo)-�-
D (HDAS-�-CD) and heptakis(2,3-O-dimethyl-6-O-sulfo)-�-CD
HDMS-�-CD), the migration order was reversed so that the R-
nantiomer migrated in front of the S-enantiomer. The migration
rder is stated as obtained in the normal polarity mode (detection
t the cathode) despite the fact that reversed polarity was applied in

ome cases. Subsequent NMR measurements including 1D rotating
rame nuclear Overhauser effect spectroscopy (1D ROESY) exper-
ments revealed that the naphthyl moiety of propranolol enters
he cavity of �-CD from the wider rim containing the secondary
iomedical Analysis 55 (2011) 688–701 689

hydroxyl groups while the naphthyl residue enters the cavity of
HS-�-CD from the narrower rim bearing the primary hydroxyl
groups which are derivatized with the sulfate groups. These struc-
tural differences of the transient diastereomeric propranolol–CD
complexes explain the differences in the enantiomer migration
order observed in CE experiments. Comparing the migration behav-
ior of the propranolol enantiomers in aqueous and non-aqueous
background electrolytes opposite enantiomer migration order was
noted in the presence of HDMS-�-CD when the aqueous buffer was
switched to a non-aqueous background electrolyte [23]. In con-
trast, the migration order remained the same using HDAS-�-CD
independent of the nature of the background electrolyte. As above,
the migration order is stated as obtained in the normal polarity
mode (detection at the cathode). The structures of the complexes
between the propranolol enantiomers and both CD derivatives
were investigated by 1D ROESY experiments in aqueous and non-
aqueous electrolyte solutions. In an aqueous solution, an inclusion
complex between HDAS-�-CD and the analytes was apparently not
formed as indicated by the lack of significant nuclear Overhauser
effects (NOE) between propranolol protons and CD protons located
inside the cavity in the 1D ROESY spectra. In contrast, strong inter-
actions between the protons of the side chain of the propranolol
molecule and the H3 and H5 protons inside the cavity of HDAS-
�-CD were observed as were interactions between protons of the
naphthyl moiety and the H2 and H4 protons of the CD located
outside of the cavity. This suggests a structure of the complex
with the side chain of propranolol entering the CD cavity from
the wider, secondary rim of the CD as depicted in Fig. 1A for (R)-
propranolol. Despite the fact that different complexes were formed,
an identical migration order of the propranolol enantiomers in both
types of background electrolyte was observed using HDAS-�-CD as
chiral selector. In the case of the complexes between the propra-
nolol enantiomers and HDMS-�-CD in aqueous and non-aqueous
solutions the opposite situation was observed in the 1D ROESY
experiments. Thus, an inclusion complex was formed in the aque-
ous background electrolyte, while no analyte inclusion appeared to
occur in non-aqueous solutions. Moreover, a completely different
complex was formed between the propranolol enantiomers and
HDMS-�-CD compared to the propranolol–HDAS-�-CD complex.
Thus, as indicated by the NOE the naphthyl moiety of propranolol
enters the cavity of HDMS-�-CD from the narrower, primary side
as shown in Fig. 1B. The different complexes formed in aqueous and
non-aqueous solutions may be the reason for the inversion of the
enantiomer migration order observed in the CE experiments in the
presence of HDMS-�-CD. Thus, different complexes, i.e. inclusion
and non-inclusion complexes, do not necessarily translate into an
opposite enantiomer migration order. Moreover, the study demon-
strated for the first time that different complexes of an analyte may
be formed in aqueous and non-aqueous electrolyte solutions.

Chankvetadze and co-workers have performed a study includ-
ing NMR and EKC in order to explain the migration behavior of the
enantiomers of cis-ketoconazole and cis-terconazole in the pres-
ence of 2-hydroxypropyl-�-CD (HP-�-CD) [24]. Both compounds
showed a selector concentration-dependent reversal of the enan-
tiomer migration order in a 100 mM sodium phosphate buffer, pH
3.0, as background electrolyte (Fig. 2). The complexation constants
were determined by NMR and CE. Although the absolute values
differed depending on the technique, 2S,4R-ketoconazole and (−)-
cis-terconazole were complexed stronger which is in agreement
with the migration order observed at low HP-�-CD concentra-
tions. However, the stronger complexes also displayed the higher
complex mobilities. As a consequence, the enantiomer migration

order is reversed at high CD concentrations when the enantiomers
essentially exist only in the complexed form and complex mobility
becomes the dominant factor responsible for the enantiosepa-
ration. The authors concluded that this can be considered as
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ig. 1. 1D ROESY spectrum and proposed structure of the R-propranolol–CD compl
ackground electrolyte. The spectra show the responses of the propranolol protons
dapted from [23] with permission.

xperimental proof of the earlier proposed theory of the possibility
f EKC separations based solely on differences in the mobilities of
he analyte–selector complexes [25,26].

Jamali et al. studied a dual CD system for the enantiosep-
ration of glitazone compounds pioglitazone, rosiglitazone and
alaglitazone [27]. Using either 2,6-dimethyl-�-CD (DM-�-CD) or
ulfobutylether-�-CD (SBE-�-CD) as chiral selector the separation
f the test compounds was observed at pH 2.5 and 9.3, respec-
ively, but a single CD proved to be insufficient to achieve the
esired resolution RS > 3. Thus, a dual CD system was optimized
y factorial design. Although the optimum concentrations of the
Ds were different for each compound a generic separation system

onsisting of 3 mM DM-�-CD and 12 mM SBE-�-CD in a 50 mM
orate buffer, pH 9.7, was identified resulting in RS > 5 for all gli-
azones. In NMR experiments rosiglitazone was investigated with
he individual CDs as well as the CD mixture. SBE-�-CD inter-
HDAS-�-CD in methanolic background electrolyte and (B) HDMS-�-CD in aqueous
irradiation of the CD protons.

acted primarily with the pyridine moiety, while in the case of
DM-�-CD the main interaction occurred with the phenyl moiety
of the glitazone molecule. The authors concluded from the EKC
and NMR experiments that both CDs act as chiral selectors and
SBE-�-CD additionally increases the migration time resulting in
an optimized enantioseparation. Moreover, the CDs appeared to
display opposite chiral recognition towards the enantiomers result-
ing in the superior enantioseparation compared to the use of a
single CD as chiral selector. Further recent studies using NMR spec-
troscopy for the understanding of analyte complexation by CDs in
CE separations include the enantioresolutions of vinca alkaloids by
several �-CD and �-CD derivatives [28], tosyl and dansyl deriva-

tives of pregabalin by �-CD [29] and chiral carboxylic acids by
pyrrolidinium-�-CD [30].

A combined CE and NMR study was performed to investigate
enantioseparation of catechin by sinorhizobial octasaccharides
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Fig. 2. Effect of the concentration of HP-�-CD on the enantioseparations of cis-
ketoconazole (A) and cis-terconazole. Experimental conditions: 64.5/56 cm, 50 �m
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of a triadimenol analog. Parametric Method 3 semiempirical
d fused-silica capillary, 0.1 M sodium phosphate, pH 3.0, 30 kV, 15 ◦C, 200 nm.
eproduced from [24] with permission.

roduced by Sinorhizobium meliloti [31]. The linear saccharides
iffer in the degree of succinylation. While no enantioseparation
as observed in the presence of the derivative without a succinyl

ubstituent, derivatives with 1 or 2 succinyl groups effectively sep-
rated the enantiomers of catechin. In 13C NMR measurements
plitting of signals of catechin was observed in the presence of
ll studied succinoglycans indicating that chiral recognition occurs
ith all saccharides. However, as the peak splitting was more pro-
ounced for succinyl substituted derivatives the authors concluded
hat the succinyl groups could be involved in the recognition or dis-
rimination in the enantioseparation of catechin. 1H and 13C NMR
pectroscopy was also employed to explain the chiral recognition
bility of amylose towards several basic analytes and ibuprofen
32]. All test compounds were resolved in neutral to acidic back-
round electrolytes containing 1.5% amylose. While the separation
f some analytes could be explained by inclusion into the cavi-
ies formed by the helical structures of amylose the molecular size
f other compounds appeared to be too large for inclusion. Upon
ncreasing the temperature in order to destroy the helical struc-
ures of amylose the enantioseparation of the smaller compounds
eteriorated while the temperature did not affect the resolution
f the larger molecules. NMR measurements indicated signal split-
ing, i.e. chiral recognition, at low temperatures for the small-sized

olecules which disappeared at higher temperatures. Recognition
id not change with temperature in case of the larger molecules. A

imilar effect was observed upon addition of iodine which appar-
ntly competed with the smaller molecules for inclusion into the
avities. Thus, chiral recognition of amylose exists even in the
iomedical Analysis 55 (2011) 688–701 691

absence of helical structures. Consequently, the authors distin-
guished between a helical-dependent and an ahelical-dependent
recognition mechanism.

Besides studies on carbohydrate-derived chiral selectors, the
interaction between 1,1′-binaphthyl-2,2′-diylhydrogenphosphate
(BNDHP) and chiral micelles has been studied by NMR. The group of
Morris investigated molecular micelles containing chiral dipeptide
headgroups such as poly(sodium N-undecanoyl-l-leucylleucinate)
[33]. Nuclear Overhauser enhancement spectroscopy (NOESY)
revealed that the N-terminal amino acid of the dipeptide headgroup
was the preferred site of chiral recognition. The H3/H3′ and H4/H4′

protons of BNDHP interacted strongly with the amino acid moiety
while the H6/H6′ and H7/H7′ protons primarily interacted with the
hydrocarbon side chain. Pulsed field gradient NMR diffusion mea-
surements showed that differences in the free energies of binding
of the BNDHP enantiomers correlated with the chiral selectivities
observed in MEKC in the presence of the molecular micelles. In
31P NMR experiments of the PNDHP enantiomers in the presence
of sodium cholate above the critical micelle concentration a larger
upfield shift was observed for the S-enantiomer which correlates
with the longer residence times of the S-enantiomer in the micelles
found in MEKC [34]. Mobilities of the BNDHP enantiomers in MEKC
as a function of the sodium cholate concentration in the background
electrolyte were in agreement with the chemical shifts of the 31P
NMR signals. In 1H NMR experiments the H5/H5′ and H7/H7′ pro-
tons of BNDHP displayed the largest shifts indicating that this part
of the molecule interacts primarily with the cholate micelles.

Nagata et al. concluded from a X-ray analysis of single crystals of
the chiral crown ether (+)-(18-crown-6)-2,3,11,12-tetracarboxylic
acid ((+)-18C6H4) with glycine, methylamine, ammonium and
H3O+ on the conformation of (+)-18C6H4 as selector in chiral sepa-
rations [35]. In the complex with glycine (+)-18C6H4 exhibited an
asymmetric C1-type conformation forming a bowl-like shape with
the N–H and C�–H protons of the amino acid interacting with the
oxygen atoms as well as the carboxylate groups of the ring system
(Fig. 3A). Complexation of ammonium or methylamine resulted
in symmetrical conformations of the crown ether (Fig. 3B). The
authors concluded that the asymmetric C1-type conformation is
required for chiral separation of racemic amino acids and amines.
They suggested a conformational sequence of successive rotations
in the macrocyle that results in the formation of the asymmetric
structure necessary for enantiorecognition of analytes. Interest-
ingly, an asymmetric complex was also formed in the presence
of protons. As EKC separations using (+)-18C6H4 as chiral selec-
tor are typically performed in acidic background electrolytes the
authors suggested that a pH-dependent promotive effect towards
the conformational change of the crown ether exists.

2.2. Chiral CE separations combined with molecular modeling

Zhang et al. used a set of 25 triadimenol analogs for the anal-
ysis of the chiral recognition mechanism by carboxymethyl-�-CD
(CM-�-CD) [36]. Using standardized conditions of 5 mM of CM-�-
CD in 30 mM sodium dihydrogen phosphate, pH 2.2, and a voltage
of 20 kV at 20 ◦C 20 compounds could be resolved. Subsequent
molecular docking performed for each compound and CM-�-CD
indicated that a hydrophobic interaction and two hydrogen bonds
were involved in the interaction between the CD and the tri-
adimenol enantiomers. A mathematical model was constructed
correlating the interaction energies of the molecular docking
calculations and the resolution found in the EKC enantiosepara-
tions. The model could be used to predict the chiral separation
molecular orbital calculations have also been used to rational-
ize the CE enantioseparations of salsolinol, N-methyl-salsolinol,
and 1-benzyltetrahydroisoquinoline by �-CD [37]. The stabiliza-
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ig. 3. Molecular conformation and interactions between (+)-18C6H4 and (A) gly
epresent hydrogen bonds.
dapted from [35] with permission.

ion energies of the inclusion complexes correlated with the
nantiomer migration order observed in CE. Molecular modeling
tudies were also applied to understand the interaction between
athecin enantiomers and mono-succinyl-�-CD [38], between
minoglutethimide and methyl-�-CD [39], and the enantiosepa-
ations of modafinil [40] and ofloxacin as well as ornidazole [41]
y sulfated �-CD, as well as the separation of the enantiomers of
rimaquine and quinocide in the presence of �-CD, �-CD or (+)-
8C6H4 [42].

Multivariate image analysis-quantitative structure property
elationship (MIA-QSPR) modeling has been applied to predict
he enantiomer migration order of aromatic amino acids and
mino acid esters using (+)-18C6H4 as chiral selector in a Tris-
itric acid buffer, pH 4.0 [43]. The MIA descriptors as pixels
btained from images of the structures of the compounds were
orrelated to the migration time of the compounds reported in
he literature by partial least squares analysis. Good correla-
ion between predicted and experimental migration times was
chieved with the L-stereoisomers always migrating faster than
he respective D-enantiomers. The model could be cross validated
y leave-out-samples. The authors concluded that the MIA-QSPR
ethod included physicochemical information related to the spa-

ial arrangement of the molecules.

.3. Migration models

Two different mechanisms contribute on a macroscopic level
o enantioseparations using a chiral selector in CE, a chromato-
raphic and an electrophoretic principle as also discussed in many
eview papers such as [13,25,26,44,45]. According to the funda-
ental equation introduced by Wren and Rowe [46], the effective
obility of an analyte, �eff, interacting with a chiral selector is
function of the mobility of the free analyte, �f, the (limiting)
obility of the analyte–selector complex, �cplx, the complexation

onstant, K (also referred to as binding constant or distribution con-
tant), and the concentration of the chiral selector, cCS, as described
y:

eff = �f + �cplxKccs

1 + Kccs
(1)

An enantioseparation is observed when the effective mobilities
f the enantiomers differ, i.e. �� = �eff

1 − �eff
2 . The chromato-

raphic enantioselective mechanism (also referred to as the
hermodynamic mechanism) is the result of different affinities of

he enantiomers towards the chiral selector, i.e. K1 /= K2. The elec-
rophoretic enantioselective mechanism is due to differences in
he limiting mobilities of the enantiomer–selector complexes, i.e.

cplx
1 /= �cplx

2 , caused by differences in the hydrodynamic radii of
nd (B) ammonia. The guest molecule is drawn with open bonds, the dotted lines

the complexes. Both mechanisms can contribute simultaneously
but the chromatographic mechanism is typically the predom-
inant mechanism because the hydrodynamic radii of the two
enantiomer–selector complexes do not differ significantly and the
effective charges of the two complexes are identical. An exception
is the occurrence of a complexation induced pKa shift which can
lead to different charge densities of the complexes at a given pH of
the background electrolyte [47].

Dubsky et al. have used a theoretical model to explain the
often observed superior enantioseparation selectivity of randomly
substituted CDs compared to single isomer CDs [48] based on a
model derived from an earlier publication on the enantioseparation
using multiple chiral selectors [49]. The randomly substituted CD is
treated as a mixture of a (large) number of defined chiral selectors
with different substitution patterns. In such a system the effective
mobility can be described by an equation formally identical to the
equation used for a single selector system, i.e.:

�eff
i = �f + �over

i
Kover

i
ctot

cs

1 + Koverctot
cs

(2)

where �f is the mobility of the free analyte, ctot
cs is the total concen-

tration of the mixture of chiral selectors, i.e. the CDs with different
substitution patterns. Kover

i
and �over

i
are the overall (apparent)

complexation constants and the overall (apparent) limiting mobil-
ities of the complexes, respectively. Kover

i
is defined by:

Kover
i =

∑

q

�qKq
i

(3)

where �q is the molar fraction of the qth CD substitution isomer in
the mixture and Kq

i
the individual apparent complexation constants

of the analyte with the qth CD isomer. Thus, the overall complexa-
tion constant of a multiple isomer CD system is the weighted sum
of all individual constants with the mol fractions of the individual
CDs as the weights. �over

i
is given by:

�over
i =

∑
q�qKq

i
�q

i

Kover
i

(4)

Eq. (4) illustrates that the overall limiting mobility of an enan-
tiomer interacting with a mixture of CD isomers is no longer
an independent physico-chemical (electrophoretic) property but
depends on the distribution of the enantiomer between chiral and
achiral environments represented by the complexation constants
Kover

i
. Thus, �over

i
becomes an apparent parameter influenced by
both, the chromatographic and electrophoretic mechanisms. Con-
sequently, the overall limiting mobilities of two enantiomers, �over

1
and �over

2 , may substantially differ even if resulting from other-
wise essentially equal individual mobilities for every qth CD in the
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somer mixture, i.e. �q
1 = �q

2. Thus, even if enantiomers are sep-
rated solely on the chromatographic basis using one or another
ingle isomer CD of the mixture an additional electrophoretic sep-
ration mechanism may appear if the two CDs are combined. This
s even more likely when a mixture of many individual CD isomers
s used as it is the case in randomly substituted CDs. The validity of
he theory was demonstrated by comparing the enantioseparation
f lorazepam using randomly substituted highly sulfated �-CD (S-
-CD) and the single isomer heptakis(6-O-sulfo)-�-CD (HS-�-CD).
ssentially equal limiting mobilities of the enantiomers of �over

i
of

25.0 ± 0.8 × 10−9 V m2 s−1 and −25.5 ± 0.8 × 10−9 V m2 s−1 were
ound for HS-�-CD while substantially differing mobilities of
7.9 ± 0.9 × 10−9 V m2 s−1 and −22.8 ± 0.3 × 10−9 V m2 s−1 were
etermined in the case of S-�-CD as a mixture of many CD isomers.
he affinity of HS-�-CD towards the enantiomers of lorazepam was
bout 4-fold higher compared to S-�-CD based on the complexa-
ion constants but the chromatographic selectivity expressed as the
atio of the complexation constants was similar for both systems,
.29 for HS-�-CD and 1.33 in the case of S-�-CD.

Based on the selectivity model developed by Vigh and co-
orkers [50] for weak bases and neutral chiral selectors a
athematical approach was undertaken in an attempt to rational-

ze the pH- and selector concentration-dependent reversal of the
nantiomer migration order in EKC [51,52]. Although deduced for
eak bases and neutral chiral selectors the mathematical approach

an be easily transferred to acids or charged selectors by minor
odifications of the model. Considering the protonation equilib-

ia of the free base and the analyte–selector complex as well as
he complexation equilibria between the protonated and neutral
pecies of the analyte with the selector such as a CD the effective
obility of an analyte, �eff, can be described by Eq. (5):

eff = �HB+ + �HB+CDK+[CD]
1 + K+[CD]

1

1 + 10pH−(pKa+log(1+K+[CD])/(1+Kn[CD]))

(5

hich expresses �eff as a function the CD concentration, [CD], the
H of the background electrolyte, the pKa value of the analyte, the
inding constants of the protonated and neutral species, K+ and Kn,
nd the mobilities of the protonated free species and the corre-
ponding complex, �HB+ and �HB+CD, respectively.

Considering the separation selectivity, S, described by:

= �eff1

�eff2
(6)

n enantioseparation can only be observed for �eff1 /= �eff2.
ccording to Eq. (5) this can be achieved when the enan-

iomers differ in the binding constants of the protonated form
K+1 /= K+2), the neutral form (Kn1 /= Kn2) and/or the mobili-
ies of the two enantiomer–CD complexes (�HB+CD1 /= �HB+CD2).
quations describing the effective analyte mobility at fixed CD con-
entration or pH were described as were equations for the pKa of
he analyte–CD complex as a function of the complexation con-
tants of the charged and electroneutral forms of the analyte. For
systematic classification with regard to the enantiomer migra-

ion order the constellation of the operator-dependent parameters,
elector concentration and buffer pH, in relation to the pKa of the
nalyte were considered. In a 3D plot of the selectivity as a function
f [CD] and pH the 4 corner points referred to low/high [CD] and
ow/high pH. In the mathematical treatment “low” pH was defined

ith regard to the analyte pKa as a pH where the analyte is fully pro-
onated while “high” pH as a pH where only the deprotonated state
f the analyte exists (Fig. 4). “High” [CD] is treated as an infinite

elector concentration and “low” [CD] as an infinitesimal selector
oncentration. In each corner point the selectivity can be described
s a function of the complexation equilibria between the charged
nd electroneutral species of the base and the selector as well as
Fig. 4. Schematic representation of a 3D contour plot illustrating the low/high pH
and low/high [CD] situation at the respective corner points.

the mobility of the free analyte and the limiting mobility of the
analyte–selector complex. Depending on the scenario, only one or
several of these factors affected the selectivity. Subsequently, with
constant pH or [CD] information of the selectivity (and with it the
enantiomer migration order) parallel to the edges of the surface
plot can be obtained. Thus, knowing the selectivity in the corner
points one can conclude if a selectivity change occurs along the
plot upon changing either pH or [CD].

At the corner point low pH and high [CD] essentially only the
protonated forms of the analyte enantiomrs exist so that S depends
only on the complex mobilities. At the vertex low pH and low [CD]
the free and complexed protonated forms coexist. Consequently,
complex mobilities and binding constants of the protonated ana-
lytes affect S. At high pH and high [CD] (vertex 3) the protonated
and neutral forms of the analytes coexist and are essentially com-
plexed so that the selectivity is a function of complex mobilities as
well as the binding constants of the protonated and neutral species.
Finally, at the vertex high pH, low [CD] S depends on the ratio of
the affinity constants of the protonated analyte, K+1/K+2, relative
to the ratio of binding constants of the neutral species, Kn1/Kn2, as
well as on the dimensions of the affinity constants K+ relative to Kn.
Thus, depending on the complexation constants and the mobilities
of the enantiomer–CD complexes different scenarios may result.
With respect to the possibilities of the selectivity at the 4 corner
points of the selectivity surface plot 15 cases could be classified
mathematically which are summarized in Table 1. Four basic mech-
anisms were identified leading to the inversion of the enantiomer
migration order of a weak base in the presence of a neutral chiral
selector, three in a pH-dependent manner and one as a function
of the selector concentration. A pH-dependent reversal may be
observed due to (1) inversion of the complex mobilities caused by
an enantioselective pKa shift, (2) inversion of the ratio of the mobil-
ities of the analyte-selector complex and the free analyte due to a
significant complexation-induced pKa shift to a higher value and
(3) opposite chiral recognition of the protonated and the effectively
electroneutral forms of the analyte by the chiral selector.

The applicability of the theoretical model was demonstrated
by analysis of the migration behavior of the dipeptides Ala-Phe
and Asp-PheOMe using 2,6-dimethyl-�-CD (DM-�-CD) as chiral
selector. While Ala-Phe displayed a pH-dependent inversion of the
migration order of the enantiomers in the presence of DM-�-CD
Asp-PheOMe did not. The pH independent parameters, �HB+ ,

�HB+CD, K+ and Kn as well as pKa and pKa/c were determined in
the pH range 1.9–4.8 and DM-�-CD concentrations between 0
and 0.135 mol/L by a three-dimensional, non-linear curve fitting.
In the case of Ala-Phe a strong complexation-induced pKa shift
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Table 1
Systematic classification of the separation selectivity with regard to the enantiomer migration order as a function of pH and CD concentration, [CD], derived from the corner
points of the 3D contour plot.

Case Selectivity EMO reversal

Low pH High pH pH-dependent [CD]-dependent

High [CD] Low [CD] High [CD] Low [CD] High [CD] Low [CD] Low pH High pH

I S = 1 S < 1 S < 1 − − − −
II

S < 1

S = 1 S ≤ 1 − − − −
III S > 1 − + − −
IV S = 1 S < 1 S ≤ 1 − − − −
V S > 1 − + − +
VI S > 1 S ≤ 1 − − − +
VII S > 1 − + − −
VIII

S < 1

S ≤ 1

S ≤ 1 S ≤ 1 − − − −
IX S > 1 − + − +
X S > 1 S ≤ 1 + − − +
XI S > 1 + + − −
XII

S > 1

S ≤ 1 S ≤ 1 − + + −
XIII S > 1 − − + +
XIV S > 1 S ≤ 1 + + + +
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dapted from [51,52] with permission.

f almost one unit was identified as the reason for the observed
H-dependent reversal of the enantiomer migration order. Asp-
heOMe did not display a significant pKa shift in the presence of
M-�-CD and, consequently, not reversal of the migration order
as found.

The effect of pH on complex formation between �-CD and the
nantiomers of the dipeptides Ala-Phe, Ala-Tyr and Asp-PheOMe
as been investigated by CE and calorimetry in order to provide a
ore detailed understanding of the migration behavior of the pep-

ides including the reversal of the enantiomer migration order [53].
he complexation and mobility parameters as well as the pKa values
f Ala-Tyr, Ala-Phe and Asp-PheOMe and the respective peptide-�-
D complexes were determined by CE. The limited aqueous solubil-

ty of �-CD prevented the use of extremely high concentrations of
he selector even when adding urea as solubilizer to the background
lectrolyte so that the data were somewhat error prone preventing
he unequivocal assignment of the mechanism underlying the pH-
ependent reversal of the enantiomer migration order. Most likely
he separation behavior of Ala-Phe and Asp-PheOMe was due to
nversion of the complex mobility ratio caused by enantioselective
omplexation-induced pKa-shifts while in the case of Ala-Tyr the
eversal was attributed to either an enantioselective complexation-
nduced pKa-shift or opposite chiral recognition of the protonated
nd effectively electroneutral species by the chiral selector. Com-
lexation constants were also determined by calorimetry. As

n CE stronger complex formation between �-CD and the DD-
nantiomers of the peptides compared to the LL-stereoisomers was
bserved and complexation constants of the protonated species
xceeded complexation constants of the neutral analytes. The ther-
odynamic parameters of complexation were affected by both,

he configuration of stereoisomers and the pH. Compared to �-
D complexes of the LL-enantiomers, inclusion complexes of the
D-isomers were more entropy stabilized exhibiting less negative
nthalpy values.

Mofaddel et al. described a simple model for the enantiosepara-
ion of binaphthol and its monoderivatives by CDs [54]. Binaphthol
ontains two weakly acidic functions so that complexation of
hree differently ionized binaphthol species and their respective
inding constants with the CDs had to be considered. The apparent
omplexation constants and complex mobilities were determined.

sing �-CD as chiral selector, reversal of the migration order of
inaphthol as a function of the CD concentration was observed
t pH 10.8. Analysis of the complexation constants and complex
obilities revealed a difference in the limiting apparent mobilities
+ − + −

of the binaphthol-�-CD complexes as well as differences in the
strength of the binding of the binaphthol enantiomers. The stronger
complexed S-enantiomer also revealed the higher limiting com-
plex mobility. This causes the reversal of the migration order when
increasing the concentration of �-CD at pH 10.8. The authors did
not provide a further explanation for this phenomenon. However,
due to the fact that pH 10.8 is close to the second dissociation
equilibrium of binaphthol it can be concluded that the reversal is
due to a complexation induced pKa shift (either stereoselective
or non-stereoselective) based on the mechanistic study described
above [51].

3. Capillary electrophoresis in stereoisomer analysis

Within the electromigration techniques CE as well as capillary
electrochromatography (CEC) has been applied to drug analysis
in pharmaceuticals or biological media. However, in the period of
time covered by the present review only application studies by CE
have been published. The literature on CEC covered specifically the
development and testing of chiral stationary phases but no appli-
cations for solving “real” pharmaceutical problems could be found.
For recent reviews on chiral stationary CEC phases the reader is
referred to [55–58].

CE enantioseparations of drugs can be divided into four major
categories: (1) enantioseparations of racemic compounds in stud-
ies in order to investigate the separation ability of a new chiral
selector or a class of selectors. In these studies, the drugs serve
rather as model compounds in contrast to “true” pharmaceuti-
cal or biomedical applications. These will not be the focus of
this review except in the case of fundamental studies described
above. The other categories considered here are (2) separations of
(non-)racemic mixtures of enantiomers for assay development and
the determination of the enantiomeric purity of compounds, (3)
chiral separations of drugs in pharmaceutical preparations and
products, and (4) enantioseparations of drugs and metabolites in
biological matrices or upon in vitro incubation with metabolizing
enzymes. The reader is also referred to earlier general reviews on
chiral electromigration techniques [11–15] and chiral drug analysis
[2–4] as well as monographs on chiral CE [16] or on pharmaceuti-
cal CE analysis in general [17]. Other recent reviews cover specific

aspects such as chiral CE-MS [59] or CE for chiral analysis of drugs,
metabolites and biomarkers in biological samples [5]. MEEKC has
been discussed by Ryan et al. [60]. CE in drug impurity analysis has
been summarized in [61].
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Fig. 5. Electropherogram of a commercial sample of dexamphetamine sulfate ana-
lyzed at a concentration of 5 mg/mL. Experimental conditions: 40.2/35 cm, 50 �m id
fused-silica capillary, 50 mM sodium phosphate buffer, pH 3.0, containing 80 mg/mL
SBE-�-CD and 25 mg/mL sulfated �-CD, −10 kV, 20 ◦C, 200 nm. 1, phenylacetone
Z-oxime; 2, phenylacetone E-oxime; 3, phenylacetone; 4, dexamphetamine; 5,
G.K.E. Scriba / Journal of Pharmaceutica

With regard to the frequency of the application CDs are by far
he most “popular” chiral selectors due to their structural diversity
nd commercial availability. Reviews on CDs in EKC analysis can
e found in [45,62–66]. Factors affecting CD-mediated chiral sep-
rations have been discussed in a book chapter [67]. Moreover, a
ummary of glycopeptides and macrocyclic antibiotics as selectors
as been published [2].

.1. Pharmaceutical analysis

Recent examples covering the chiral analysis of drugs in
ynthetic laboratory samples, bulk drug or pharmaceutical for-
ulations have been compiled in Table 2. All methods employed

irect enantioseparation in the presence of a chiral selec-
or except for one example of indirect enantioseparation in
ase of the analysis of L-tyrosine in an oral solution where
erivatization with R(−)-4-(3-isothiocyanatopyrrolidin-1-yl)-7-
N,N-dimethylaminosulfonyl)-2,1,3-benzoxadiazole was used [68].
number of studies were performed on racemic drugs in their for-
ulations where a chiral assay is not necessarily required, while

true” applications covered either the determination of the enan-
iomeric purity of chiral compounds in laboratory samples, bulk
rug or drug formulations or the simultaneous analysis of enan-
iomeric impurities as well as related substances.

The separation of clopidogrel from impurities stated by the
nited States Pharmacopeia, i.e. the R-enantiomer, the carboxylic
cid and the positional isomer, was investigated by Fayed et al. [69].
n initial screening of the experimental conditions was performed

ncluding buffer type, pH and concentration, cyclodextrin type and
oncentration as well applied voltage and temperature. The method
as further optimized employing a reduced central composite

ace-centered design comprising buffer pH, buffer concentration,
oncentration of sulfated �-CD as chiral selector and applied volt-
ge as variables. Resolution between clopidogrel and the first
nd last migrating enantiomer of the positional isomer, respec-
ively, and total analysis time were selected as responses. However,
he optimum conditions predicted by the software resulted in
xtremely high currents and an unstable baseline. Subsequently,
he model was rebuilt including current as a response. As final con-
itions, a 10 mM phosphate buffer, pH 2.3, containing 5% sulfated
-CD and an applied voltage of −12 kV were selected. Robustness
f the method was investigated using a reduced composite face-
entered design as well. The method was validated and applied to
he analysis of bulk drug. Besides the impurities listed by the United
tates Pharmacopeia two additional unknown impurities could be
etected.

A dual CD system was employed for the impurity profiling
f dexamphetamine sulfate [70]. Charged as well as uncharged
mpurities were considered due to the possible preparation of
he drug via several synthetic pathways using chiral (charged)
r achiral (uncharged) starting materials. From a screening of
Ds using a 50 mM phosphate buffer, pH 2.5, sulfated �-CD and
ulfobutylether-�-CD (SBE-�-CD) were identified as chiral selec-
ors for the separation of the enantiomers of amphetamine. In
he presence of 20 mg/mL sulfated �-CD providing a resolution
f amphetamine of RS > 3 the neutral impurities phenylacetone
nd phenylacetone oxime could not be detected within 60 min.
road peaks or peak splitting was observed in the presence of
BE-�-CD below a concentration of 70 mg/mL. At higher concentra-
ions insufficient resolution of the amphetamine enantiomers was
till observed. Thus, a combination of both CDs was applied. The
nal conditions comprised a 50 �m id fused-silica capillary with

n effective length of 35 cm, a background electrolyte consisting
f 50 mM sodium phosphate buffer, pH 3.0 containing 80 mg/mL
BE-�-CD and 25 mg/mL sulfated �-CD and an applied voltage of
10 kV. During method development it was noted that the substi-
levoamphetamine; 6, 1S,2S-(+)-norpseudoephedrine; 7, 1R,2S-(−)-norephedrine;
8, 1R-2S-(−)-ephedrine.
Reproduced from [70] with permission.

tution degree of the randomly substituted SBE-�-CD could affect
the resolution and peak shape of the analytes. However, this could
be always fixed by minor adjustments of the CD concentration.
The method was validated with a batch of SBE-�-CD with a degree
of substitution of 4.9 using 1R,2S-(−)-ephedrine as internal stan-
dard. The LOQ of all impurities corresponded to 0.05% based on a
concentration of dexamphetamine sulfate of 5 mg/mL. Subsequent
analysis of several batches of commercial dexamphetamine sulfate
revealed the presence of about 3–4% levoamphetamine as well as
phenylacetone and phenylacetone oxime at the LOD level (Fig. 5).
In contrast, charged impurities such as norephedrine or norpseu-
doephedrine could not be detected leading to the conclusion that
the investigated samples were synthesized from phenylacetone via
the oxime yielding racemic amphetamine which was resolved by
fractional crystallization. A subsequently developed CD-modified
MEEKC method was able to separate all charged and uncharged
impurities as well but proved to be less sensitive than the dual
CD system [71]. Interestingly, it was noted in this study that the
order of the preparation of the microemulsion affected the res-
olution between some compounds. Thus, it may be necessary to
validate the preparation procedure of the microemulsion as well in
order to obtain reproducible MEEKC methods.

Borst and Holzgrabe undertook a systematic study for the estab-
lishment of a chiral CD-modified MEEKC method for phenethy-
lamines including ephedrine, norephedrine, N-methylephedrine,
epinephrine and further structurally related compounds [72]. The
oil-in-water microemulsion consisted of 0.5% ethyl acetate as oil
phase, 1.0% SDS as surfactant, 4.0% 1-butanol as cosurfactant, 3.0%
2-propanol as organic modifier, 91.5% 20 mM sodium phosphate
buffer, pH 2.5, as aqueous phase, and 4.0% sulfated �-CD was
the chiral selector. Except for dipivefrine and 2-(butylamino)-1-
phenyl-1-propanol all analytes could be baseline resolved using
an applied voltage of −15 kV. The method was validated and
the robustness with regard to buffer pH and concentration was
assessed. For the simultaneous separation of compounds that are
specified as impurities for a certain drug in the European Pharma-
copoeia the CD concentration had to be adjusted as shown in Fig. 6
for ephedrine and pseudoephedrine. LODs of the impurities of at
least 0.1% were achieved allowing the analysis of the compounds

according to the limits of the European Pharmacopoeia.

1S,2R-(+)-ephedrine and 1R,2S-(−)-norephedrine as impurities
in pharmaceutical formulations of 1R,2S-(−)-ephedrine have been
analyzed using carboxyethyl-�-CD (CE-�-CD) as chiral selector in a
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Table 2
Recent examples of drug purity determination by electromigration techniques.

Drug Chiral selector (concentration) Background electrolyte LOD/comment Ref.

Aliphatic amines (+)-18C6H4 (5–15 mM)
DM-�-CD (5–15 mM)

10 mM citric acid/aspartic acid,
pH 2.2

4.2–9.4 �g/mL indirect UV
detection, 0.2–0.3 mg/mL CCD,
determination of enantiomeric
purity

[76]

Aminoglutethimide M-�-CD (30 mg/mL) 50 mM Tris/phosphoric acid,
pH 3.0

2.20–2.13 �g/mL, analysis of
racemic drug in formulations

[39]

Amlodipine HP-�-CD (50 mg/mL) 50 mM glycine/acetate, pH 3.2,
0.2% hydroxyethylcellulose

2.42–3.53 �g/mL, analysis of
racemic drug in tablets

[77]

Amphetamine,
methamphetamine, 3,4-
methylenedioxymethamphetamine

HP-�-CD (30 mM) 25 mM sodium acetate/75 mM
acetic acid, pH 4.55

0.46–1.8�g/mL, analysis of
illicit tablets

[78]

Baclofen �-CD (18 mM) 0.1 M sodium borate, pH 9.9,
1% acetonitrile

2–10 �g/mL, analysis of
racemic bulk drug and tablets

[79]

Benzimidazole derivatives Sulfated �-CD (3.5%)
HS-�-CD (3.5%)
HS-�-CD (4%)

25 mM
triethalamine/phosphoric acid,
pH 2.5

0.7–1.0%, analysis of synthetic
laboratory samples

[80]

Carnitine, Fmoc derivatized Succ-�-CD (10 mM) 0.5 M ammonium formate, pH
2.5

0.002%, MS detection, analysis
of infant formulas

[81,82]

Cefotaxime CM-�-CD (0.5 mM) 75 mM sodium phosphate, pH
7.0

0.4–0.5 �g/mL, analysis of
injection formulations

[83]

Clopidogrel Sulfated �-CD (5%) 10 mM
triethylamine/phosphoric acid

0.08–0.33 �g/mL, minor
enantiomer and related
substances

[69]

Dexamphetamine HDAS-�-CD (10 mg/mL) 0.1 M sodium phosphate
buffer, pH 2.5

0.06%, minor enantiomer and
charged related substances

[84]

Dexamphetamine Sulfated �-CD (25 mg/mL),
SBE-�-CD (80 mg/mL)

50 mM sodium phosphate
buffer, pH 2.5

0.01–0.02%, minor enantiomer
and related substances

[70]

Dexamphetamine Sulfated �-CD (5.5%) 1.5% SDS, 0.5% ethyl acetate,
3.5% 1-butanol, 2.5%
2-propanol and 92% 50 mM
sodium phosphate buffer, pH
3.0

0.05–0.2%, minor enantiomer
and related substances

[71]

Econazole HP-�-CD (40 mM) 50 mM SDS in 20 mM
phosphate buffer, pH 8.0

3.6–4.3 �g/mL, analysis of
racemic drug, SPE extraction
from cream

[85]

Epinephrine, norepinephrine CE-�-CD (10 mM) 100 mM Tris/phosphoric acid,
pH 5.0

0.8–1.0 �g/mL, stereoisomeric
purity of L-epinephrine in
formulations

[73]

Growth hormone analogue
JMV 1843

HS-�-CD (5%) 50 mM phosphate buffer, pH
2.5

Poly(diallyldimethylammonium)-
coated capillary, analysis of
synthetic samples

[86]

Ibuprofen TM-�-CD (35 mM) 5 mM sodium acetate, 2.63 mM
acetic acid, pH 5.0, 1.5 mM
N-undecenoxy-carbonyl-L-
leucinol
bromide

LOD not given, analysis of
racemic drug in tablet

[87]

Lansoprazole �-CD (12 mM) 50 mM sodium phosphate, pH
2.2, 5 mM sodium sulfite

0.64–0.72 mg/L, analysis of
racemic drug

[88]

Levocetirizine Sulfated �-CD (5 mg/mL) 25 mmol/L
MES/�-aminocaproic acid, pH
5.3, 0.1% hydroxyethylcellulose

1.7–1.9 �g/mL, analysis of
tablets

[89]

Levothyroxine CuSO4 (0.05 mM) L-proline
(0.4 mM)

18 mM borate buffer, pH 9.6,
10% ACN

0.35 �g/mL, analysis of tablets [74]

Modafinil Sulfated �-CD (30 mg/mL) 25 mM Tris/phosphoric acid,
pH 8.0

1.89–1.07 �g/mL, analysis of
racemic drug in tablet

[90]

Ofloxacin and ornidazole Sulfated �-CD (30 mg/mL) 50 mM Tris/phosphoric acid,
pH 1.85

0.46–0.89 �g/mL, racemic drug
in injection formulation

[40]

Oxybutinin HP-�-CD (18 mM) 1.7% n-heptane, 9.2%
SDS/n-butanol (1:2), 89.1%
10 mM sodium borate, pH 9.2

3–12 �g/mL, analysis of related
substances in tablet

[41]

Phenethylamine drugs Sulfated �-CD (4–8%) 0.5% ethyl acetate, 1.0% SDS,
4.0% 1-butanol, 3.0%
propan-2-ol 91.5% 20 mM
phosphate buffer, pH 2.5

0.06–0.1%, minor enantiomer
and related substances

[72]

Pheniramine HP-�-CD (30 mM) 50 mM sodium phosphate, pH
3.0

3.3 �M, analysis of racemic
drug in eye drops

[91]

Pregabalin, tosyl or dansyl
derivatized

PA-�-CD (3.4 mM) 100 mM sodium phosphate, pH
6.8

0.1%, determination of
enantiomeric purity

[29]

Raltitrexed CM-�-CD (8 mM) 75 mM Tris/phosphoric acid,
pH 8.0, 30 mM SDS

0.1 �g/mL, analysis of synthetic
laboratory sample

[92]

Sibutramine M-�-CD (5 mM) 10 mM sodium citrate/20 mM
sodium phosphate, pH 4.3

Analysis of racemic drug in
formulation

[93]

Tenofovir and related
nucleoside phosphonates

�-CD (20 mg/mL) 30–50 mM sodium borate, pH
10–10.5

0.51–1.36 �M, enantiomeric
purity of laboratory samples

[94]

DL-Tetrahydropalmitine BSA (50 �M) 20 mM sodium phosphate, pH
7.4

6–7 ng/mL, analysis of plant
extract

[95]



G.K.E. Scriba / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 688–701 697

Table 2 (Continued)

Drug Chiral selector (concentration) Background electrolyte LOD/comment Ref.

Tic-hydantoin derivatives HS-�-CD (10 mM) 50 mM sodium phosphate, pH
2.5, 5% ethanol

0.90–1.31 �M, determination
of enantiomeric purity,
comparison to HPLC

[96]

Tyrosine – 15 mM sodium borate, pH 10.5 2.2–2.9 �M, derivatization
with DBD-PyNCS, analysis of
amino acid formulation

[68]

Zopiclone �-CD (20 mM) 60.2 mM phosphate buffer, pH
2.0, 1 M urea

2.1–7.2 �g/mL, analysis of
racemic drug in tablet

[97]

PA-�-CD, 6-monodeoxy-6-mono-(3-hydroxy)-propylamino-�-CD; CE-�-CD, carboxyethyl-�-CD; CM-�-CD, carboxymethyl-�-CD; M-�-CD, methyl-�-CD; HS-�-CD, highly
sulfated �-CD; HS-�-CD, highly sulfated �-CD; HP-�-CD, hydroxypropyl-�-CD; HDAS-�-CD, heptakis(2,3-di-O-acetyl-6-O-sulfo)-�-CD; Succ-�-CD, succinyl-�-CD; SBE-
� xy-6-mono-(3-hydroxy)-propylamino-�-CD; (−)-18C6H4, (−)-(18-crown-6)-2,3,11,12-
t 3-isothiocyanatopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-2,1,3-benzoxadiazole;
M
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-CD, sulfobutylether-�-CD; HP-�-CD, hydroxypropyl-�-CD; PA-�-CD, 6-monodeo
etracarboxylic acid; CCD, contactless conductivity detection; DBD-PyNCS, R(−)-4-(

ES, morpholinoethanesulfonic acid.

.1 M Tris-phosphate buffer, pH 5.0 [73]. Only 1S,2R-(+)-ephedrine
ould be detected in the ampoules while both impurities were
ound in the injection. Moreover, when applying the method to
he quantitative determination of 1R,2S-(−)-ephedrine significant
ifferences between the labeled content and the determined quan-
ities were noted.

A chiral ligand-exchange method using the Cu(II)/L-proline
omplex as chiral selector for the enantioseparation of levothy-
oxine has been developed and validated [74]. The background
lectrolyte was optimized regarding the concentration and com-
osition of the chiral selector, the organic modifier and the pH.
he final conditions employed a 15 mM borate buffer, pH 9.6 con-
aining 0.05 mM copper(II)sulfate and 0.4 mM L-proline as well
s 10% acetonitrile. Using UV detection the method proved to
e suitable for the analysis of commercial levothyroxine tablets

Fig. 7). The drug contained two minor impurities one of which
ould be ascribed to dextrothyroxine. In addition, hyphenation to
CP-MS was performed with reduction of the borate concentration
f the background electrolyte to 10 mM. Using L-triiodothyronine

ig. 6. Dependence of the enantioseparations of ephedrine and pseudoephedrine
n the concentration of sulfated �-CD in CD-modified MEEKC. Experimental condi-
ions: 50.2/40 cm, 50 �m id fused-silica capillary; 0.5% ethyl acetate, 1.0% SDS, 4.0%
-butanol, 3.0% 2-propanol, 91.5% 20 mM sodium phosphate buffer, pH 2.5; −15 kV,
0 ◦C, 200 nm.
eproduced from [72] with permission.

Fig. 7. Electropherogram of (top) a commercial levothyroxine tablet and (bottom) a
standard solution of levothyroxine (L-T4) and the enantiomer (D-T4). Experimen-

tal conditions: 15 mM sodium borate buffer, pH 9.6, containing 10% acetonitrile,
0.05 mM copper(II)sulfate and 0.4 mM L-proline, 15 kV, 25 ◦C, 226 nm.
Reproduced from [74] with permission.

as internal standard satisfactory reproducibility of the assay was
achieved although the resolution of the thyronine enantiomers was
lower compared to the CE-UV method.

Although direct application to pharmaceutical analysis was
not the topic, Kojtari and Foley investigated the effect of the
purity of the chiral detergent N-dodecoxycarbonylvaline (DDCV)
as microemulsion component in chiral MEEKC analysis of the
ephedrine enantiomers [75]. Either R- or S-DDCV or non-racemic
mixtures of the detergent were used. As expected, the enantiores-
olution of ephedrine decreased with the decreasing enantiomeric
excess of the chiral surfactant emphasizing the importance of pure
reagents for reproducible analyses.

3.2. Biomedical analysis

Recent examples of bioanalytical studies are summarized in
Table 3. These include the analysis of plasma or urine for the deter-
mination of the stereoselective metabolism and pharmacokinetics
of a drug and the investigation of the in vitro metabolism by liver
microsomes or fungi as model organisms.

The stereoselective metabolism of ibuprofen in healthy vol-
unteers with CYP2C8 and CYP2C9 polymorphism has been
studied [98]. The enantiomers of ibuprofen and the 2-hydroxy

and 2-carboxy metabolites were separated using a 0.2 M tri-
ethanolamine/phosphoric acid buffer, pH 5, containing 50 mM
2,3,6-trimethyl-�-CD. In accordance with the unidirectional inver-
sion of R-ibuprofen to S-ibuprofen, plasma levels of S-ibuprofen
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Table 3
Recent examples of chiral drug bioanalysis by electromigration techniques.

Analyte Matrix Chiral selector
(concentration)

Background electrolyte Extraction Application/comment Ref.

Amphetamine,
p-chloroamphetamine

Urine (+)-18C6H4 (0.8 mM) 50 mM bis-Tris/citric acid,
pH 4.0

SDME Spiked urine [102]

Anisodamine Plasma HP–CD (20 mg/mL),
CM-�-CD (5 mg/mL)

0.11 M Tris/phosphoric
acid, pH 4.0

SPE Pharmacokinetics in
rabbits

[103]

Dioxopromethazine Urine �-CD (16.5 mM) 25 mM Tris/phosphoric
acid, 40 mM boric acid, pH
2.5

LLE Spiked urine [104]

Fenbendazole – HDAS-�-CD (10 mM),
HDMS-�-CD (10 mM)

10 mM ammonium
formate, 0.5 M
trifluoroacetic acid in
methanol

Protein precipitation
by MeOH

Stereoselective metabolism
by rat liver microsomes

[100]

Hydroxychloroquine – Sulfated �-CD (1%),
HP-�-CD (30 mM)

0.1 M Tris, pH 9.0 LLE Stereoselective
metabolism by rat and
mouse liver microsomes

[105]

Ibuprofen Plasma,
urine

TM-�-CD (50 mM) 20 mM tri-
ethanolamine/phosphoric
acid, pH 5.0

SPE Stereoselective metabolism
in humans with CYP450
polymorphism

[98]

Ketamine – Sulfated �-CD (10 mg/mL) 50 mM Tris/phosphoric
acid, pH 2.5

LLE Stereoselective metabolism
by human, equine and
canine liver microsomes

[99]

Methamphetamine and
related drugs

Urine �-CD (12 mM), DM-�-CD
(6 mM)

125 mM Tris/sodium
dihydrogen phosphate, pH
6.15

LLE PVA-coated capillary,
analysis of drug addict
samples

[106]

Midodrine,
desglymidodrine

– TM-�-CD (30 mM) 70 mM sodium acetate, pH
5.0

LLE Stereoselective metabolism
by endophytic fungi

[101]

Mirtazapine Urine CM-�-CD (0.55%) 50 mM sodium phosphate,
pH 2.5

SPME Stereoselective metabolism
after administration of
racemic drug

[107]

Propranolol,
4-hydroxypropranolol

– CM-�-CD (4%) 25 mM
triethylamine/phosphoric
acid, pH 9.0

LLE Stereoselective metabolism
by endophytic fungi

[108]
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LE, liquid–liquid extraction; SPE, solid phase extraction; SDME, single drop micr
ulfo)-�-CD; TM-�-CD, 2,3,6-trimethyl-�-CD; DM-�-CD, 2,6-dimethyl-�-CD; (+)-18
able 2.

ere always higher during the elimination process. Differences in
he pharmacokinetic data such as elimination half-life and clear-
nce depending on genotype were observed. Impaired metabolism
f the ibuprofen enantiomers was associated with the presence
f the CYP2C9*3 allele and the CYP2C8*1/*3 and CYP2C9*1/*3
enotype. However, pharmacokinetic profiles of ibuprofen and the
etabolites also differed for subjects with no detected mutations

esulting in similar profiles as found for carriers of mutated alle-
es.

The stereoselective in vitro metabolism of ketamine by human,
quine and canine liver microsomes has been compared by
hromann and co-workers [99]. The enantiomers of ketamine
nd the major metabolite norketamine as well as hydroxylated
orketamine metabolites and 5,6-dehydronorketamine could be
esolved simultaneously in a 45/34 cm, 50 �m id fused-silica capil-
ary using a 50 mM Tris/phosphoric acid buffer, pH 2.5, containing
0 mg/mL sulfated �-CD as background electrolyte. As the metabo-

ites were not available except for norketamine, the assignment
f the metabolite stereoisomers was achieved by separate incuba-
ion of the individual enantiomers of ketamine as well as racemic
rug with equine liver microsomes. Ketamine was metabolized
tereoselectively by the microsomes of all three species (Fig. 8).
oreover, the metabolites were formed to a different extent by

ach species. N-demethylation of the parent drug to norketamine
as modeled according to the Michaelis–Menten kinetics reveal-

ng a reduced conversion of S-ketamine in the racemic drug by
uman microsomes compared to the administration of the pure
-enantiomer. In contrast, no difference was observed for the other

pecies when administering racemic drug or the single enantiomer.
he authors concluded that the reduced conversion can be related
o a reduced hepatic clearance of the drug which could be of clinical
elevance.
ction; SPME, solid phase microextraction; HDMS, heptakis(2,3-di-O-methyl-6-O-
, (+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid; for abbreviations of selectors see

An application of non-aqueous CE (NACE) in biomedical analysis
has been published by Rousseau et al. [100]. The in vitro metabolism
of the achiral drug fenbendazole to the chiral sulfone metabo-
lites as well as the sufoxide was studied. The compounds were
separated using a dual CD system of HDMS-�-CD and HDAS-�-
CD in an electrolyte solution of ammonium formate in methanol
acidified with trifluoroacetic acid. The simultaneous use of both
CDs proved to be essential for complete enantioresolution of the
sulfone enantiomers. Initial incubations of fenbendazole with rat
liver microsomes indicated a non-stereoselective sulfoxidation. In
principle, the method can also be applied to CE-MS because the
background electrolyte is volatile and the CDs migrate in the oppo-
site direction to the MS.

The group of Bonato has studied the metabolism of racemic
drugs such as propranolol [108] or midodrine [101] by endophytic
fungi in order to evaluate these microorganisms as sources for
the production of pure metabolites for pharmacological and tox-
icological studies. In both cases, stereoselective formation of the
respective metabolites of the drugs by the fungi was observed.

3.3. Further applications

CE has also evolved as a quick and accurate technique
for the determination of interactions between molecules
including protein–drug, protein–DNA, peptide–carbohydrate,
peptide–peptide, DNA–dye, carbohydrate–drug, antigen–antibody,
and other biological interactions. The most recent review on the
determination of binding constants by affinity CE (ACE) can be

found in [109]. As demonstrated by Chu et al. [110], partial-filling
ACE can be employed to study the stereospecific binding of the
S-configured rotigotine and its R-enantiomer to bovine and human
serum albumin. The method used a 50 mM phosphate buffer, pH
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various cyclodextrins, J. Sep. Sci. 33 (2010) 1617–1624.
etabolites. R- and S- denote the configuration of the respective analyte.
eproduced from [99] with permission.

.4, as background electrolyte at 37 ◦C. The albumin concentration
as varied by increasing the length of the injected plug. For

oth albumins significantly weaker binding of rotigotine than the
-enantiomer was found with a general higher affinity to human
erum albumin. Displacement experiments with warfarin and
etoprofen indicated multiple binding sites for rotigotine and
he enantiomer. The stereoselective protein binding of amlodip-
ne using chiral CE as analytical method has also been studied
111].

In recent years, CE has been increasingly used in enzyme assays
overing all aspects of enzyme-related analysis including the eval-
ation of the enzymatic activity, enzyme kinetics, identification of
nzyme substrates, inhibitors and activators, or the investigation
f enzyme-mediated metabolic pathways [112,113]. Chiral ligand-
xchange based CE assays have been reported for the determination
f the enzyme kinetic constant of amino acid oxidase [114,115].
urthermore, a stereospecific CE assay for the determination of
he activity of 4-hydroxyproline-2-epimerase which is expressed in
arious pathogenic bacteria has been developed as a stereospecific
latform for inhibitor screening [116]. The substrate and potential

nhibitors were incubated with the epimerase followed by deriva-
ization with FMOC chloride. Subsequent analyte separation was
chieved in a 100 mM HEPES buffer, pH 8, containing 30 mM SDS.
he D/L-ratio of proline was determined using 140 mM HEPES, pH
, containing 30 mM taurodeoxycholate and 30 mM �-CD as back-
round electrolyte. The Michaelis–Menten kinetics were assessed.

he enzyme was inhibited by the known competitive inhibitor
yrrole-2-carboxylic acid demonstrating the feasibility of the assay
or the identification of inhibitors in compound screening.
iomedical Analysis 55 (2011) 688–701 699

4. Conclusions and outlook

Work published in recent years has clearly documented the
potential of electromigration techniques for enantioseparations.
This is specifically true for chiral EKC employing a chiral selector as
pseudostationary phase in a background electrolyte due to the high
flexibility and enantioselectivity. Efforts have continued to ratio-
nalize chiral separation mechanisms in EKC. New areas such as
inhibitor screening have also been reported recently. In contrast,
CEC does not yet seem to be valid enough for implementation in
routine analysis. Further methodological studies have to be per-
formed until true applications will be presented. The general trend
of further miniaturization based on chip technology [117] will also
lead to their use in pharmaceutical analysis where reports on drug
analysis are still scarce. If such a format can be realized for rou-
tine applications they will have a promising future potential for
analytical enantioseparations.
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