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Abstract

Capillary electrochromatography (CEC) is now a promising technique for enantiomeric separation, because of the high separation efficiency
of the technique. In the last few years, many chiral stationary phases (CSPs) were prepared for CEC and acidic, neutral, and basic enantiomers
were separated by these CSPs. These CSPs are classified into three types: (1) open tubular capillary, (I1) packed capillary and (111) monolithic
capillary. In this review, we evaluate these types of CSPs and compared separation conditions (inner diameter of capillary and mobile phase)
and data (theoretical plate number, separation factor and resolution) by these CSPs.
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1. Introduction

Capillary electrochromatography (CEC) is a hybrid technique
of high performance liquid chromatography (HPLC) and capillary
electrophoresis (CE). CEC shows good separation efficiency be-
cause it uses electroosmotic flow (EOF) for pumping the mobile
phase and can separate both charged and uncharged compounds via
electrophoresis and chromatographic separation. These principles
of CEC could be a main driving force for application in many re-
search fields, including enantiomeric separation. Reviews have
been published about CEC and its applications (1-8).

Separation of enantiomers is very important because some
enantiomers show completely different biological activities than
their optical isomers (9). For example, thalidomide is a sedative
drug, but S-(-)-thalidomide is teratogenic. Another example : R-(+)
-limonene smells like orange, but S-(-)-limonene smells like
lemon. Thus, separation of enantiomers is required to clarify the
biological activity of each isomer. However, it is difficult to sepa-
rate enantiomers, because they show exactly the same chemical and
physical properties except for optica rotation. CEC is a suitable
separation technique to separate enantiomers, because of its excel-
lent separation efficiency.

Enatiomeric separation by chromatography, including CEC,
can be performed in three modes:: (1) diastereomer formations, (1)
adding chiral selectors to the mobile phase and (1) using chira
stationary phases (CSPs). Reviews and books explain these separa-
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tion modes in detail (10).

Using CSPs is the most popular mode for enantiomeric sepa-
ration in HPLC. There are CSPs which are modified with cy-
clodextrins (CDs), modified CDs, Pirkle type, macrocyclic antibi-
otics, proteins, cellulose derivatives, etc. These CSPs, well known
in HPLC, can also be utilized for packing material for CEC. For
chiral mobile phase additive mode, the solubility of chiral selector
in the running buffer and the absorbance of chiral selector at the
detection wavelength are critical. CSPs do not need to use a chira
selector in the mobile phase and, thus, have no detection problems.
Another advantage in CEC is the amount of chiral selector for pre-
paring a separation column, one mg ; this is about 100 times less
than that for HPLC. Some chiral selectors are expensive because
they are difficult to synthesize. In these cases, enantiomeric separa-
tion is a suitable application field of CEC. Three different ap-
proaches are used for preparation of separation columnin CEC : (1)
open tubular capillary, (1) packed capillary and (I11) monolithic
capillary.

In this review, we mainly introduce some recent progress in the
field of enantiomeric separation using packed and monalithic capil-
lary, some important papers about open tubular capillary were also
introduced. The kinds of chiral selectors and the parameters affecting
the separation on CSPs are summarized on Table 1. We do not dis-
cuss molecularly imprinted polymer (MIP) based CSP, because
many reviews have already been published (11-13) on this subject.
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Table 1. Chiral selectors and the separation data by CEC.

Chiral selector Packn}g Capillary Packing Analyte Mobile phase Separation Remarks Reference
material 1.D. procedure parameters
Cyclodextrins and modified cyclodextrins
- and y- polyacrylamide 75pm ~ m-CEC DNS derivatives (Leu, Ser, Val, Glu, 100mM o=1.12, Concentrarion of [28]
cyclodextrin - gel 1.D. Asp, Met, Thr, norleucine, norvaline, Tris/250mM N=100000/per ~ cyclodextrin, addition
o-amino-# -butyric acid, Phe, Trp) boricacid (pH  column(15c¢m), of methanol to the
8.3)/methanol=90 Rs=6.4 (DNS-  buffer and temperature
/10 Ser) were examined.
B-cyclodextrin 5um particle  50um  p-CEC benzoin, hexobarbital, DNS-Thr, DNP 4mM phosphate, «=1.09, Buffer composition,  [35]
1.D. derivatives (a-amino-» -butyric acid, 5% acetonitrile  N=30000/colum pH, concentration of
norleucine, o-amino-n -caprylic acid, (pH 6.8) n, HETP=7um, background electrolyte
methionine sulfone, Met, ethionine, Rs=1.39 and organic modifier
citrulline, Glu) (hexobarbital) ~ Wwere studied.
Comparisons between
the mobile phase
additives and packed-
tubular systems were
made.
hydroxypropyl Sum silica 50pm  p-CEC chlorthalidone, mianserin SmM phosphate  o=1.30, Comparisons between [36]
-B- particle 1D. buffer (pH 6.5), N=10000, the mobile phase
cyclodextrin 15% acetonitrile Rs=3.4 additives and using the
(chlorthalidone) stationary phase were
made.
hydroxypropyl Sum 100um p-CEC DNS derivatives (Leu, norleucine, acetonitrile/phos  o=1.30, Organic modifier [37}
-B- sulfonated 1.D. Val, Ser, Thr, Trp, Phe, Met, Glu, phate buffer Rs=2.05 (DNS- content, pH and ionic
cyclodextrin  silica particle Asp), silvex, 2-(2,4- (pH5.5)=20/80, Leu) strength were
dichlorophenoxy)propionic acid, 2-(4- 1.6 mM sodium examined.
chloro-2-methylphenoxy)propionic ~ phosphate
acid, 2-(4-chlorophenoxy)propionic
acid, 2-(3-chlorophenoxy)propionic
acid, 2-(2-chlorophenoxy)propionic
acid
permethylated- 5pm silica 100um  p-CEC, mephobarbital, hexobarbital, 5mM phosphate  o=1.31, Type and composition [38]
B-cyclodextrin particle LD. pressure-  pentobarbital, 1-methyl-5-(2-propyl)- buffer (pH N=17600/m, of organic modifiers
assisted 5-(n -propyD)barbituric acid, 5-ethyl-1- 7.0)/methanol=4/ Rs=3.00 were studied.

CEC methyl-5-(n -propyDbarbituric acid, 1 (mephobarbital) Comparisons between
benzoin, o-methyl-a- micro-HPLC and
phenylsuccinimide, glutethimide, CEC.

MTH-Pro, methyl mandelate
permethylated- Sum silica 100um  p-CEC, mephobarbital, hexobarbital, 20 mM MES a=1.35, Type and [20}
B-cyclodextrin particle 1.D. pressure-  glutethimide, 1-methyl-5-(2-propyl)-5- buffer (pH N=65900/m, concentration of
(Chirasil-Dex (octamethylene assisted (n -propyl)-barbituric acid, 5-ethyl-1-  6.0)/methanol=1/ Rs=2.43 (MTH- buffer, amount and
silica) spacer) CEC methyl-5-(n -propyl)-barbituric acid, 1 Pro) nature of organic
benzoin, a-methyl-a- modifiers were
phenylsuccinimide, y-phenyl-y- studied. Comparisons
butyrolactone, MTH-Pro, methyl between micro-HPLC
mandelate, 1-(2-naphthyl)ethanol, and CEC.
mecoprop methyl, diclofop methyl,
fenoxaprop ethyl
permethylated- Smm silica 100pm m-CEC mephobarbital, hexobarbital, 1- 20mM MES a=1.20, Comparisons capilary [39]
B-cyclodextrin particle L.D. methyl-3-(2-propyl)-5-(n - buffer (pH N=60900/m, LC, pressure-assisted
(Chirasil-Dex (octamethylene propyl)barbituric acid, 5-ethyl-1- 6.0)/methanol=7/ Rs=3.17 CEC and without
silica) spacer) methyl-5-(#n -propyl)barbituric acid, 3 (mephobarbital) pressure-assisted CEC.
benzoin, a-methyl-o-
phenylsuccinimide, MTH-Pro,
mecoprop methyl, fenoxaprop methyl,
carprofen. ibuprofen
2-hydroxy-3- polyacrylamide 25um  m-CEC hexobarbital, mephobarbital, warfarin, 100mM o=1.15, Effect of 2-hydroxy-3- {40]
alloxy-propyl- gel(acrylamide, 1.D. tropicamid, ibuprofen, propranolol,  Tris/150mM N=560000/m, allyloxy-propyl-B-
B-cyclodextrin ammonium mephenytoin, hydrobenzoin boric acid buffer Rs=1.40 cyclodextrin on
persulfate, (pH 8.2) (warfarin) separation.
N,N'-
methylenebisac
rylamide,
N NN'N'-
tetramethylethy
lenediamine)
polymeric-B- polyacrylamide 75um  m-CEC terbutaline, benzoin 200mM o=1.03, Chiral selectors were  [41]
cyclodextrin  gel 1D. Tris/300mM N=26000, examined.
and boric acid buffer Rs=1.21
carboxymethyl (pH 9.0) (terbutaline)
B-cyclodextrin
polymer

1o -
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allyl charged 75um  m-CEC terbutaline, propranolol, benzoin 200mM o=1.05, Reproducibility was  [42]
carbamoylated polyacrylamide 1.D. Tris/300mM N=67000/m, studied.
B-cyclodextrin gel boric acid buffer Rs=1.86
(acrylamide, (pH 9.0) (terbutaline)
N,N'-
methylenebisac
rylamide,
N,NN',N'-
tetramethylethy
fendiamine,
ammonium
peroxodisulfate
, 2-acrylamido-
2-
methylpropane
sulfonic acid
allyl 2-acrylamido- 75um  m-CEC terbutaline, metaproterenol, 200mM a=1.09, Content of chiral [43]
carbamoylated 2- 1.D. isoproterenol, propranolol, pindolol,  Tris/300mM N=150000/m, selectors were
B-cyclodextrin methylpropane chlorpheniramine, tryptophan methy!  boric acid buffer Rs=4.84 (1-(1- examined.
sulfonic acid ester, tryptophan ethyl ester, a- (pH 7.0) naphthyl)ethyla
methyltryptamine, clenbuterol, 1-(1-  containing 10mM mine)
naphthalene)ethanol, methyl of 18-crown-6
mandelate, tryptophanol, 1-
aminoindan, 1,2,3,4-tetrahydro-1-
naphthylamine, 1-(1-
naphthyl)ethylamine. primaquine
polymeric-B- polyacrylamide 7Spym  m-CEC propranolol, chlorpheniramine, 1,2-  200mM o=1.03, Reproducibility and ~ [44]
cyclodextrin  gel 1D. diphenylethanol, DNS derivatives Tris/300mM N=224000/m, stability of the column
(Asp, Glu, Ser, Val, Leu, norleucine, boric acid buffer Rs=1.69 were studied.
Thr, Met, Phe, a-amino-# -butylic (pH 8.1) (mephobarbital) Negatively and
acid), phenylmercapturic acid, positively charged
wafarin, mephobarbital polyacrylamide were
used.
allyl polyacrylamide 75pum  m-CEC DNS derivatives(Asp, Glu, Ser, Val, 200mM a=1.10, Reproducibility and ~ {45]
carbamoylated gel LD. norvaline, Leu, norleucine, Thr, Met, Tris/300mM N=151000/m, stability of the column
B-cyclodextrin Trp, c-amino-z -butyric acid, Phe),  boric acid buffer Rs=4.30 were studied.
phenylmercapturic acid, warfarin, 2-  (pH 8.1) (terbutaline)
phenoxypropionic acid, ¥ -Fmoc-Val,
benzoin, 1-(1-naphthalene)ethanol,
terbutaline
Small molecules(amino acids derivatives and Pirkle type)
(S)-naproxen 3um silica 100pm  p-CEC 5 neutral analyte (DNP derivatives) ~ 25mM MES o=1.49, Run-to-run, day-to-day {46]
particle LD. buffer(pH N=196000, and column-to-column
6.0)/acetonitrile= Rs=8.02 (DNP- reproducibility were
1/3.5 Val methyl studied.
ester)
(3R 4S)- 3um silica 100um p-CEC 5 neutral analyte (DNP derivatives ~ 25mM MES 0=3.82, [46]
Whelk-O particle 1.D. and other aromatic compounds} buffer(pH N=200000,
6.0)/acetonitrile= Rs=30.95 (N -[1-
1/3.5 4-
bromophenyl)]-
2,2-
dimethylpropion
amide)
(3R 4S5)- 3.0pmsilica  100um p-CEC more than 30 neutral analytes 25mM MES o=1.55, Buffer concentration, [47]
Whelk-O particle 1D. containing stereogenic center, axe or  buffer(pH N=178000, modifier amount,
plane chiral enantiomers 6.0)/acetonitrile= Rs=16.65 (DNP- temperature, applied
172 1- voltage and pH were
phenylethylamin studied. Comparisons
€) between HPLC and
CEC.
(S)-N-3,5  5um 75um  p-CEC NBD derivatives (Ala, Gln, Glu, Ile, 5mM phosphate HETP=8.7, [48]
dinitrobenzoyl aminopropyl  1.D. Met, Phe, Pro, Ser, Thr, Val, 2,3~ buffer Rs=4.01 (NBD-
-1- silica particle diaminopropionic acid, 2- (pH2.5)/acetonitr Ala)
naphthylglycin aminobutyric acid, 3-aminobutyric ile=3/7
e acid)
(SUMICHIRA
L OA-
2500(58N

1o -
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(S)-N-3,5- Sum 75um m-CEC NBD derivatives (Ala, Gln, Glu, Ile, 5SmM phosphate HETP=14, pH and composition of {49}
dinitrobenzoyl aminopropyl  1.D. Met, Phe, Pro, Ser, Thr, Val, 2,3- buffer Rs=4.45 (NBD- acetonitrile were
-1- silica particle diaminopropionic acid, 2- (pH2.5)/acetonitr Val) examined.
naphthylglycin aminobutyric acid, 3-aminobutyric ile=3/7
e acid)
(SUMICHIRA
L OA-
2500(SY)
(S)-N-3,5- Spm 75um m-CEC NBD derivatives (Ala, Gln, Glu, Met, 5mM phosphate HETP=56, [49]
dinitrophenyla aminopropyl  LD. Pro, Ser, Thr, 2,3-diaminopropionic  buffer Rs=1.17 (NBD-
minocarbonyl- silica particie acid, 2-aminobutyric acid) (pH3.0)/acetonitr Val)
valine ile=3/7
(SUMICHIRA
L OA-3100)
2- organic gel 100um m-CEC N-(3,5-dinitrobenzoyl)leucine acetonitrile/SmM N=61000/m, Effect of [50]
hydroxyethyl (ethylene 1D. diallylamide phosphate buffer Rs=2.0 (N -(3,5- hydrophilicity was
methacrylate  dimethacrylate, (pH 7)=80/20 dinitrobenzoyl)l studied.
(N -L-valine- 2-acrylamido- eucine
3,5- 2-methyl-1- diallylamide)
dimethylanilid propansulfonic
e) carbamate  acid, butyl or
glycidyl
methacrylate)
N ~(2-hydroxy- organic gel 75um  m-CEC,  Asn, dopamine, o-methyl-dopamine, 50mM sodium  «=2.649, Comparisons between [51]
3- (methacrylamid 1.D. ligand a-methylphenylalanine, Tyr, Phe, Ser, dihydrogenphsph Rs=1.721 (a- capillary LC, pressure-
allyloxypropyl e, piperazine exchange  Thr, Trp ate and 0.ImM  methyl- assisted CEC and
)-L-4- diacrylamide, mode, in Cu(Il) (pH4.6)  dopamine) without pressure-
hydroxyprolin vinyl sulfonic situ assisted CEC.
acid) copolymeri
zation
Lys-Tyr adosorbed 25um  o-CEC Tyr, Phe, fenoprofen 10mM Phosphate Rs=2.0 Run-to-run and day-to- [52]
capillary wall  1.D. buffer (pH (fenoprofen),  day reproducibility
7.20)/2- N=560000/m  were studied.
propanol=90/10 (N.1)
Lys-Ser-Tyr  adosorbed 10pum 0-CEC Tyr, Phe 10mM Phosphate Rs=2.0 (Phe),  Run-to-run [52]
capillary wall  1.D. buffer (pH N=390000/m  reproducibility was
6.86)/2- (N.I) studied.
propanol=50/50
L-Lys adosorbed 10um  0-CEC Phe 10mM Phosphate Rs=1.5 (Phe),  Run-to-run (52}
capillary wali  1.D. buffer (pH N=590000/m  reproducibility was
6.86)/2- (N.L) studied.
propanol=50/50
Macrocyclic antibiotics
vancomycin 5 um spherical 100um  p-CEC wafarin, hexobarbital 0.1% a=1.28, Effect of mobile phase {53]
silica gel I.D. triethylamine N=13300, composition was
acetate (pH Rs=2.7 studied.
5)/acetonitrile=8 (wafarin)
0/20
vancomycin  Sum diol silica 75Sum  p-CEC, in  thalidomide, alprenolol, atenolol, methanol/acetonit o=2.48, Composition of mobile [54]
1.D. situ bupivacaine, ephedrine, isoprenaline, rile/acetic N=115000/m, phase (reversed phase
immobilisat ketamine, metoprolol, phenylamine,  acid/triethylamin Rs=2.52 and polar organic
ion practolol €=80/20/0.2/0.2 (thalidomide)  phase) was studied.
vancomyein  Sum silica 75um  p-CEC pindolol, alprenolol, atenolol, acetonitrile/meth N=190000/m,  Organic modifier, [55]
particle 1D. fenoterol, metoprolol, sotalol, anol/triethylamin Rs=13.8 organic solvent ratio,
propranolol, bupivacaine, labetalol,  e/acetic (thalidomide)  ionic strength, pH,
verapamil, terbutaline, thalidomide,  acid=20/80/0.1/0. temperature and
ketamine, warfarin, coumachlor, 1 voltage were
felodipine, binaphthol examined. Aqueous
and non-aqueous
mode.
teicoplanin Sum silica 100pm  p-CEC tryptophan, DNB-Leu acetonitrife/water N=29000/m, Composition of mobile [56]
particle 1D. =50/50 Rs=1.74 phase, temperature and
(tryptophan) reproducibility were
studied.
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teicoplanin Spum silica 75um p-CEC wafarin, coumachlor, felodipine, 5,5- methanol/acetonit N=136000/m,  Non-aqueuous polar  [57]
particle 1.D. diphenylhydantoin, tryptophan, 5-(4- rile/triethylamine/ Rs=3.27 organic mode and
methylphenyl)-5-phenylhydantoin, N - acetic acid (alprenolol) reversed-phase mode
Z-glutamic acid, 5-(4-hydroxyphenyl)- =80/20/0.1/0.1 were compared.
5-phenythydantoin, benzoin,
terbutaline, ibuprofen, bupivacaine,
alprenolol, atenolol, fenoterol,
pindolol, sotalo], propanolol,
bupivacaine, labetalol, verapamil,
metoprolol, phenylpropanolamine, -
hydroxyphenethylamine, thalidomide,
ketoprofen, dopa
Proteins
bovine serum cross-linked ~ 75um  m-CEC tryptophan 50mM potassium N=91000, Capillary affinity gel [58]
albumin gel LD. phosphate (pH =~ Rs=6.0 (Try) electrophoresis.
(glutaraldehyde 7.5)
cellobiohydrol cross-linked ~ 7Sym  m-CEC atenolol, metoprolol, pindolol, 50mM potassium Effect of sample [59]
ase I, bovine  gel LD. propranolol phosphate (pH volume on peak shape.
serum albumin (glutaraldehyde 6.8)+ 1% 2-
) propanol
cellobiohydrol cross-linked ~ 7Suym  m-CEC acebutolol, atenolol, metoprolol, 50mM potassium N=75000- Comparisons between [60]
ase | gel 1.D. pindolol, prenalterol, propranolol phosphate (pH ~ 30000/m, mobile phase additive
(glutaraldehyde 6.8) + 1% 2- Rs=4.2 (cyclodextrin
) propanol (pindolot} derivatives) separation
mode, using chiral
stationary phase mode
and MIP mode.
oy-acid Sum particle  50um  p-CEC benzoin, hexobarbital, pentobarbital, 5% 1-propanol/5 N=5800, pH, electrolyte [61]
glycoprotein LD. ifosfamide, cyclophosphamide, mM phosphate HETP=29mm  conceniration and
metoprolol, oxprenolol, alprenolol,  (pH 6.5) (benzoin) concentration of
disopyramide, propranolol organic solvent are
studied.
human serum  7um silica 50um  p-CEC oxazepam, temazepam, benzoin 4mM o=2.4, Type and [62]
albumin particle LD. phosphate(pH ~ N=7000/m concentration of
7.0) +2% 2- (temazepam) organic modifier are
propanol studied. Comparisons
between the mobile
phase additive mode
and using the
stationary phase mode.
bovine serum chemically 25 or 0-CEC DNP derivatives (Ala, Glu, Phe, Pro), 50mM Phosphate Rs=4.64, Comparison between  [63]
albumin bond 50pm lorazepam, oxazepam buffer (pH6.0)  N=34000/m OTLC and CEC
1.D. (DNP-Ala)
lysozyme adosorbed 10pm 0-CEC Trp, PTH-Asp, PTH-Thr, DNS-Leu, 10mM Phosphate Rs=2.05, Run-to-run [52, 64]
capillary wall  1.D. mephenytoin buffer (pH N=110000/m  reproducibility was
7.20)/2- (DNS-Leu) studied.
propanol=90/10
cytochrome ¢ adosorbed 25um 0-CEC Tyr, Phe, Trp, chrysanthemic acid, 10mM Phosphate Rs=4.1 (DNS-  Run-to-run and day-to- [52]
capillary wall LD. DNS-Leu buffer (pH Leu), day reproducibility
6.86)/2- N=400000/m  were studied.
propanol=80/20 (N.L)
avidin adosorbed 28 or o-CEC ketoprofen, flubiprofen, ibuprofen, 10mM Phosphate Rs=1.51, Buffer pH, organic [65]
capillary wall ~ 50um warfarin, adenochrome buffer (pH N=186600/m  modifier, applied
LD. semicarbazone, chlormezanone, DNS  5.95)/methanol=8 (ketoprofen) voltage and
derivatives (Ser, Met, Thr, Val, 5/15 temperature were
norleucine, o-amino-# -butyric acid, examined. Run-to-run,
Trp) abscisic acid, suprofen day-to-day and
column-to column
reproducibility were
studied
Quinine-based anion exchange
tert. -butyl Sum silica 75 or p-CEC Fmoc-Leu, DNZ-Leu, DNB-Leu 50mM acetic o=2.16, pH, organic modifier, [66]
carbamoyl particle 100pum acid/acetonitrile= N=122000(DNZ buffer concentration
quinine LD. 20/80 (mixture  -Leu) were studied.
titrated to pH 6 comparisons between
with HPLC and CEC.
triethylamine)

1o -



Chromatography, Vol.22 No.3 (2001)

1o -

tert.- butyl 3um silica 100um  p-CEC DNZ derivatives (Leu, Phe, Pro), Z  acetonitrile/meth N=106000/m,  Electrolyte [67]
carbamoyl particle 1.D. derivatives (Leu, Phe, Tyr), Fmoc anol=80/20+400 Rs=6.9 (Fmoc- corncentration, mobile
quinine derivatives (Ala, Asn, Trp, Arg, Leu), mM acetic Leu) phase composition and
DNP derivatives (Phe, Lys, c-amino  acid+4mM temperature were
caprylic acid, Phe, Ser), Bz-Leu, Bz- teiethylamine studied. Nonaqueous
Phe, Ac-Phe, Ac-Trp, dichlorprop, mobile phase.
suprofen, flurbiprofen, etodolac,
sulfinpyrazone
tert. -butyl 1.5 75 or p-CEC, DNZ-Leu, Fmoc-Leu, DNB-Leu, 1,1'- acetonitrile/buffe o=1.14, Comparisons three [68]
carbamoyl (nonporous), 3 100um  electrokinet binaphthyl-2,2'- =80/20 + N=120000/m, differnt types of silica
quinene (porous) or 1D. ic ally diylhydrogenphosphate, Bz-Leu, 150mM 2-(N-  Rs=4.32 particles. Effect of
Sum silica packing DNP-Val, Fmoc derivatives(Arg, Leu, morpholino)etha (DNB-Leu) electric field strength,
particle Phe, Trp, Asn) nesulfonic acid temperature, pH,

(pH 6.0) buffer type and
concentration, organic
modifer type and
concentration were
examined.

O-[2- organic 100um m-CEC DNB-Leu, DNZ-Leu acetonitrile/meth ¢=2.48, Polymerization [69]
(methacryloyl polymer 1.D. anol=80/20 + N=74000/m, conditions, monomer
oxy)ethylcarba (ethylene 400mM acetic ~ Rs=22.57 and porogen were
moyl}-10,11-  dimethacrylate acid + 4mM (DNB-Leu) studied.
dihydroquinidi , glycidyl triethylamine
ne methacrylate or
2-hydroxyethyl
methacrylate)
0-[2- organic 100um m-CEC DNP-Val, Fmoc-Leu, DNZ-Leu, acetonitrile/meth o=1.21, Effect of pore size of [70]
(methacryloyl polymer 1.D. DNB-Leu, Bz-Leu Ac-Phe, Fmoc-  anol=80/20 + N=242000/m,  monolith and mobile
oxy)ethylcarba (ethylene Val, Z-Phe, DNZ-Phe, DNP-Ser, 600mM acetic  Rs=6.28 (DNP- phase composition on
moyl]-10,11-  dimethacrylate DNP-GIn, DNP-Leu, 2-(4-chloro-2-  acid + 6mM Val) separations were
dihydroquinidi , 2- methylphenoxy)propionic acid triethylamine studied.
ne hydroxyethyl (mecoprop), 2-(2,4,5-
methacrylate) trichlorophenoxy)propionic acid
(fenoprop)
Cellulose derivatives
cellulose tris ~ coated 50um 0-CEC 1-(9-anthryl)-2,2,2-trifluorosthanol ~ 40mM phosphate Temperature was [71]
(3,5- capillary 1D. buffer (pH examined.
dimethylpheny (0.025um T)/acetonitrile=6 Comparisons between
learbamate)  thikness) 0/40 HPLC, OTLC and
CEC.
cellulose coated S0um 0-CEC glutethimide, aminoglutethimide, 40mM phosphate o=1.69, Coating thickness and [71]
tris(4- capillary 1.D. mephobarbital, 1-(1-naphthyl)ethyl  buffer (pH N=36700, organic modifier were
methylbenzoat (0.025um alcohol 7)/acetonitrile=8 Rs=2.8 examined.
e) thikness) 0/20 (glutethimide) ~ Comparisons between
HPLC, OTLC and
CEC.
cellulose Spm silica 100um p-CEC, indapamide 20mM sodium Comparisons between [72]
tris(3,5- particle 1.D. with and citrate(pH pressure-driven and
dimethylpheny without 7.0)/acetonitrile= electrically-driven
Icarbamate) pressure- 55/45 CEC.
assisted
CEC
cellulose 5 or 7um 100um  p-CEC, benzoin, indapamide, trans -stilbene  20mM sodium  a=1.21, Content of modifier, {73]
tris(3,5- macroporous 1D, electrokinet oxide, glutethimide, lorazepam, a-1-  citrate(pH N=20000/m, concentration and pH
dimethylpheny silica particle ically hydroxyethylnaphthalene S)/water/acetonitr Rs=1.26 of the mobile phase
lcarbamate) packing ile=10/20/70 (glutethimide) ~ were studied.
Comparions between
capillary-LC and CEC.
cellulose 3 or Sum silica 100um  p-CEC pindolol, propranolol, 4-phenyl-2- 50mM phosphate o=1.19, Comparisons between [74]
tris(3,5- particle 1.D. butanol, benzoin, indapamide, buffer(pH N=34000/m, 3um and Sum silica
dimethylpheny homatropin, wafarin, verapamil, 4.0)/acetonitrile= HETP=7.1 particles.
lcarbamate) enilconazole, ibuprofen, 3- 30/70 (homatropine)
(Chiralcel phenylbutyric acid
OD)
amylose Sum widepore 100pm  p-CEC, thalidomide, 5-hydroxythalidomide, methanol/ethanol Comparisons between [75]
tris(3,5- aminopropylsil 1.D. non- cis -5'-hydroxythalidomide =75/25 +2.5mM HPLC, capillary LC
dimethylpheny ica particle aqueous ammonijum and CEC. Preparation
Icarbamate) acetate of a column packed
(Chiralpak with mixture of
AD) Chiralpak AD,
Chiralpak OD and
aminopropylsilica.
amylose Sum widepore 100um  p-CEC, aminoglutethimide, trans -stilbene 10mM a=3.23, pH and composition of [76]
tris(3,5- aminopropylsil LD. non- oxide, metomidate, piprozolin ammonium N=51000/m, mobile phase were
dimethylpheny ica particle aqueous acetate in ethanol Rs=1.36 (frans - cxamined.
Icarbamate) ®H7.7) stilbene oxide) Comparisons between
(Chiralpak HPLC, capillary LC
AD) and CEC.
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ceuurose Sum widepore 1UUum  p-UEL, piprozolin, glutetnimide, etozolmn, tymm 0=2.01, pH and composition ot | /6]
tris(3,5- aminopropylsil 1.D. non- Troeger's base, indapamide, ammonium N=24000/m, mobile phase were
dimethylpheny ica particle aqueous  piprozolin acetate in Rs=1.55 examined.
learbamate) methanol (pH (piprozolin) Comparisons between
(Chiralcel 7.7) HPLC, capillary LC
oD) and CEC.
cellulose Sum widepore 100um  p-CEC, trans -stilbene oxide, econazole, 2,2'-  10mM o=1.35, pH and composition of [76]
tris(4- aminopropylsil 1.D. non- diamino-6,6'-dimethylbiphenyl, ammonium N=24000/m, mobile phase were
methylbenzoat ica particle aqueous  glutethimide acetate in Rs=2.36 (trans - examined.

e) (Chiralcel methanol (pH*  stilbene oxide) ~Comparisons between
[02))] 7.7) HPLC, capillary LC

and CEC.
cellulose Smm 100um p-CEC, 2-(benzylsulfinyl)benzamide, 2- 2.5mM ammonia N=213400/m,  Amount of chiral [771
tris(3,5- aminopropyl  1.D. non- (benzylsulfinyl)-banzoic acid benzyl acetate in Rs=1.84 (2- selector was examined.
dichloropheny silica particle aqueous  ester, etozolin, piprozolin methanol (pH*  (benzylsulfinyl) Comparisons capillary
Icarbamate) 7.7) benzamide) LC and CEC.

Helically chiral organic polymer
poly-N- Sum silica 100um  p-CEC, bendroflumethiazide 50mM NaH,PO, Comparisons between [72}
acryloyl-i- particle 1D. with and (pH pressure-driven and
phenylalanine without 8.0)/acetonitrile= electrically-driven
ethylester pressure- 60/40 CEC.

(Chiraspher) assisted
CEC -
poly(diphenyl- S5pm wide-pore 100pm  p-CEC, benzoin acetate, methylbenzoin, 2.5mM N=5400 Comparisons between [78]
2- aminopropyl  1.D. non- Troger's base, frans -stilbene oxide ~ ammonium (methylbenzoin) HPLC, capillary LC
pyridylmethyl silica particle aqueous acetate in pressure-assisted CEC
methacrylate) methanol (pH* and without pressure-
4.5) assisted CEC.
poly(diphenyl- 5um silica 100pm  p-CEC, benzoin, methylbenzoin, ethylbenzoin, acetonitrile/water o=2.79, Composition and type [79]
2- particle 1.D. non- isopropylbenzoin, benzoin acetate, =80/20 + 2.5mM N=23000/m, of mobile phase were
pyridylmethyl aqueous  1,1-binaphthyl-2,2'-diol, trans - ammonium Rs=4.57 (trans - studied. Contribution
methacrylate) stilbene oxide, cyclbutyldianilide acetate (pH* 4.5) stilbene oxide) of pressure-driven
carbamate flow and

electrokinetically

driven flow was

evaluated.

ABBRIBATION, o separation factor, Ac: acetyl, Bz: benzoyl, DNB: dinitrobenzoyl, DNP: dinitrophenyl, DNS: dansyl, DNZ: N -3,5-dinitrobenzyloxycarbonyl,
Fmoc: N -9-fluorenylmethoxycarbonyl, HETP: height equivalent to a theoretical plate, MES: 2-(N -morpholino)ethanesulfonic acid, MTH: methylthiohydantoin, N:
theoretical plate number, NBD: 4-fluoro-7-nitro-2,1,3-benzoxadiazole, N.I.: Not identified, OTLC: open tubular liquid chromatography, *pH: apparent pH, Rs:

resolution, Z: benzyloxycarbonyl

2. Type of capillary
2.1 Open tubular capillary

Open tubular capillary is coated by the chira selectors physi-
caly or chemically onto the interna capillary wall and there is no
packing material inside the capillary. The first report of enanti-
omeric separation using open tubular CEC (0-CEC) was described
by Mayer and Schurig in 1992 (14). They coated the capillary wall
with permethyl-f3-CD. The main drawback of o-CEC islow sample
loading capacity, due to the low surface area of 0-CEC (inner di-
ameter of an 0-CEC capillary is less than 50 um and the thickness
of coating is less than 1 um). By etching the internal wall of the
capillary, the surface area increased up to 1,000- fold and reduce
the loading problem (15).

2.2 Packed capillary

In packed CEC (p-CEC), the capillary is filled with chira
modified particles, many of which are also used as packing parti-
cles for HPLC columns. p-CEC is the most common CEC mode
and numerous numbers of commercially available LC packing ma-
terials with different selectivities are applicable. Packing particles
for HPLC columns, however, suffer an end-capping treatment,
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which reduces the free silanol groups. The treatment reduces not
only interactions between silanol and analyte, but also the EOF,
which means separation time is extended. Some specially designed
packing particles based on ion-exchange phase, organic polymer,
sol-gel etc. have been developed to promote the EOF (16). A seri-
ous drawback of p-CEC is the difficulty of frit fabrication (frits
prevent packing particles from flowing away). Frit fabrication with
a good repeatability, permeability and durability is technicaly dif-
ficult, because the inner diameter of capillary is narrow (100-50
um) and the frit length is very short (1-2 mm). Furthermore, the frit
itself disturbs separation efficiency by encouraging bubble forma-
tion or by disturbing the flow profile of the mobile phase at the in-
terface between the packed section and the frit (17-19). Bubbles
lead to increase of baseline noise, and sometimes current bresks
down which stop EOF. To prevent bubble formation, the separation
can be performed under a pressurized condition, in which both inlet
and outlet vias are pressurized by gas. The pressurizing system
also helps to compensate for the slow EOF (20). Although the sys-
tem is useful, the frit still deteriorates the separation efficiency. To
overcome these frit problems, another mode of CEC, that is, m-
CEC was developed.



2.3 Monalithic capillary

m-CEC consists of a single piece of porous solid packing ma-
terial, without a frit. Gusev (21) defines this “monolithic stationary
phases’ as “a continuous unitary porous structure prepared by in
situ polymerization or consolidation inside the column tubing and,
if necessary, the surface is functionalized to convert it into a sorb-
ent with the desired chromatographic binding properties.” The
monoalithic structure is fixed to a capillary by chemical or physical
interaction, which prevents it from being pushed out from the cap-
illary by EOF or electrophoretic forces. There are two main meth-
ods of m-CEC preparation as follows :

(a) The monalithic structure is prepared by co-polymerization
of a homogeneous mixture of chiral selector and monomer
(acrylamide or methacrylate). After polymerization, chiral recogni-
tion is achieved either through (1) molecular recognition of ana-
lytes by the chiral selector, or (2) physical recognition of analytes
in the cavities remaining throughout the monolithic. The latter,
which is the basis for MIP separations, takes advantage of highly
selective spatia recognition properties of the cavities, which simi-
lar to that of antibodies or receptors.

(b) The monalithic structure is prepared from slurry solution
of CSP and monomer. After polymerization, CSP is encapsulated
by porous polymer and is fixed within capillary.

These structural features do not cause frit problems. Further-
more, m-CEC is prepared in one step using in situ polymerization
inside the capillary ; hence, preparation of m-CEC is easier than p-
CEC. A serious problem in m-CEC is the limited choices of mono-
mer. The monolithic structure needs to be porous, robust and stable
and it aso needs to be charged for EOF. Despite this problem, m-
CEC isapopular trend in CEC.

There are several new trends in CEC research. One is the use
of non-aqueous mobile phases. Many CSPs in HPLC obtained suc-
cessful enantiomeric separation in non-aqueous mobile phases,
such as ethanol or mixtures of hexane and iso-propanol (22, 23).
Non-aqueous mobile phases have also been used in CEC. This
method is attractive when solubility or stability problems exist in
agueous buffers, but run-to-run reproducibility problems still need
to be solved (24). The other trends are hyphenation technology of
CEC with mass spectrometry or CEC separation system on a chip.
The details of these new trends have been reported in some papers
including this special issue (25-27).

3. Chiral selectors
3.1 CDsand modified CDs

CDs and modified CDs are the most widely used compounds
as chiral selectors for enantiomeric separation in LC, GC and CE.
CDs are cyclic oligosaccharides with truncated cylindrical molecu-
lar shapes, and have particular names, a-, p- and y-CD for those
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having six, seven and eight glucopyranose units, respectively.
Guttman et al. reported the first enantiomeric separation using p-
CEC with immobilized CDs in 1988 (28). In this study, poly-
acrylamide gel and B- or y-CD were packed inside the capillary.
These discharged compounds does not cause fast EOF, hence
acidic analytes migrate toward the anode by electrophoresis with
forming complexes with - or y-CD. Dansyl-Ser enantiomers were
separated using this technique (o = 1.12, N = 100,000/m).

Some 0-CECs were prepared using CDs and modified CDs.
These reports compared CEC with other separation methods (GC,
HPLC, OTLC, SFC) using the same capillary (29-34). Li and
Lloyd reported enantiomeric separations of neutral drugs and
amino acid derivatives using p-CEC packed with 3-CD modified
particles (35). The separation efficiency is better than that of f-CD
additives in the mobile phase. Leliévre et al. used hydroxypropyl-
B-CD as a chiral selector (36). Separation efficiency of p-CEC
packed with the chiral selector was compared with that of ODS
packed p-CEC with the chiral selector additive in the mobile phase.
The latter method achieved higher selectivity and resolution in a
shorter analysis time. Zhang et al. also used hydroxypropyl-p-CD
as achira selector for p-CEC (37). They packed particles with sul-
fate and separated acidic compounds within a short time.

Schurig and co-workers used permethyl-B-CD as a chiral se-
lector for enantiomeric separation of mephobarbital on both p-CEC
and m-CEC (20, 38, 39). m-CEC obtained better efficiency than p-
CEC. In another example of m-CEC, Végvé&ri et al. prepared m-
CEC from acrylamide gel containing 2-hydroxy-3-allyloxy-propyl-
B-CD as a chiral selector (40). They separated acidic, neutral and
basic drugs using m-CEC. Koide and Ueno prepared m-CEC com-
posed of acrylamide gel and allyl carbamoylated 3-CD (41-45). Al-
lyl carbamoylated 3-CD was trapped inside the gel by chemical or
physical interactions. Acidic, neutral and basic drugs were sepa-
rated enantiomerically by m-CEC and mephobarbital showed a
good enantiomeric separation (o = 1.03, N = 224,000/m).

3.2 Small molecules (amino acid derivatives and Pirkletype)
Some amino acid derivatives or drug derivatives are used as
chiral selectorsin HPLC. These chiral selectors make it easy to re-
verse the elution order of enantiomers by changing a configuration
of the chiral selectors. Wolf et al. modified 3 um silica particles
with (S)-naproxen and (3R, 4 S)-Whelk-O for p-CEC, and sepa-
rated more than 30 neutral compounds (46, 47). Enantiomeric sepa-
ration of N-[1-(4-bromophenyl)]-2,2-dimethylpropionamide
showed good efficiency (Rs = 30.95, N = 200,000/m).
Fluorescently derivatized amino acids and non-protein amino
acids were separated by a p-CEC packed with 5 um aminopropyl
silica-gel modified  with (S ) -N-3,5-dinitrobenzoyl-1-
naphthylglycine (48). Amino acids and non-protein amino acids
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were derivatized with the fluorogenic reagent, 4-fluoro-7-nitro-2, 1,
3-benzoxadiazole (NBD-F). Resolution ranged from 1.21 to 8.29,
with a plate height from 8.7 to 39 um. NBD-amino acids were also
separated by m-CECs packed with 5 um aminopropyl silica-gel
modified with (S)-N -3,5-dinitrobenzoyl-1-naphthylglycine and (S)
-N-3,5-dinitrophenylaminocarbonyl-valine (49). These modified
particles were fixed within a capillary by porous monolithic struc-
ture, which was prepared by sol-gel reaction. The m-CEC prepared
by (S)-N-3,5-dinitrobenzoyl-1-naphthylglycine showed better
enantiomeriseparation than that by (S ) -N-35
dinitrophenylaminocarbonyl-valiine. The other m-CEC was pre-
pared by co-polymerization of 2-hydroxyethyl methacrylate (N-L-
valine-3, 5-dimethylanilide) carbamate and acrylamide (50). N-(3,
5-dinitrobenzoyl) leucine diallylamide enantiomers were separated
by the m-CEC with a resolution of 2, and theoretical plate number
for the first eluted enantiomer of 61,000/m. Schmid et al. prepared
m-CEC composed of polyacrylamide gel containing N-(2-hydroxy
-3-alyloxypropyl)-L-4-hydroxyproline (51). They added copper in
the mobile phase and separated amino acids and biological com-
pounds by ion-exchange mode (a-methyl-dopamine: o = 2.65).
Liu et al. used amino acid (Lys) or peptides (Lys-Tyr and Lys-Ser-
Tyr) for chiral selectors for 0-CEC (52). These chiral selectors have
positively charged and adsorbed onto the capillary wall by flushing
a solution containing the chiral selectors into the capillary. These
columns separated Phe, Tyr and fenoprofen with the resolution of
1.3t02.0.

3.3 Macrocyclic antibiotics

Macrocyclic antibiotics are popular for chiral selectors in
HPLC. These selectors have both a binding site (hydrogen bond-
ing, m-t interaction, etc.) and a cavity for forming the host-guest
complex. Dermaux used vancomycin as a chiral selector for p-CEC
(53). Owens and co-workers also used vancomycin as a chiral se-
lector (54, 55). They separated drugs (B-blocker and nonsteroidal
anti-inflammatory drugs) using polar organic and reversed-phase
mode. The resolution and theoretical plate number for thalidomide
was 13.8 and 190,000, respectively. Another macrocyclic antibi-
otic, teicoplanin, was aso used as a chiral selector for p-CEC.
Carter-Finch and Smith separated tryptophan enantiomers; the
HETP of the first eluted enantiomer was 56 um and the resolution
was 1.17 (56). About 30 enantiomers (3-blocker, nonsteroidal anti-
inflammatory drugs etc.) were separated by the group of Owens
(57). Resolution of tryptophan and alprenolol were 1.74 and 3.27,
respectively, and theoretica plate numbers were 29,000/m and
136,000/m.
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3.4 Proteins

Proteins are also used as chiral selectors in HPLC. But com-
position of applicable mobile phase is restricted, because the three-
dimensional structures of proteins are dramatically changed by pH
or organic modifiers in the mobile phase. Bovine serum albumin
and cellobiohydrolase | was used as chiral selectors for m-CEC by
Nilsson and coworkers (58-60). They used glutaraldehyde to entrap
these proteins inside the capillary. Six p-adrenergic antagonists
were separated by m-CEC. Li and Lloyd reported enantiomeric
separations of 10 enantiomers using p-CEC packed with 5 um par-
ticles modified with au-acid glycoprotein (61). The theoretical plate
number of benzoin was low (5,800), because the velocity of mass
transfer is slow between protein and enantiomers. They also pre-
pared a p-CEC packed with human serum abumin to separate 3
drugs (62). The theoretical plate numbers of the first eluted enanti-
omer of temazepam and the separation factor of it were 7,000/m
and 2.4, respectively. Bovine serum albumin was used as chiral se-
lector of 0-CEC (63). Hofstertter et al. bound bovine serum albu-
min onto the capillary wall chemically and separated dinitrophenyl
(DNP)-amino acids and 3-hydroxy-1,4-benzodiazepines. Ly-
sozyme, cytochrome ¢ and avidin were also used as chiral selectors
of 0-CEC (64, 65). These proteins were adsorbed onto the capillary
wall through two kinds of force (electrostatic attraction and hydro-
phobic interaction). Lysozyme, cytochrome ¢ and avidin column
separated 5,5 and 16 enantiomers, respectively. Column-to-column
reproducibility of the avidin column (1.1%) was superior to run-to-
run reproducibility of it (2.2%) (65).

3.5 Quinine-base anion-exchange

Lindner and co-workers used anion exchange type CSPs
modified with t-butyl-carbamoyl quinine as a chiral selector (66-
70). Quinine has five chiral centers and two basic amino groups:
the tertiary quinuclidine group and the aromatic quinoline group.
These amino groups have a positive charge at low pH ; thus EOF
moves towards the anodes. Anions migrated toward the anode (the
same direction of the EOF), hence the anions eluted within a short
time. Glutethimide was separated ; its resolution was 4.32 and
theoretical plate number of the first eluted enantiomer was
120,000/m with t-butyl-carbamoyl quinine as a chiral selector.
They aso prepared m-CEC by co-polymerizing O-[2-(methacry-
loxyloxy)-ethylcarbamoyl]-10,11-dihydroquinidine and meth-
acrylate (69, 70). N-Derivatized aminoacids were separated by m-
CEC and resolution of DNP-Va and theoretical plate number of
thefirst eluted enantiomer were 6.28 and 242,000/m, respectively.

3.6 Cellulose derivatives
Cellulose derivatives, amylose-tris (3,5-dimethylphenylcarba-
mate), cellulose-tris (3,5-dimethylphenylcarbamate) and cellulose



tris (4-methylbenzoate), are some of the most popular chira selec-
torsin HPLC. CSPs packed with these chiral selectors separated a
variety of enantiomersin HPLC. Hence, these chiral selectors have
been used for CEC. First paper used the cellulose derivatives as
chiral selectos for CEC was reported in 1996. Francotte and Jung
coated cellulose-tris (3,5-dimethylphenylcarbamate) and cellulose
tris (4-methylbenzoate) onto a capillary wall of 0-CEC and sepa-
rated some enantiomers (71). Cellulose tris (4-methylbenzoate) col-
umn separated glutethimide with respolution of 2.8 and theoritical
platenumber of 36,700. Krause et al. prepared p-CEC packed with
5um slica particles modified with celulosetris (3,5-
dimethylphenylcarbamate) and separated indapamide enantiomers
(72). Mayer et al. used the same chira selector for p-CEC and
separated glutethimide with a resolution of 1.26 and theoretical
plate number of first eluted enantiomer is 20,000/m (73). Otsuka et
al. used the same chiral selector and compared the effect of pack-
ing particle diameter (3 or 5 um) (74). Blaschke et al. prepared p-
CEC using amylose-tris (3, 5-dimethylphenylcarbamate), cellulose-
tris ( 3,5-dimethylphenylcarbamate) and cellulose  tris(4-
methylbenzoate) as chiral selectors (75, 76). Separation efficiencies
of these p-CEC are superior to those of HPLC in non-agqueous con-
ditions.

3.7 Helically chiral organic polymer

Helicaly chiral organic polymers have also been used as
chiral selectors for p-CEC. Krause et al. used poly-N -acryloyl-L-
phenylaanineethylester or poly(diphenyl-2-pyridylmethyl meth-
acrylate) as chiral selectors (72, 78, 79). trans-Stilbene oxide enan-
tiomers were separated by p-CEC containing poly (diphenyl-2-
pyridylmethyl methacrylate) as a chiral selector. Their resolution
was 4.57 and theoretical plate number was 23,000/m.

4. Conclusion

Enantiomeric separation by CEC has received considerable at-
tention in recent years. Most reports on CEC showed better separa-
tion efficiencies than those in HPLC using similar columns. On the
other hand, CEC is still limited with respect to application to the
real samples, such as environmental or biologica samples. CEC
till has problems with column technologies, system stability and
column-to-column reproducibility. Further improvements need to
be demonstrated and also a wide variety of CSPs for CEC need to
become available commercialy, before CEC is applied to enanti-
omeric determination of real samples.
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