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Abstract

This review surveys the enantiomer separation of drugs by electrokinetic chromatography (EKC). EKC is one
option of capillary electrophoretic (CE) techniques, which permits the separation of electrically neutral drugs. In
enantiomer separation by EKC, ionic pseudo-stationary phases such as chiral micelles and proteins, which can
migrate with its electrophoretic mobility and can interact with the solutes, are employed as chiral selectors.
Addition of electrically neutral chiral selectors such as cyclodextrins and precolumn conversion of solutes into
diastereomers are also successful in EKC. A brief theory of separation and modes of EKC enantiomer separation
are described with some typical applications.
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1. Introduction

Enantiomer separations by capillary electro-
phoresis (CE) has rapidly attracted attention as a
promising technique in the field of pharmaceu-
tical sciences. Enantiomer separation can be
achieved with one capillary tube (without a
special chiral column and an organic solvent),
high resolution and relatively fast separation.
Furthermore, the amounts of sample and media
required in CE techniques are extremely small.
Among various different CE modes, capillary
zone electrophoresis (CZE) and electrokinetic
chromatography (EKC), in which only a chiral
selector is added to the usual running buffer
solution, are most widely used for enantiomer
separations [1-5].

One of the most attractive advantages of CZE
and EKC for the separation of enantiomers is
easy changes of separation media in the method
development, that is, one can easily alter the
separation solution to find the optimum sepa-
ration media and one can also use an expensive
chiral selector because of the small amounts of
media required. Electrically neutral chiral selec-
tors are employed for the enantiomer separation
of ionic solutes in CZE. Cyclodextrins (CDs)
have been found to be most effective in CZE for
a wide range of ionic drugs. On the other hand,
charged pseudo-stationary phases are added to
the running buffer solution in EKC. Therefore,
EKC can be applied to both ionic and non-ionic
solutes. CDs are also as effective in micellar
EKC (CD-MEKC) as in CZE.

We have previously reported enantiomer sepa-
rations by CE techniques, including EKC [4,5].

Table 1
Modes of electrokinetic chromatography (EKC)

In this paper, we focus on the enantiomer sepa-
ration of drugs by EKC modes, mainly micellar
EKC (MEKC) and affinity EKC (AEKC). In the
latter, biological components such as proteins or
mucopolysaccharides are employed as novel chi-
ral selectors. CD-EKC, in which charged CDs
are employed as chiral pseudo-stationary phases,
and enantiomer separation through the derivati-
zation of the solutes to diastereomers are also
mentioned. A brief separation theory of EKC
and typical applications are described. Develop-
ments in the technology of novel chiral selectors
have been reported in detail.

2. Enantiomer separation by electrokinetic
chromatography

The EKC mode was first developed for the
separation of electrically neutral solutes by the
CE technique [6,7]. Originally micelles such as
sodium dodecyl sulfate (SDS) were used for the
separation of aromatic compounds [6-8]. This
mode was termed micellar EKC or MEKC [9,10].
More recently, EKC, especially MEKC, has been
used widely for the separation of both ionic and
non-ionic drugs because of its different sepa-
ration principle to HPLC [3]. In EKC, a buffer
solution containing an ionic pseudo-stationary
phase, which can migrate itself with a different
electrophoretic mobility to the surrounding
medium, is employed. According to the type of
the pseudo-stationary phase, several EKC modes
have been developed. These are summarized in
Table 1 with the typical applicable solutes.
Among them, micellar EKC has become the

Mode Abbreviation Pseudo-stationary phase Main applicable analyte Refs.
Micellar EKC MEKC Micelle Neutral and ionic compounds [11-38]
CD-mediated MEKC CD-MEKC Micelle Hydrophobic compounds, enantiomers [39-54]
Microemulsion EKC MEEKC Microemulsion Neutral and ionic compounds [55-58]
Affinity EKC AEKC Protein, polysaccharide Enantiomers [76-93]
Cyclodextrin EKC CD-EKC Charged cyclodextrin Enantiomers [59-75]
Ion-exchange EKC IEEKC Ionic polymer Ionic compounds [9,94,95]
Ligand exchange EKC LEEKC Metal complex Amino acids, carbohydrates
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most popular mode. Chiral surfactants and/or
chiral additives such as CDs are usually em-
ployed in enantiomer separations by micellar
EXC [11-38]. CDs have also been found to be
effective for MEKC enantiomer separation using
achiral surfactants such as SDS [39-54]. Mi-
croemulsion EKC (MEEKC) uses a microemul-
sion, which is prepared by mixing oil, water, a
surfactant and a co-surfactant such as a medium-
alkyl-chain alcohol, as pseudo-stationary phase
[55-58]. (2R,3R)-Di-n-butyl tartrate was em-
ployed as a lipophilic chiral selector in an SDS--
butanol-buffer system [57]. Charged CDs can
also be regarded as ionic pseudo-stationary
phases and will be classified as a branch of EKC
(CD-EKC) from the viewpoint of EKC defini-
tion. Electrically neutral enantiomers in addition
to ionic ones can be separated by CD-EKC [59-
75]. Manipulation of the migration order of
enantiomers can also be achieved easily in CD-
EKC by changing the buffer pH or the type of
capillary (coated or uncoated). Other than mi-
celles, microemulsions and charged CDs, ionic
biopolymers such as proteins [76-88] and
mucopolysaccharides [89-93] have been success-
fully employed for EKC enantiomer separations.
We call this mode affinity EKC (AEKC), be-
cause enantiomer separation is not dependent on
simple ion exchange but multiple interaction
(affinity). For the EKC mode, in which a simple
ion-exchange interaction is essential, the term
ion-exchange EKC (IEEKC) is used [9,94,95].
Any kind of ionic compound can be applicable in
EKC modes as pseudo-stationary phases. Re-
cently, antibiotics such as vancomycin [96,97],
rifamycin B [98] and ristocetin A [99] have been
successfully employed as chiral selectors in EKC
enantiomer separations. This mode can also be
regarded as a mode of EKC.

In EKC, the capacity factor k" for neutral
solutes is given from chromatographic theory as

(6]

, IR = 4
k= 1- (tR/tmc)IO (1)

where 1, ¢, and ¢ are the migration times of

the solute, the bulk solution and the pseudo-

stationary phase, respectively. The migration
behavior of neutral solutes can be also described
from the viewpoint of electrophoretic theory as
(100]

Iu’ep,S"

kl__

,‘l’ep,mc - #’ep.S*

(2)

where g, . is the effective electrophoretic
mobility of the solute in the presence of the
pseudo-stationary phase [100] and ., is the
electrophoretic mobility of the pseudo-stationary
phase. The actual migration mobility of the
neutral solute, us., is given as u,, s« + M., Where
i, is the electroosmotic mobility. The effective
electrophoretic mobility of a neutral solute can
be obtained experimentally from the determi-
nation of ug. and u,, without knowing the value
of the electrophoretic mobility of the pseudo-
stationary phase.

For charged solutes, the capacity factor, as-
suming ion-pair formation between the solute
and the pseudo-stationary phase is absent, is
given as [101,102]

k' _ Iu’ep,S* - ;u'ep.S
I"‘ep,mc - #’ep,S*

(3)

where p,, ¢ is the electrophoretic mobility of the
solute in the absence of the pseudo-stationary
phase. If ion pairing is present, the equation of
the capacity factor becomes more complex [103].

The resolution equation for the neutral en-
antiomeric pair 1 and 2 in EKC can be given as
[6.7]

N”“(a—1)< k; ){ L—ty/t e ]
R =
s 4 a 1+ky/ L1+ (5 /1,00,
(4)

where N is the number of theoretical plates,
the separation factor, given by k;/kl, and k; and
k; are the capacity factors of the enantiomeric
pair. The resolution equation for neutral solutes
can be also described with the effective mobility
as in the resolution equation in CZE [104]:

R = ]V”4 (”‘ep,sf - :U‘ep.S;)
s 4 ,‘l’ep,S* + l‘l’eo

(5)
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where g, g%, te,sx and g, o« are the effective
electrophoretic mobilities of enantiomers 1 and 2
and the average effective electrophoretic mobili-
ty of the two solutes, respectively. For the
separation of charged solutes, the resolution
equation has not yet been derived, because the
parameters are very complex.

For the maximum resolution, N, o and k’ are
the important factors, as shown in Eq. 4. The
plate number depends on the capillary L.D., etc.
However, it is impractical to manipulate the
plate number, because its value is almost con-
stant (around 100 000-500000) for the investi-
gated solute under the conditions employed,
although the plate number depends on the
capacity factor. The separation factor will be
manipulated through the choice of pseudo-
stationary phases, buffer solution, temperature,
additives, etc. [105,106]. Usually in the process of
the development of a CE enantiomer separation,
one will try to use several running buffers con-
taining different chiral selectors to find the op-
timum conditions for the enantiomer investi-
gated. Once a pseudo-stationary phase, which is
successful for the enantiorecognition of the sol-
ute, has been found, the capacity factor must be
optimized. The effect of the capacity factor on
resolution is shown in the last two functions of
the right-hand side of Eq. 4. The optimum value
of the capacity factor, k. _,, can be obtained by

opt?

differentiation as [107,108]

K = (e /10) (6)
In micellar EKC with a bile salt in neutral or
alkaline solution, ¢, /t,~3; hence k  ~1.7.
Generally, capacity factors between 1 and 5 are
recommended for the most optimum resolution
through changes in the concentration of the
pseudo-stationary phase. An extra factor that
affects the resolution other than those mentioned
above is the effect of the electroosmotic flow, as
in CZE. Under acidic conditions or in a coated
capillary, electroosmosis is often suppressed con-
siderably and the anionic pseudo-stationary
phase may migrate in a different direction to the
electroosmotic flow. From the last function in
Eq. 4 or 5, when we can control the electro-

osmotic flow (u.,) giving close to o/t = —(1/
k') or —u,, s+, we can obtain an extremely high
resolution at the expense of a longer analysis
time. For the maximum resolution of charged
solutes, we can reasonably assume that the res-
olution is a function of the same parameters as
mentioned above. In a simple model proposed by
Wren and Rowe [109,110] for the CZE sepa-
ration of enantiomers with a neutral CD as a
chiral additive, the optimum concentration of
CD given the maximum mobility difference be-
tween the enantiomers, Ay, is given mathemati-
cally as

[Clop = 1/(K, Ky)'"? (7)

opt
where K, and K, are formation constants for
inclusion complexes. This model can be applied
to the EKC of charged solutes [84,89], that is,
there is an optimum selector concentration in
EKC enantiomer separation, although [C],,
does not mean the concentration which gives the
maximum resolution. Optimization of the EKC
enantiomer separation can be achieved mainly
through changes in buffer pH and the selector
concentration.

3. Micellar electrokinetic chromatography
3.1. Bile salts and saponins

Bile salts are natural anionic surfactants found
in biological components. Various bile salts are
known such as non-conjugated and taurine- or
glycine-conjugated types. They have steroidal
structures and form helical micelles having re-
versed micelle conformations [111,112]. Since
bile salts are optically active surfactants, enantio-
mer separation has been examined [11-20]. The
bile acids used in MEKC enantiomer separation
are summarized in Table 2. It should be noted
that non-conjugated forms must be used at pH
>5, although taurine-conjugated forms can be
used even at pH 3. Fig. 1 shows the separation of
enantiomers of diltiazem and its main decompo-
sition product (desacetyl form) by MEKC with
sodium taurodeoxycholate (STDC) [11]. Other
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Table 2
Bile salts and saponins employed for MEKC enantiomer separation
Surfactant CMC/107* M (25°C) n Separated enantiomer Ref.
Bile salts [11-20]
Sodium cholate (SC) 13-15 2-4 DNS-AAs, CBI-AAs,
diltizem and its analogues,
on COO0Na trimetoquinol and its analogues,
- binaphthyl compounds,
carboline derivatives,
fenoldopam, its analogs,
HO*" o baclofen (CBI derivatives),
mephenitoin and its metabolite,
Sodium deoxycholate (SDC) 4-6 4-10 aminophosphates,
oxazepam, temazepam,
lorazepam, lormetazepam,
oH CoONa methylamphetamine,
- diclofensine, carbuterol,
timolol, pindolol,
metoprolol, clenbuterol,
Ho™ Cimaterol, nadolol,
oxprenolol
Sodium taurocholate (STC) 10-15 5
0
u/\,sow-
HO™' 4O
Sodium taurodeoxycholate (STDC) 2-6 -
o
o u/\/SO:N‘
Ho™"
Saponins [21,22]
Digitonin Glycyrrhizic acid B-Escin PTH-AAs,




62 N. Nishi | J. Chromatogr. A 735 (1996) 57-76

)
Diltiazem (2S,3S-form) K
(Ca-charme] blocker pKs 7.7) gg g
_OCHy LTRY] -::
" ~— A
) Ly =
ocon £
3 "o
N Yo s N
cl
HaCHN CHy ga
9]
8 &
v oa
0 @
T o
Iz

' R 1 L L4 r T ! v
15 16 17 18 19 20 21 22 23
Migration time/ min

Fig. 1. Separation of enantiomers of diltiazem and its main
decomposition product (desacetyl form) by MEKC with bile
salts. Conditions: buffer, 50 mM STDC in 20 mM phosphate—
borate buffer (pH 7.0); uncoated capillary, 50 cm effective
length X 50 xm 1.D.; detection wavelength, 210 nm; tempera-
ture, room temperature; applied voltage, +15 kV.

diltiazem-related compounds [11], trimetoquinol
and related compounds [11,12], carboline deriva-
tives [13], binaphthyl compounds {11,13,14],
dansylated amino acids (DNS-AAs) [15], etc.,
have also been successfully enantioseparated by
bile salt micelles alone. Among four bile salts
used in MEKC, STDC seems to be most effec-
tive for enantiomer separation. The mechanism
of chiral discrimination by bile salts is not
known. However, judged from the fused-ring
structure of the successfully resolved compounds,
a relatively rigid planar structure may be related
to chiral discrimination [11-13].

The addition of CDs to bile salt micelle solu-
tions (CD-MEKC) has also been successful.
Baclofen and its analogs, naphthalene-2,3-dicar-
boxaldehyde-derivatized amino acids (CBI-AAs)
[16], DNS-AAs [17,18], mephenytoin, fenol-
dopam [17], diclofensine, B-blockers such as
atenolol, nadolol, oxprenolol, etc. [19], were
enantioseparated by the CD-STDC system. A
combination of CD with STDC appeared to
produce a synergistic effect on enantiomer sepa-
ration [16,19]. A typical example is shown in Fig.
2. 1,1'-Binaphthyl-2,2’-dicarboxlic acid (BNC),

: -
2 BN 3
o 2
Q
: - |-
g BNC Vi BNP BN
3
8 - L
0 O\P'O
< 0~ “OH
] g BNP
= < COOH
COOH
T T T T I T 2
8 s g
* < = BNC

Migration time/min

Fig. 2. Separation of enantiomers of three binaphthyl com-
pounds by MEKC with bile salt and cyclodextrins. Con-
ditions: buffer, 50 mM SDC and 10 mM «-CD in 20 mM
phosphate-borate buffer (pH 8.0); uncoated capillary, 33 cm
effective length X 7S pm 1LD.; detection wavelength, 214 nm;
temperature, 23°C; applied voltage, +15 kV. (From Ref. [20].)

which has two carboxyl groups in the molecule
and could not be separated by bile salts alone
owing to weak solubilization to bile salt micelles,
was successfully enantioseparated through the
addition of @-CD to sodium deoxycholate (SDC)
[20]. Other than enantiomer separation, MEKC
with bile salts has permitted the separation of
hydrophobic drugs such as corticosteroids, which
could not be separated by MEKC with long-
alkyl-chain surfactants [113]. Aromatic choline
esters [114], bilirubin [115], polycyclic aromatic
hydrocarbons [112], phthalate esters [116] and
1,4-benozodaizepines [117] were also successful
separated by MEKC with bile salts. This can
probably be ascribed to the relatively weak
solubilization ‘power. In the separation of 1,4-
benzodiazepine by MEKC with bile salts, peak
splitting due to enantiomer separation was ob-
served and this chiral recognition was suppressed
by increasing the column temperature [117].
Other than bile salts, some saponins such as
digitonin [21], glycyrrhizic acid and B-escin [22],
which are all natural chiral surfactants, have
been employed in MEKC enantiomer separation
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of DNS-AAs and phenylthiohydantoin amino
acids (PTH-AAs). In all cases, a mixed micelle of
saponin and SDS was essential for enantiomer
se¢paration. Many other chiral surfactants from
natural sources can be applicable, even though
they are non-ionic, by using a mixed micelle
system mentioned above.

3.2. Long-alkyl-chain surfactants

Optically active amino acid-derived synthetic
surfactants have been employed for enantiomer
separation by MEKC [21,23-33]. Typically, acyl-
amino acids such as sodium N-dodecanoyl-1-val-
inate (SDVal) [21,23-27], sodium N-dodecanoyl-
-alaninate (SDAla) [24], sodium N-dodecanoyl-
L-glutamate (SDGlu) [27], N-dodecanoyl-1-serine
(DSer) [28] and sodium N-dodecanoyl-L-threoni-
nate (SDThr) [29], which are now mostly com-
mercially available [30], have been used for the
enantiomer separation of amino acid derivatives,
warfarin and benzoin. An organic solvent such as
methanol and/or urea is sometimes added to the
micellar solution to obtain peak symmetry. Long-
alkyl-chain type chiral surfactants used for
MEKC enantiomer separation are summarized. in
Table 3. Recently, (R)- and (S)-N-dodecoxycar-
bonylvaline were employed for the separation of
some f-blockers, adrenergic drugs [30,32] and
1-phenyl-3-methyl-5-pyrazolone  (PMP)-deriva-
tized pi-glucose (epimer) [33] (see Fig. 3). The
separation of benzoin by MEKC with (S5)-2-
[(dodecoxycarbony)amino]-3(S)- methyl-1-sulfo-
oxypentane has also been reported [32]. More
effective active amino acid-derived surfactants
will be designed and synthesized from the in-
vestigation of enantiorecognition by MEKC with
the above-mentioned surfactants in the near
future.

Second, surfactants having a sugar head group
such as octyl-B-p-glucopyranoside have been
employed in MEKC with SDS [34] or borate
buffer [118-120]. Some DNS-AAs were enan-
tioseparated by the former alkylglucoside-SDS
system. In the latter system, in situ charged
micelles are formed in the presence of alkaline
borate and it is not necessary to add an ionic
surfactant to form a mixed micelle. The surface

charge density of the micelle can be adjustable
by utilizing the complexation between
alkylglucoside and alkaline borate. Several DNS-
AAs were enantioseparated by adding y-CD to
decanoyl-N-methylglucamide and borate at pH
10 [120]. Recently, surfactants having ionic sugar
head were employed for MEKC enantiomer
separation, viz., dodecyl-B-p-glucopyranoside
monophosphate and dodecyl-B-p-glucopyrano-
side monosulfate surfactants [35]. Several DNS-
AAs, cromakalin, binaphthyl compounds,
mephenytoin, etc., were successfully enantiosepa-
rated by MEKC with the glucopyranoside-based
surfactants.

Phospholipids, which are also biological chiral
components along with amino acids and sugars,
have been applied to MEKC as chiral selectors
[36]. Several DNS-AAs were successfully enan-
tioseparated by MEKC with  ir-a-pal-
mitoyllysophosphatidylcholine, which is an opti-
cally active zwitterionic biosurfactant. In this
case, a coated capillary was employed to avoid
adsorption of the surfactant on the wall.

3.3. High-molecular-mass surfactants

Recently, high-molecular-mass  surfactants
have been extensively investigated [121-124].
Such surfactants can form a micelle with one
molecule, which leads to some advantages over
normal low-molecular-mass surfactants, e.g., en-
hanced stabilities and rigidities and controllable
size. The critical micelle concentration (CMC) is
essentially zero, and therefore the micelle con-
centration is constant irrespective of tempera-
ture, buffer concentration and additives, etc. A
high content of organic solvent will not break the
micelle. Furthermore, no monomeric surfactant
that may deteriorate the enantioselectivity in
CD-MEKC is present. The absence of a mono-
meric surfactant will be also advantageous for
CE-MS analysis.

In MEKC enantiomer separation, poly(sodium
N-undecylenyl-L-valinate) (polySUVal) was em-
ployed for the separation of binaphthol,
laudanosine [37] and 3,5-dinitrobenzoyl-deriva-
tized AAs [29]. Polymerization of the vinyl
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Table 3
Long alkyl-chain type chiral surfactants used for MEKC

Surfactant CMC/107° M (water) n Separated enantiomer Ref.
Acylamino acid surfactants [21,23-29]
Sodium N-dodecanoyl-L-valinate (SDVal) 6.2 498 PTH-AAs,
Sodium N-dodecanoyl-L-alaninate (SDAla) 12.5 - benzoin,
Sodium N-dodecanoyl-L-glutamate (SDGlu) - - warfarin,

N-Dodecanoyl-L-serine (DSer) -
Sodium N-dodecanoyl-L-threoninate (SDThr) -

Sodium N-undecylenyl-r-valinate (SUVal) 36
a o A o
/\/\/\/\/\)\u*coo", R -0'{CH (SDVa)

Other amino acid type surfactants
(R)-N-dodecoxycarbonylvaline -
(5)-N-dodecoxycarbonylvaline” -
(S)-2-[(dodecoxycarbony)amino] -
-3(S)-methyl-1-sulfooxypentane

[¢] ;]

b CHs
AN )\ )\ h - f
°” Y COONa R G'QOH‘

Glucopyranoside-based surfactants

n-Heptyl-B-b-thioglucopyranoside 30
n-Octyl-B-p-glucopyranoside 24
n-Octyl-B-p-thioglucopyranoside 9
n-Dodecyl-8-p-glucopyranoside 2
n-Dodecyl-8-p-glucopyranoside monophosphate 0.5
n-Dodecyl-B-p-glucopyranoside monosulfate* 1
7L
HO

Phospholipids
L-a-Palmitoyllysophosphatidylcholine -

OCO(CH114CHy
OCO(CHg)1(CHy
(o]

o—E—o-cu,cHﬁ(cu,),
o

- amino acid derivatives,
- {(N-benzoyl-O-isopropyl, etc.),
- laudanosine,

binaphthy! compounds

[31-33]}
- Atenolol, ketamine, benzoin,
- bupivacaine, metoprolol,
- homatropin, terbutaline,
ephedrine, pindolol, octopamine,
norephedrine, pseudoephedrine,
N-methylpseudoephedrine,
norphenylephrine,
PMP-derivatized glucose

[34,35,120]
- DNS-AAs, metoprolol,
- cromakilin, Troger’s base,
- ephedrine, hexobarbital,
- mephenytoin, fenoldopam,
- hydroxymephenytoin,
- binaphthyl compounds

36]
- DNS-AAs

group-terminated chiral surfactant monomer was
achieved by *“°Co y-irradiation [37] or UV ir-
radiation [29]. The average molecular mass of
polySUVal by gel permeation chromatographic
(GPC) analysis was 13 600 [29]. Schematic illus-
trations of normal and polymer-type micelles are
shown in Fig. 4. A polymer-type chiral surfactant

gave a better resolution than the corresponding
monomer-type surfactant at the same concen-
tration. An example is shown in Fig. 5 [37].
However, this type of polymer has been found to
undergo a conformational transition at around
pH 8.5 [37]. At lower pH, the negatively charged
polySUVal micelle has a compact formation,
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Fiz. 3. Separation of epimers of PMP derivatives of DL-
glucose by MEKC with N-dodecoxycarbonyl-L-valine. Con-
diions: buffer, 50 mM N-dodecoxycarbonyl-L-valine in 50
mM phosphate buffer (pH 7.0); uncoated capillary, 75 cm
effective length X 50 um LD.; detection wavelenth, 245 nm:
temperature, room temperature; applied voltage, +20 kV.
(From Ref. [33].)

whereas at high pH it may have a looser con-
formation because of the electrostatic repulsion.
The looser conformation of the micelle leads to
better enantioseparation.

(a)

o

(b)

°
S o

N\
%7

(a ¢ s R

) ¢

()

Migration time / min

Fig. 5. Separation of enantiomers of binapthyl compounds by
MEKC with normal or polymerized chiral micelles. (a) 0.5%
poly(SUVal); (b) 0.5% SUVal; (c) 1% SUVal. Conditions:
buffer, 25 mM borate buffer (pH 9.0); uncoated capillary, 60
cm effective length X 75 um LD.; detection wavelength, 290
nm; applied voltage, +12 kV. (From Ref. [37].)

A copolymer of butyl acrylate, butyl meth-
acrylate and methacrylic acid (BBMA), with a
molecular mass of about 40000, was also em-

A

A /71\

Fig. 4. Schematic illustrations of (a) normal non-polymerized micelles and (b) polymer-type micelles of sodium N-undecylenyl-L-
valinate. S, solute; asterisk denotes chiral center. (From Ref. [37]).
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ployed in MEKC enantiomer separation by add-
ing CDs (CD-MEKC). Enantiomer separation of
DNS-AAa by MEKC with 8-CD-BBMA was
much better than that in the 8-CD-SDS system
[38].

3.4. Cyclodextrin-mediated micellar
electrokinetic chromatography

CDs are effective additives in MEKC enantio-
mer separations as in CZE enantiomer sepa-
rations. MEKC with CDs and a chiral surfactant
was described above. In this section, enantiomer
separations by MEKC with CDs and an achiral
surfactant such as SDS are described. Amino
acid derivatives with DNS [39-41], CBI [42,43]
or 9-fluorenylmethyl chloroformate (FMOC)
[44], cicletanine [45,46], pentobarbital, thiopental
[47], diniconazole, uniconazole [48,49], B-block-

Table 4

Enantiomer separations by CD-MEKC with achiral surfactants

ers [50], etc., were enantioseparated by CD-
MEKC with SDS. The reported enantiomer
separations by CD-MEKC are summarized in
Table 4 [39-54]. Mostly y or B-type CDs were
employed in CD-MEKC, probably because the
cavity size is close to the size of a benzene or
naphthalene ring. In general, y-CD seems to be
most effective for a wide range of enantiomeric
solutes in CD-MEKC. This can probably be
ascribed to the presence of the monomeric sur-
factant, which will be included in CD cavity and
will disturb the solute inclusion or interaction. In
contrast, addition of some other chiral additives
such as I-menthoxyacetic acid and d-camphor-10-
sulphonate to an SDS and CD solution improved
the enatioseparation [47]. They may be included
or interact with CD, resulting in more effective
conditions for the enantiorecognition of the
solute.

Cyclodextrin Surfactant  pH  Additives Separated enantiomer Refs.
B-CD, y-CD SDS 8.6 Methanol DNS-AAs [39-41]
B-CD, y-CD SDS 9.0 CBI-AAs [42,43]
B-CD, y-CD SDS 8.6 Acetonitrile Cicletanine [45,46]
B-CD,DM-8-CD  SDS 7.0 Urea, methanol Hexobarbital, [51]
fadrozole
DM-B-CD SDS 7.0 Urea, methanol Aminoglutethimide analogues [51]
B-CD SDS 7.0 Urea, methanol Mephobarbital, [51]
glutethimide
v-CD SDS 7.0 Urea, methanol Secobarbital [51]
v-CD SDS 9.0 I-Menthoxyacetic acid Pentobarbital, [47]
d-Camphorsulfonic acid thiopental,
binaphthyl compounds,
triftuoroanthrylethanol
y-CD SDS 9.0  Urea, 2-methyl-2-propanol  Uniconazole [49]
y-CD,DM-8-CD  SDS 9.0 Urea, acetonitrile Diniconazole [48]
a-CD + 8-CD SDS 9.3 Alprenolol, [50]
atenolol,
propranolol
HP-8-CD SDS 93 BMS-180431-09 (cholesterol-lowering drug) [52]
B-CD SDS 9.0 Urea SM-8849, analogs [53]
(immunomodulating antirheumatic drug)
B-CD SDS 9.0 Aminoglutethimide [54]
B-CD SDS 7.0 2-Propanol FMOC-AAs [44]
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4. Affinity electrokinetic chromatography
4.1. Proteins

Proteins have been found to be effective chiral
selectors in both HPLC and CE. Most proteins
used for chiral columns in HPLC have already
been employed in CE. A protein has charge and
consequently has electrophoretic mobility.
Therefore, proteins can be used for the sepa-
ration of neutral solutes and this mode can be
classified as a branch of EKC. We term this mode
affinity EKC (AEKC) because an affinity inter-
action may operate on the separation. Proteins
used in CE enantiomer separations are summa-
rized in Table 5 [76-88]. Other proteins, which
are valuable and/or expensive, can also be used

Table 5
Proteins employed for AEKC enantiomer separation

in CE because only small amounts are required.
A typical example of enantiomer separation by
AEKC with avidin is shown in Fig. 6 [84]. In
AEKC with proteins, the most important factors
for enantioseparation are the buffer pH and the
protein concentration. Depending on the solute
pK, and protein pl, the buffer pH must be
selected and typically 100 pM of protein are
added. Organic modifiers such as methanol,
ethanol and 2-propanol, which are miscible with
buffer and used for reversed-phase HPLC, have
been also found to be important factors for
improving the enantioseparation [84].

From the viewpoint of practical use, AEKC
with proteins has been used for enantiomer
separation principally because of some problems:
(1) adsorption of the protein on the capillary

Protein Molecular mass  p/

Carbohydrate (%)

Separated enantiomer Refs.

BSA 67 000 47 -

HSA 68 000 47 -

60 000-70 000 39 6
60 000-70 000 3.9 6

Fungal cellulase
Cellobiohydrolase 1

a,-AGP 44000 27 45
Avidin 70 000 10 205

OvM 28 000 45 30

Conalbumin -
Casein (a-casein) 26 200 47 -
Ovoglycoprotein 25000 39 20

Benzoin, DNS-A As, ibuprofen,
leucovorin, warfarin, Trp,
promethazine, mandelic acid,
homochlorcyclizine, propranolol,
trimebutine, epinastine, DNP-A As,
ofloxacin, DR-3862, oxyphencyclimine
2,3-Dibenozoyl tartaric acid, Trp,
N-2,4-dinitrophenyl glutamic acid,
3-iodolelactic acid, kynurenine,
benzoin, promethazine

thioridazine

Pindolol [78]
Alprenolol, labetolol, pindolol, [83]
metoprolol, propranolol

Promethazine, clorprenaline, DNP-A As [78-81]
Vanillylmandelic acid, warfarin, [84]
atrolactic acid, flurbiprofen,

ketoprofen, ibuprofen,

iopanoic acid, leucovorin

Benozoin, chlorpheniramine,

eperisone, tolperisone, atorinolol,
epinastine, bunitrolol, pindolol,
oxyphencyclimine, tolperisone, DNP-A As,
verapamil, primaquine, trimebutine
Trimetoquinol [79]
DNP-AAs [81}
Chlorpheniramine, tolperisone [86]

[76-81]

[82,87,88]

[79.81,85]
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Fig. 6. Separation of enantiomers of (a) warfarin and (b)
ketoprofen by AEKC with avidin. Conditions: buffer, 25 pM
avidin in 50 mM phosphate buffer (pH 6.0) containing 10%
2-propanol; coated capillary, 31.5 cm effective length x 50
pm 1D.; detection wavelength, (a) 300 and (b) 260 nm;
temperature, 25°C; applied voltage, —12 kV. (From Ref. [84].)

wall; (2) absorption of UV light in the shorter
wavelength region; and (3) low performance
(low peak theoretical plate number). Concerning
point (1), coated capillaries are used and some of
them are commercially available [125]. A capil-
lary coating is also achieved with an ease accord-
ing to the literature [126,127]. Some approaches
in which proteins do not pass the detection cell
and do not interfere with the solute detection
have been reported. One technique employed a
gel plug to prevent hydrodynamic flow [83] and
another is named the ‘“partial separation zone
technique™ [79]. In the latter method, the capil-
lary was partially filled with a solution containing
a protein and the protein was not in the detector
cell when solutes reached that cell. This tech-
nique can be performed automatically by using a
commercial CE instrument. For broad peak
shapes, addition of an organic modifier is a
remedy. However, an asymmetric peak shape
like a triangle, especially in the secondly mi-
grated enantiomer, seems to be due to slow
kinetics of the protein-solute interaction as in
protein chiral columns.

Other than separation, AEKC with proteins is
an attractive mode for investigating the inter-

action of drugs with the protein. As in chroma-
tography, there are a variety of ways in which
binding studies may be performed. One is
achieved by injecting the protein as a solute into
the running buffer solution containing various
concentrations of ligand (drug), and then per-
forming a Scatchard analysis of the data [128-
130]. The other is AEKC using proteins as chiral
additives. The advantage of the latter method is
that the racemic drugs may be separated if there
is stereoselectivity in the binding. A simple
model as in CD-CZE can be used in AEKC,
making an assumption of one-to-one binding.
The apparent mobility of the solute, ud, is given
as

+ pps[P
it =, + e )

where ug and u,g are electrophoretic mobilities
of the free solute and the protein-solute com-
plex, respectively, K is the binding constant and
[P] is the free protein concentration. Typically
the protein concentration is varied over a wide
range, and a non-linear least-squares curve fitting
procedure is used to model the data to Eq. 7
[79,87.88].

4.2. Polysaccharides

Polysaccharides such as amylose and cellulose
have been found to be effective for enantiomer
separations in HPLC [131,132]. For CE enantio-
mer separation, electrically neutral maltodextrins
were first employed in CE enantiomer separation
(CZE) [133-135]. Recently, ionic polysac-
charides were successfully employed as chiral
selectors in CE. These are dextran sulfate [89,90]
and mucopolysaccharides such as heparin [89-
93] and chondroitin sulfate C [90,91]. These ionic
polysaccharides are biopolymers and can be
applicable to neutral solutes. Thus, ionic polysac-
charides such as mucopolysaccharides can be
included as chiral selectors of AEKC. The unit
structures of these ionic polysaccharides are
shown in Fig. 7 [136] and some characteristics are
summarized in Table 6. Enantiomers of trimeto-
quinol, diltiazem, propranolol [91], several an-
timalarial drugs, antihistamines, etc. [92], were
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F.g. 7. Unit structures of ionic polysaccharides employed for
AEKC enantiomer separation. (1) Chondroitin sulfate C; (2)
heparin; (3) dextran sulfate. (From Ref. [136].)

successfully separated by AEKC with ionic poly-
saccharides. A typical example by AEKC with
chondroitin sulfate C is shown in Fig. 8 [90]. The

Table 6

Ionic polysaccharides employed for AEKC enantiomer separation
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Fig. 8. Separation of diltiazem and clentiazem by AKEC with
chondroitin sulfate C. Conditions: buffer, 3% chondroitin
sulfate C in 20 mM phosphate-borate buffer (pH 4.0);
uncoated capillary, 50 cm effective length X 75 um 1D,
detection wavelength, 235 nm; temperature, 23°C; applied
voltage, +20 kV. Solutes: 1 and 2 =(25,3R)- and (2R,3S5)-
diltiazem; 3 =(25,3S5)-diltiazem; 4 = (2R,3R)-diltiazem; 5=
(28.35)-clentiazem; 6 = (2R,3R)-clentiazem. (From Ref.
[%0])

Polysaccharide Molecular mass

S content (%)

Separated enantiomer Refs.

Chondroitin sulfate C 30 000-50 000 7

Chondroitin sulfate A 30 000-50 000 7

Heparin 7000-20 000 11

Dextran sulfate ~7300 18

Diltiazem, chlorodiltiazem,
trimetoquinol, trimetoquinol isomer,
laudanisine, norlaudanosoline,
laudanosine, sulconazole,
primaquine, propranolol,

verapamil

Diltiazem, clentiazem, [138]
trimetoquinol, verapamil,
primaquine, sulconozole

Diltiazem, chlorodiltiazem,
chlorpheniramine, trimetoquinol,
oxamniquine, chloroquine,
primaquine, mefloquine, enpiroline,
pheniramine, carbinoxamine,
doxylamine, dimethindene,
tetramisole, tryptophan methyl ester,
anabasine, nornicotine
Trimetoquinol, trimetoquinol isomer, [89.90]
diltiazem, chlorodiltiazem,

laudanosine

[90,91,138]

[89-93]
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separation of possible four enantiomers of dil-
tiazem was first achieved by this mode.

Among three type ionic polysaccharides, dex-
tran sulfate and heparin must be employed under
neutral conditions because of their strong ionic
character. Basic solutes were not detected at the
negative end below pH 5.0, indicating that the
solute binding to ionic polysaccharides migrated
very slowly or toward the positive end. On the
other hand, chondroitin sulfates could be usable
under both acidic and neutral conditions [90,91].
This may be ascribed to the weak ionic inter-
action due to the smaller ionic residues per unit
structure (see Fig. 7). The wider applicability of
chondroitin sulfate C permitted the enantiomer
separation of a wide variety of compounds.

The separation mechanism of AEKC with
ionic polysaccharides is not clear, as in AEKC
with proteins. Multiple interactions such as ionic
interactions by sulfate or carboxyl groups, hydro-
phobic or hydrogen bonding through glucose
units (i.e., affinity) must contribute the enan-
tiorecognition. Recently, dextran and dextrin,
which are both neutral polysaccharides and have
high molecular masses, have been found to be
effective in CE enantiomer separations [137].
However, AEKC with mucopolysaccharides gave
better enantiorecognition than CZE with dextran
or dextrin [138]. This may indicate that ionic
interactions together with hydrophobic interac-
tions are important for successful enan-
tiorecognition.

4.3. Antibiotics
Recently, some macrocyclic antibiotics such as
rifamycin B [98] and vancomycin [96] have been

employed for CE enantiomer separations. These
are natural compounds having molecular masses

Table 7

Macrocyclic antibiotics used for AEKC enantiomer separation

HC
NH I‘{
o NH,
NH o Ho HO
NH OH
HO O NH o
o
Ny~ COOH
NH
al o? M o
HO ° d
o O HO
HO o
HO OH
o o0~
NHj
CHj

Fig. 9. Structure of vancomycin.

of 700-2100 and can be utilized in either charged
or uncharged states. Therefore, macrocyclic me-
diated CE can be regarded as an AEKC mode.
Some characteristics of macrocyclic antibiotics
employed in EKC enantiomer separations are
summarized in Table 7 [96-99]. They have multi-
ple stereogenic centers in addition to a variety of
functional groups that are known to be advan-
tageous for enantiorecognition: a rigid ‘“‘pocket”
that can provide a site for hydrophobic interac-
tions and polar, flexible arms (i.e., pendent sugar
moieties) that can rotate and form hydrogen
bonds, etc. As an example, the structure of
vancomycin is shown in Fig. 9. Over 100 race-
mates, including a variety of N-blocked amino
acids and non-steroidal anti-inflammatory drugs,
have been successfully separated by AEKC with
antibiotics. However, in this mode, the UV
detection wavelength must be set at over ca. 260
nm because of its strong absorption below 250

Macrocyclic antibiotic Molecular mass pK p! Sugar units Refs.
Vancomycin (C,,Cl,LN,O,,) 1449 29,72.86,9.6,105,11.7 7.2 2 [96,97]
Ristocetin A (C,H  ,N,O,,) 2066 - 75 6 [99]
Rifamycin B (C,,H,,NO,,) 756 28,67 - 0 [98]
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nm. The stability of these selectors is also an
important consideration. There must be a possi-
bility for a better chiral selector usable at low
UV regions without loss of the great enantio-
selectivity of macrocyclic antibiotics. The sepa-
ration efficiency was much increased by adding
SDS to the buffer solution containing van-
comycin, as in CD-MEKC [97]. Analysis times
were decreased and a reversed migration order
of the enantiomers was observed.

5. Cyclodextrin electrokinetic chromatography

Charged CDs have been successfully employed
for enantiomer separations of both ionic and
non-ionic solutes [9,59-75]. Reported charged
CDs used for enantiomer separations are sum-
marized in Table 8. Most of them are commer-
cially available [139]. Compared with native or
electrically neutral CDs (i.e., CD-CZE mode),
enantiorecognition of charged CDs seems to be
better judged from the number of enantiosepa-

Table 8
Charged CDs employed for CD-EKC

rated solutes [73,75]. Especially phosphated and
sulfated 8-CD and y-CD have been found to be
successful for a wide range of enantiomeric
solutes. This may be ascribed to the ionic effect
in the process of inclusion, leading to the en-
hancement of the difference in the stability of the
complexed compound. Typical separations of
some drugs by CD-EKC with CD phosphates are
shown in Fig. 10 [75]. «-CD phosphate was
effective for the enantioseparation of chlorphen-
iramine, which was not separated using neutral
a-type CDs in HPLC and CZE. CZE enantio-
mer separation by using neutral a-type CDs has
been found to be effective for only very few
compounds, such as BNC [75,140]. Generally, the
cavity size of a-type CDs does not fit the size of
the drugs, which are typically small aromatic
compounds. Denopamine, for which B-type CDs
have been found to be essential for CZE en-
antioseparation using neutral CDs [141,142], was
separated by CD-EKC with y-CD phosphate.
Furthermore, the concentrations of phosphated
CDs used were much lower than those usually
required for electrically neutral CDs. These

Charged cyclodextrin

Degree of substitution
(per CD ring)

Average Refs.
molecular mass

Cationic
Mono(6- B-aminoethylamino-6-deoxy)-B-CD
6"-Methylamino-8-CD
6" .6°-Dimethylamino-B-CD

Anionic
a-CD phosphate sodium salt
2-O-Carboxymethyl-8-CD
Carboxymethyethyated 8-CD
Carboxymethylated 8-CD
Carboxymethylated 8-CD polymer
Carboxyethylated 8-CD
Succinylated 8-CD
Sulfobutyl ether(I1V) B-CD sodium salt
Sulfoethyl ether 8-CD sodium sait
B-CD phosphate sodium salt
Carboxymethylated y-CD
y-CD phosphate sodium salt
Sulfated B-CD sodium salt 7-11

N = —

o wWwWa |l Wl —
B L

o W
(5]

ca. 1200 [9]
ca. 1170 {59]
ca. 1200 [59]
1651 [75]
ca. 1200 [60]
- [61]
ca. 1330 [62-65,72,73]
ca. 10000 [64]
ca. 1570 [63-65]
1493 [63.64]
1683 [66-72,73]
ca. 1200 [72]
1879 {20,73]
1472 [73]
1997 [73,75]

ca. 1900 [74.75]
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Fig. 10. Enantiomer separation of (A) chlorpheniramine and (B) denopamine by MEKC with CD phosphates. Conditions: buffer,
(A) 5 mM a-CD phosphate and (B) S mM y-CD phosphate in 20 mM phosphate—borate buffer (pH 6.5); coated capillary, 50 cm
effective length X 75 um L.D.; detection wavelength, 220 nm; temperature, 20°C; applied voltage, —20 kV.

results may be interpreted by the effective ionic
interaction mentioned above.

6. Enantiomer separation by derivatization to
diastereomer

Diastereomeric analytes have been successful-
ly separated by EKC as in reversed-phase HPLC
analysis. The same chiral derivatization reagent
as used for HPLC analysis and typically MEKC
with SDS have been employed, as summarized in
Table 9 [108,143-148]. Although CZE can be
applicable and some papers have reported dia-
stereomer separations by CZE utilizing poly-

vinylpyrrolidone [149,150], poly(ethylene glycol)
[151] or CD [148], MEKC must be employed
because of its wider selectivity and easy manipu-
lation of selectivity. For example, for the sepa-
ration of a large number of derivatized amino
acids in a single run, MEKC with SDS and/or
CD will be successful.

7. Conclusions

CE enantiomer separations, including EKC
and CZE, have many advantages over HPLC
enantiomer separations. It is usually easy to find
successful conditions for the enantiomer sepa-
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Table 9
Separation of diastereomers by MEKC

Chiral derivatization Analyte Mode Ref.
Marfey’s reagent AAs, dipeptides MEKC with SDS [143]
GITC reagent AAs MEKC with SDS [108]
GITC reagent Amphetamine, methamphetamine, MEKC with SDS [147]
ephedrine, pseudoephedrine,
norephedrine. pseudonorephedrine,
GITC reagent 3-Aminoalkyl-6-carboxamido- MEKC with STDC [146]
-1,2,3 4-tetrahydrocarbazole
(serotonin agonist)
OPA and TATG reagent AAs MEKC with SDS [145]
OPA and N-acetyl-L-cysteine or Boc-L-cysteine AAs MEKC with SDS [144]
OPA or CBI and Amphetamine. heptaminol, MEKC with SDS [148]
N-acetyl-L-cysteine or N-acetyl-p-penicillamine norephedrine
OPA or CBI and norephedrine rac-N-Acetyl-p-penicillamine, MEKC with SDS [148]

or t-Phe or .-Tyr or DOPA

rac-N-(2-mercaptopropionic)acid,

rac-N-(2-mercaptopropionic)glycine

ration of an investigating analyte. Most enantio-
mers have been separated by applying one of
several CE modes. Chiral method development
kits are now commercially available from several
sources. Although the reproducibilities of the
migration times and peak areas and the sensitivi-
ty of UV detectors are inferior to those given by
fully automated modern HPLC instruments, the
performance of CE enantiomer separation is
satisfactory for optical purity testing of drugs.
The separation principle of EKC is essentially
the same as that applied in HPLC. Most chiral
selectors employed for EKC have already been
ernployed for HPLC, except for the chiral surfac-
tants. However, in CE, a novel chiral selector
will be more easily applicable. There are great
possibilities for a specially designed selector
having wide enantioselectivity.

Abbreviations

a,-AGP a,-Acid glycoprotein

AEKC Affinity electrokinetic chroma-
tography

BBMA Butyl acrylate—butyl methacryl-

ate—methacrylic acid copolymer

BN
BNC

BNP

BSA
CBI-AAs

CD(s)
CD-EKC

CD-MEKC

CE
CE-MS

CMC
CZE
DNS-AAs
DSer
EKC
FMOC
GITC

GPC
HPLC

HSA

1,1’-Bi-2-naphthol
1,1’-Binaphthyl-2.2’-dicarboxylic
acid

1,1’-Binaphthyl-2,2’-diyl hydro-
genphosphate

Bovine serum albumin
Naphthalene-2,3-dicarboxal-
dehyde

Cyclodextrin(s)

Cyclodextrin electrokinetic chro-
matography
Cyclodextrin-mediated micellar
electrokinetic chromatography
Capillary electrophoresis
Capillary electrophoresis—mass
spectrometry

Critical micelle concentration
Capillary zone electrophoresis
Dansylated amino acids
N-Dodecanoyl-L-serine
Electrokinetic chromatography
9-Fluorenylmethyl chloroformate
2,3,4,6-Tetra-O-acetyl-B-p-gluco-
pyranosyl isothiocyanate

Gel permeation chromatography
High-performance liquid chroma-
tography

Human serum albumin
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IEEKC Ion-exchange electrokinetic chro-
matography

LEEKC Ligand-exchange electrokinetic
chromatography

MEEKC Microemulsion electrokinetic
chromatography

MEKC Micellar electrokinetic chroma-
tography

OPA o-Phthalaldehyde

OVM Ovomucoid

PMP 1-Phenyl-3-methyl-5-pyrazolone

poly(SUVal) Poly(sodium N-undecylenyl-L-val-
inate)

PTH-AAs Phenylthiohydantoin-derivatized
amino acids

SC Sodium cholate

SDAla Sodium N-dodecanoyl-L-alaninate

SDC Sodium deoxycholate

SDGlu Sodium N-dodecanoyl-L-gluta-
mate

SDS Sodium dodecyl sulfate

SDThr Sodium N-dodecanoyl-L-threoni-
nate

SDVal Sodium N-dodecanoyl-L-valinate

STC Sodium taurocholate

STDC Sodium taurodeoxycholate

SUVal Sodium N-undecylenyl-L-valinate

TATG 2,3,4,6-Tetra-O-acetyl-1-thio-B-p-
glucopyranose
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