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Sensitive chiral analysis by capillary
electrophoresis

In this review, an updated view of the different strategies used up to now to enhance
the sensitivity of detection in chiral analysis by CE will be provided to the readers. With
this aim, it will include a brief description of the fundamentals and most of the recent
applications performed in sensitive chiral analysis by CE using offline and online sam-
ple treatment techniques (SPE, liquid–liquid extraction, microdialysis, etc.), on-column
preconcentration techniques based on electrophoretic principles (ITP, stacking, and
sweeping), and alternative detection systems (spectroscopic, spectrometric, and
electrochemical) to the widely used UV-Vis absorption detection.
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1 Introduction

For some applications in the field of chiral analysis by CE it
is necessary to achieve a high sensitivity of detection. As
examples, it can be mentioned the determination of the
enantiomeric purity of a drug, the determination of chiral
compounds in biological samples, the analysis of environ-
mental samples containing low levels of chiral pesticides
or pollutants, and the analysis of food samples. Thus, the
analysis of the stereochemical purity of compounds is of
critical importance in chiral drug synthesis and develop-
ment as well as for quality control of drug substances. In
analytical chemistry the enantiomeric impurity (ei) is
usually quantified as the percentage of one enantiomer
(i.e., the S form) in the mixture (R and S forms), Eq. (1).

ei ¼ S= R þ Sð Þ½ � � 100 (1)

Since nowadays, a high percentage of chiral drugs is
commercialized as pure enantiomers, the determination
of their purity is essential. The ICH guidelines on impu-

rities (Topics Q3A and B) (International Conference on
Harmonisation, http://www.ich.org; checked on March
2005) can be applied to study the enantiomeric impurities
as impurities for achiral drugs. They define certain
thresholds for the content of impurities above which they
should be identified and/or quantified. These thresholds
have recently been revised (February 2002 and 2003)
establishing that for drug substances where the max-
imum daily dose (MDD) is 2 g/day or below, impurities
must be reported if they are present above 0.05%, iden-
tified if above 0.10%, and qualified if above 0.15%.
Obviously, to accomplish these requirements the sensi-
tivity of detection has to be taken into consideration [1–3].
On the other hand, the determination of chiral com-
pounds in biological samples (plasma, urine, cere-
brospinal fluid, tissues, cells, etc.) is one of the most
interesting applications of chiral CE. The analysis of these
small mass/volume samples requires appropriate selec-
tivity (usually a sample treatment is used to avoid matrix
interferences) and sensitivity [4]. In addition, chiral analy-
sis of environmental samples by CE is a clear challenge
nowadays. The main problem is the high sensitivity
required for the detection of herbicides, fungicides, and
organic persistent pollutants in environmental samples
such as water, soil, and slug [5]. In fact, the levels of pol-
lutants in environmental samples are below ppbs levels,
that is, molar concentrations lower than 361029 M for
chiral pollutants with a molecular weight of ,300 g/mol.
Finally, the determination of the enantiomeric purity of
food components or the analysis of chiral compounds in
food samples, which among others, enables obtaining
important information on adulterations and food proces-
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sing, also require appropriate sensitivity. In all these
cases, an enhancement of the sensitivity of detection
achieved by UV-Vis absorption detection, which is the
most widely used in CE, is needed. An improvement of
the sensitivity of detection may be achieved by means of
three different strategies: (i) the sample treatment which
can be made offline and online, (ii) the use of on-column
sample preconcentration techniques based on electro-
phoretic principles, and (iii) the use of alternative detec-
tion systems to the UV-Vis absorption detection.

With the aim of providing to the readers an updated view
of the different strategies used up to now to enhance the
sensitivity of detection in chiral analysis by CE, this review
will include a brief description of the fundamentals and
most of the recent applications performed in sensitive
chiral analysis by CE using offline and online sample
treatment techniques, on-column preconcentration tech-
niques, and alternative detection systems to the widely
used UV-Vis absorption detection. In addition, a brief
discussion of the CE working modes employed for chiral
analysis will previously be included in order to establish
the context of the different applications shown along this
manuscript.

2 Separation modes in chiral analysis by CE

Chiral separations performed by CE in aqueous media
may be included in the EKC mode because the dis-
crimination of the enantiomers of a chiral compound is due
to their different interaction with a chiral selector, that is,
enantiomers are distributed in a different way between the
bulk solution and the chiral selector according to a chro-
matographic mechanism [6–8]. It is important to note that
the chiral separation principle is absolutely the same in the
enantiomeric separation of a charged chiral analyte with a
neutral chiral selector and in that of an uncharged chiral
analyte with a charged chiral selector. However, there are
some authors who have included those chiral separations
with neutral chiral selectors into the CZE format. On the
other hand, although much less used, CEC and nonaque-
ous CE (NACE) are also employed for chiral analysis.

The following paragraphs deal with these three different
working modes in chiral electrophoretic separations,
briefly describing the chiral selectors most widely used up
to now as well as their applicability range in chiral analysis.

2.1 EKC

In EKC one or several chiral selectors are added to the
BGE obtaining a separation buffer at a certain pH with
capability for chiral discrimination. Many chiral selectors

are commercially available [8–12]. Table 1 shows the most
widely used up to now and the applicability range in chiral
EKC.

CDs, which have the shape of a truncated cone, are the
most important chiral selectors in CE. In addition to natu-
rally occurring CDs (also called native CDs: a-CD, b-CD,
and g-CD) there is a big number of CD derivatives avail-
able, which can have high water solubility and enable to
enhance the enantioselectivity achieved by native CDs.
The neutral CD derivatives 2-hydroxypropyl-b-CD (HP-b-
CD), heptakis(2,6-di-O-methyl)-b-CD, also called dime-
thyl-b-CD (DM-b-CD), and heptakis(2,3,6-tri-O-methyl)-
b-CD, also denominated trimethyl-b-CD (TM-b-CD) have
been widely used for the enantioseparation of charged
chiral compounds in the pharmaceutical, biomedical, and
environmental fields. HP-b-CD has been the most
employed derivatized CD in food analysis. The separation
of the enantiomers of neutral compounds (not achievable
by using CDs of neutral nature) and also of charged ana-
lytes has been achieved by employing charged CDs, al-
though they have the drawback of increasing the current
intensity of the separation buffer. The most employed
anionic CD derivatives are carboxymethylated-b-CD
(CM-b-CD), sulfated-b-CD, and sulfobutyl ether-b-CD
(SBE-b-CD). Finally, 2-hydroxy-propyl-trimethylammo-
nium-b-CD (QA-b-CD) and 6-monodeoxy-6-monoamino-
b-CD (b-CD-NH2) are the most used cationic CDs. From
all these commercially available CD derivatives, anionic
CDs have been much more used than cationic CD deri-
vatives. From the above-mentioned CD derivatives, HP-
b-CD, CM-b-CD, sulfated-b-CD, SBE-b-CD, and QA-b-
CD are randomly substituted CDs, that is, they are mix-
tures of many isomeric forms differing in the degree of
substitution and in the position of the substituents. As a
consequence, considerable variability in the selectivity
obtained from different commercial suppliers and even
from batch to batch for the same supplier can be
observed.

The macrocyclic polyether, which has shown to be effec-
tive as chiral selector in CE is the crown ether (1)-(18-
crown-6)-2,3,11,12-tetracarboxylic acid (18C6H4). It
enables the enantiomeric discrimination of amino acids
and other compounds with primary amine groups [9] and
has the advantage of not interfering with UV detection [13].

Bile salts are natural chiral surfactants (see Table 1)
showing an interesting enantioseparation power for
compounds having a rigid structure of fused rings [9, 14]
whose separation with CDs can be difficult.

Synthetic chiral surfactants, also called polymeric sur-
factants, can derive from natural sugars (alkyl-glucoside
and steroidal glucoside type surfactants) [15, 16] or from
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Table 1. Chiral selectors most widely used and applicability range of the different working modes in chiral CE

CE mode Chiral selector Applicability

EKC CDs: Neutral nature: a-CD, b-CD, g-CD,
2-hydroxypropyl-b-CD (HP-b-CD), heptakis(2,6-di-O-methyl-b-CD
(dimethyl-b-CD, DM-b-CD), heptakis(2,3,6-tri-O-methyl-b-CD
(trimethyl-b-CD, TM-b-CD) Anionic nature: carboxymethyl-b-CD
(CM-b-CD), sulfated-b-CD, sulfobutylether-b-CD (SBE-b-CD)
Cationic nature: quaternary ammonium-b-CD (QA-b-CD),
6-monodeoxy-6-monoamino-b-CD (b-CD-NH2)

Broad applicability range for neutral
and charged chiral compounds.
Chiral selectors most used in CE
with about 90% of the applica-
tions.

Crown ether: (1)-(18-crown-6)-2,3,11,12-tetracarboxylic acid
(18C6H4)

Restricted to chiral compounds
containing primary amine groups.

Natural chiral surfactants (bile salts): sodium cholate (SC); sodium
deoxycholate (SDC); sodium taurocholate (STC); sodium taurodeo-
xycholate (STDC) Synthetic chiral surfactants (polymeric surfactants):
polysodium N-undecanoyl-L-leucylvalinate (poly-L-SULV)

Bile salts are appropriate for chiral
analytes with rigid structure of
fused rings. Polymeric surfactants
are adequate for the enantiomeric
separation of cationic and neutral
chiral analytes whereas anionic
chiral analytes are difficult to
resolve. Compatible with MS
detection.

Macrocyclic antibiotics: ristocetin A, vancomycin, teicoplanin Problems of light absorption and
adsorption to the capillary walls.
Adequate for neutral and anionic
chiral compounds of a wide range
of structures.

Proteins: serum albumin Problems of light absorption and
adsorption to the capillary walls.
Appropriate for neutral and ionic
chiral compounds.

Polysaccharides: neutral nature: dextrin, dextran; anionic nature:
chondroitin, heparin

Neutral polysaccharides are
appropriate for anionic and
cationic chiral compounds.
Anionic polysaccharides are
adequate for neutral and charged
chiral analytes.

CEC Packed capillary columns: CDs, polysaccharides, ligand-exchange-
type selectors, macrocyclic antibiotics, proteins

Used for neutral and ionic chiral
compounds. Compatible with MS
detection

Open-tubular capillary columns: CDs, proteins

Monolithic capillary columns: CDs, crown ethers, ligand-exchange
type selectors, macrocyclic antibiotics

NACE CDs: b-CD, heptakis-(2,3-dimethyl-6-sulfato)-b-CD, heptakis-
(2,3-diacetyl-6-sulfato)-b-CD, octakis-(2,3-dimethyl-6-sulfato)-g-CD,
octakis-(2,3-diacetyl-6-sulfato)-g-CD, QA-b-CD

Mainly used for basic chiral
compounds (basic drugs) and
some acidic and neutral
compounds

Ion-pairing compounds: (1)- or (2)-camphorsulfonate and quinine
derivatives (tert-butyl carbamoylated quinine, 1-adamantyl
carbamoylated quinine, trans-1,4-cyclohexylene-bis
(carbamoylated-11-dodecylthio-dihydroquinine)
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amino acids (N-(n-alkanolyl)- or N-(n-alkyloxycarbonyl)-
amino acids) [15–17]. Polymerized surfactants, also
denominated micelle polymers, are a type of synthetic
chiral surfactants, which have shown advantages over
micelles of low molecular weight surfactants such as be
compatible with MS detection as is the case of poly-L-
SULV (see Table 1) [15, 18]. Synthetic chiral surfactants
have given rise to promising results [19, 20] but have the
drawback of not being commercially available in many
cases.

From the two main types of macrocyclic antibiotics used
in CE, glycopeptides (ristocetin A, vancomycin, and tei-
coplanin are the most effective ones) and ansamycins [9,
21–25], the first ones are more effective for neutral and
anionic solutes while ansamycins are more useful for
cationic analytes. Strong adsorption to the inner wall of
fused-silica capillaries, low chemical stability because
they can be degraded at high temperatures and acid or
basic pHs, and absorption in the low UV range causing
low sensitivity are the main drawbacks derived from the
use of these chiral selectors, which have to be employed
under controlled experimental conditions in order to avoid
some of these problems.

Serum albumins are plasma proteins, which have been
the most employed proteins for chiral separations by CE
[26]. Since enantiomeric separations are based on the
differential affinity of the protein for each enantiomer, this
separation mode is called affinity CE (ACE) [27]. As in the
case of macrocyclic antibiotics, adequate experimental
conditions have to be used in order to avoid the interac-
tion of proteins with the wall of the capillary and to mini-
mize the background UV absorption of protein solutions
(usual concentrations are lower than 100 mM).

Finally, enantioseparation of chiral compounds by EKC
can also be achieved using neutral (dextrins and dextrans
[28, 29]) or charged (heparin and chondroitin sulfates [30])
polysaccharides, forming ligand-exchange complexes
[31, 32], or with chiral calixarenes or ergot alkaloids [32].

2.2 CEC

CEC, which is a hybrid technique of CE and HPLC, is
characterized by (i) high separation efficiency due to the
plug profile of the mobile phase driven by the EOF, (ii) a
wide range of HPLC chiral stationary phases, which can
be transferred to CEC to provide broad enantioselectivity,
(iii) low solvent consumption and low sample require-
ments, and (iv) easy coupling to MS. Enantioseparations
are possible in three different types of columns: (i) packed
capillary columns, (ii) open-tubular capillary columns, and
(iii) monolithic capillary columns [33–36]. In addition,

achiral packed capillaries in combination with BGEs
where the chiral selector is added have also been used for
enantioseparations by CEC.

Stationary phases previously employed in chiral HPLC,
such as CDs and their derivatives [37, 38], macrocyclic
antibiotics [39], proteins [26], polysaccharides [40–42],
and ligand-exchange type selectors [43] (see Table 1)
have been adapted for chiral CEC using packed capillary
columns. Open-tubular capillary columns have been the
less used for the enantiomeric separation of chiral com-
pounds by CEC. CDs and proteins (see Table 1) have
generally been used as chiral selectors [35].

Many of the chiral selectors employed to prepare packed
capillary columns have also been used in order to prepare
chiral monolithic capillary columns for CEC (see Table 1)
[35, 36, 44–49].

In spite of the drawbacks of CEC compared with CE in
chiral analysis (CEC is less flexible and enables to achieve
lower peak efficiency than CE [50]), CEC is entering in the
field of practical applications [35, 36, 51–54].

2.3 Nonaqueous CE

The elimination of the aqueous media in NACE provides
additional selectivity with respect to that obtained in
aqueous CE, and favors the analysis of solutes with poor
water solubility [55]. The main chiral selectors used in
NACE for chiral separations are CDs and their derivatives
(see Table 1) [56]. Ion-pairing compounds, such as cam-
phorsulfonate enantiomers [57] and quinine derivatives,
have also been employed [58–62].

3 Sensitive chiral analysis by CE

An enhancement of the sensitivity can be obtained in chiral
analysis by CE by using three different strategies: (i) offline
and online sample treatment techniques, (ii) on-column
sample preconcentration techniques, and (iii) alternative
detection systems to on-column UV-Vis absorption
detection. Our goal is to provide the readers an updated
overview on the use of these three different strategies to
improve sensitivity detection in chiral analysis by CE.

3.1 Offline and online sample treatment
techniques for sensitive chiral analysis
by CE

To achieve adequate detection sensitivity and separation
selectivity, the analysis of real samples in CE usually
requires efficient sample treatment to remove interfering
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solutes, inorganic and organic salts, and particulate mat-
ter. Sample preparation has been mainly achieved offline,
but a few online sample treatment systems coupled to CE
have also been developed. As a consequence, a brief
description of those offline sample treatment techniques
and their applications for sensitive chiral analysis as well
as a more detailed description of those few works dealing
with the use of sample treatment techniques coupled
online to CE for sensitive chiral analysis will be presented
as follows.

3.1.1 Offline sample treatment techniques for
sensitive chiral analysis by CE

The offline sample treatment techniques mainly used for
the preconcentration and extraction of the enantiomers of
a chiral compound in different matrices are SPE, liquid–
liquid extraction (LLE), liquid-phase microextraction
(LPME), solid–liquid extraction (SLE), and microdialysis
[63].

Table 2 groups the main applications performed using off-
line sample treatment techniques for sensitive chiral anal-
ysis by CE. Briefly, offline SPE has been used for the
extraction and preconcentration of drugs in biological
samples and pesticides in water and food samples. Thus,
the detection from 361028 to 561026 M of different drugs
in plasma [64], serum [65], and urine [66, 67] has been
performed. In addition, the detection up to 10210 or 1027 M
of phenoxy acid herbicides in spiked water samples [68,
69] as well as the detection of the pesticides vinclozolin
(,1026 M), maleic hydrazide and imazalil (361027 M), in
beverages and vegetables [70–72] has been achieved.
Offline LLE has been employed for the extraction and pre-
concentration of drugs in biological samples and pollu-
tants in culture media. The detection up to 1028–1026 M of
drugs (such as disopyramide, praziquantel, fluoxetine,
ibuprofen, ketoprofen, tramadol, and ofloxacin) in plasma
[73–76], serum [75, 77], and cells [78], and up to micro-
molar concentrations of the persistent pollutants poly-
chlorinated biphenyls or of thiobencarb sulfoxide in culture
media [79, 80] has been performed. Although much less
used, as it can be observed in Table 2, SLE, LPME, and
microdialysis have also been employed for the preparation
of samples for sensitive chiral CE. SLE has allowed the
extraction and preconcentration up to 561027 M of pesti-
cides in spiked soils [80, 81] and in foods as potatoes and
onions [71]. LPME has been used for the extraction and
preconcentration of the drugs citalopram and desmethyl-
citalopram in human plasma detecting concentrations up
to 761029 M [82]. Finally, sample preparation of biological
samples by microdialysis has enabled the isolation and
detection up to 361029 M of the drug isoproterenol [83,
84].

3.1.2 Online coupling sample treatment
systems to CE for sensitive chiral analysis

Nowadays, the online coupling of sample treatment sys-
tems to CE have a great interest because it allows the
automatization of the analytical process (from sample
preparation to data treatment), which is a current trend in
analytical chemistry. Nevertheless, only six original
papers (reported from 1996 to 2003) dealing with the
analysis of chiral compounds have been found in the lit-
erature. Due to the current interest in the development
and application of online systems, a description of the
different systems found in the literature to achieve chiral
analysis by CE will be presented here.

Pálmarsdóttir et al. [85, 86] demonstrated the high selec-
tivity and sensitivity obtained in bioanalysis using the
supported liquid membrane (SLM) technique coupled
online with CE through a microcolumn LC (CLC) interface.
The system utilized two selective, sequential enrichment
steps before the third analyte focusing and separation
step with a double-stacking preconcentration. By this
way, a total concentration ,40 000 times (,6 times by the
SLM treatment, ,17 times by micro-CLC focusing, and
,400 times by the double-stacking preconcentration)
was achieved and 2.5610210 M of the enantiomers of
bambuterol in human plasma were detected obtaining
appropriate selectivity [85].

The rapid determination of aspartate enantiomers in tis-
sue samples from rats by microdialysis coupled online
with CE has been reported by Thompson et al. [87]. The
microdialysis probe was inserted into a homogenized
tissue sample, which allowed generation of a continuous
sample stream that was filtered and deproteinated
before the CE separation. With this system, where
microdialysis was coupled online with derivatization (with
o-phthalaldehyde in the presence of b-mercaptoethanol)
and CE with LIF detection, aspartate enantiomers
(,1026 M) were resolved in less than 3 s. On the other
hand, a similar setup for online microdialysis-CE was
used for the analysis of serine enantiomers in tissue
homogenates. In this case, D-serine was resolved from
L-serine and other primary amines commonly found in
biological samples in less than 22 s. In addition, D-serine
was determined in larval tiger salamander retinal homo-
genates [88].

A system with online derivatization coupled to CE has
been developed for the enantiomeric separation of carni-
tine enantiomers by Mardones et al. [89]. The enantio-
mers of carnitine were derivatized with 9-fluorenylmethyl
chloroformate (FMOC) in a flow system working online
with the capillary electrophoretic equipment. LODs of
5 mM of both isomers were obtained by this method
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Table 2. Offline sample treatment techniques employed for sensitive chiral analysis by CE

Sample
treatment

Analyte and sample Separation buffer Detection
(UV), nm

LOD, M Ref.

SPE Adrenoreceptor antagonist in
plasma

Formic acid-ammonia (pH 4)
1 HP-b-CD (3.5 mM)

200 – [64]

SPE Ondansetron in human serum Phosphate (pH 2.5)
1 15 mM DM-b-CD

254 ,361028 [65]

SPE Pentobarbital in serum Phosphate (pH 9.0)
1 40 mM HP-g-CD

254 ,561026 [65]

SPE Methadone and its primary
metabolite (2-ethylidene-
1,5-dimethyl-3,3-diphenyl-
pyrrolidine) in urine

Phosphate (pH 3.0)
1 4.3 mM HP-g-CD

200 – [66]

SPE 3,4-Methyl-
enedioxymethamphetamine
in human urine

Phosphate (pH 2.5)
1 30 mM HP-g-CD

195 ,1027 [67]

SPE Chlorophenoxy acid herbicides
(2,4-CPAA, 2,4,5-CPAA,
2,4-CPPA, 2,4,5-CPPA,
2,4-CPBA, 2-CPMBA) in spiked
lake water

Phosphate (pH 5.6)
1 a-CD (4 mM) 1 b-CD
(1 mM)

200 ,1027 [68]

SPE Aryloxypropionic (mecoprop,
fenoprop); aryloxyphenoxy-
propionic acidic herbicides
(fluazifop and haloxyfop)
in spiked ground and river
waters

Boric/acetic/ phosphoric
(pH 5) 1 vancomycin
1 g-CD

230 ,10210 [69]

SPE 1

fractionation
with HPLC

Vinclozolin in wine Phosphate/borate
(pH 8.5) 1 SDS 1 g-CD
(50 mM)

203 ,1026 [70]

SLE/SPE Maleic hydrazide in potatoes,
onions

Phosphate (pH 7) 1 SC
(40 mM)

220 – [71]

LLE/SPE Imazalil in orange Phosphate (pH 3) 1 SDS
1 HP-b-CD (4 mM)

200 ,361027 [72]

Sample
cleanup/LLE

Disopyramide and mono-N-
dealkyl-disopyramide in human
plasma

Acetate (pH 5) 1 sulfated
b-CD (0.2%)

214 ,1027 [73]

LLE Praziquantel and trans-4-hydroxy-
praziquantel in human plasma

Borate (pH 10) 1 sulfated
b-CD (2%)
1 SDC (20 mM)

214 ,661028 [74]

LLE Fluoxetine and norfluoxetine in
plasma and serum

Phosphate (pH 2.5)
1 DM-b-CD (0.5 mg/mL)
1 phosphated-g-CD
(0.6 mg/mL)

195 – [75]

LLE Ibuprofen in human plasma Phosphoric acid-tetra-
ethylammonium
(pH 2.6) 1 sulfated b-CD
(2%)

220 ,361027 [76]

LLE Ketoprofen in human serum Phosphate-triethanolamine
(pH 5)
1 TM-b-CD (50 mM)

253 ,561027 [77]

LLE Tramadol and its metabolites Borate (pH 10.2)
1 CM-b-CD 20 mg/mL

214 ,1026 [150]
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Table 2. Continued

Sample
treatment

Analyte and sample Separation buffer Detection
(UV), nm

LOD, M Ref.

LLE Ofloxacin in cells Phosphate (pH 2.8)
1 M-b-CD (4%)

280 ,1028 [78]

LLE PCBs (45, 88, 91, 95, 136,
144, 149, and 176) in culture
medium

MES (pH 6.5) 1 b-CD
(10 mM) 1 CM-b-CD
(20 mM)

230 ,1026 [79]

LPME Citalopram and desmethyl-
citalopram in human plasma

Phosphate (pH 2.5)
1 ACN (12%)
1 sulfated-b-CD (1%)

200 ,761029 [82]

SLE/LLE Thiobencarb sulfoxide in spiked
soil or culture medium

Phosphate/borate
(pH 8.5) 1 SDS
1 HP-g-CD (60 mM)

220 ,561026 [80]

SLE Free acid herbicides (haloxyfop,
fluazifop, fenoxaprop and
flamprop free acids); phenoxy
acid herbicides (diclofop,
mecoprop, dichlorprop,
fenoprop, PPA) in spiked soil

Boric/acetic/phosphoric
(pH 5) 1 vancomycin
(6 mM)

230 ,561027 [81]

Microdialysis Isoproterenol in rats Lithium acetate
(pH 4.75) 1 M-b-CD

Ampero-
metric

,361029 [83]

Microdialysis Isoproterenol in human plasma Lithium acetate
(pH 4.75) 1 M-b-CD

Ampero-
metric

,361029 [84]

LLE, liquid–liquid extraction; LPME, liquid-phase microextraction; SLE, solid–liquid extraction. 2,4-CPAA, (2,4-dichlor-
ophenoxy) acetic acid; 2,4,5-CPAA, (2,4,5-trichlorophenoxy) acetic acid; 2,4-CPPA, 2-(2,4-dichlorophenoxy)propionic
acid; 2,4-CPBA, 2-(2,4-dichlorophenoxy)butyric acid; 4-CPMBA, 2-(4-chlorophenoxy)-2-methylbutyric acid; 2,4,5-CPPA,
2-(2,4,5-trichlorophenoxy)propionic acid; PPA, 2-phenoxypropionic acid; PCBs, polychlorinated biphenyls.

allowing the determination of D-carnitine in excess of
L-carnitine in synthetic samples demonstrating that the
maximum ratio determined was 1:100 (D:L).

On the other hand, miniaturized SPE coupled online with
CE with on-column UV absorption detection has enabled
to enhance the concentration sensitivity for terbutaline,
used as model compound, by a factor of 7000 [90]. The
extractor consisted of a short length (1–3 mm) of a cap-
illary (200 mm ID) packed with C18 alkyl-diol silica (dp

12 mm) connected to a 50 mm ID separation capillary and
glass-fiber filters retaining the sorbent (see Fig. 1a).
Preparation and performance of the enrichment capillary
is shown in Fig. 1b and includes washing, wetting, con-
ditioning, sorption, washing, filling, and desorption. The
concentration LOD for terbutaline in aqueous solution
with this online enrichment (10 min6140 kPa pressure
injection) was 0.6 nM compared to 4.4 mM (1 s63.4 kPa
pressure injection) without enrichment. In addition,
Fig. 1c shows that this enrichment procedure was suc-
cessfully adapted to the separation of terbutaline enan-
tiomers using DM-b-CD as chiral selector with a high
efficiency.

3.2 On-column preconcentration techniques in
sensitive chiral analysis by CE

On-column preconcentration techniques based on elec-
trophoretic principles used in chiral analysis by CE are
ITP, stacking, and sweeping. We will describe them briefly
previous to the description of the applications performed
for sensitive chiral analysis by CE.

In ITP the sample preconcentration is based on the dif-
ferences in the mobilities of the ions and of the analytes in
a discontinuous electrophoretic buffer (leading and ter-
minating buffers). When the voltage is applied to the end
of the capillary, a potential gradient is generated along the
capillary because the leading buffer contains ions with
higher mobility than the analytes, and the terminating
buffer contains ions of lower mobility being the analytes
focused in zones. Although ITP may be performed in the
same capillary where the electrophoretic separation is
achieved, which is denominated transient ITP, two differ-
ent capillaries may be coupled online, one for the ITP
preconcentration and the other for the electrophoretic
separation [91].
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Figure 1. (a) Cross-section of (A) the extractor and (B) the enrichment capillary where Lt is the enrichment capillary total
length, Ld is the length to the detector, Li is the length of the inlet capillary, and le is the extractor length. (b) Sample
enrichment procedure for terbutaline dissolved in water (arrows indicate flow directions). (c) Electropherogram of terbuta-
line enantiomers separated by online SPE-CE using an enrichment capillary: Lt 58.0 cm, Ld 51.2 cm, Li 5.5 cm, le 2.5 mm,
wash: water61.6 min6140 kPa, wetting: methanol62.4 min6140 kPa, conditioning: water62.4 min6140 kPa, injection:
100 nM rac-terbutaline in water61.0 min6140 kPa, wash/filling: 40 mM potassium phosphate (pH 6.4)60.1 min6140 kPa,
15 mM DM-b-CD in 40 mM potassium phosphate (pH 6.4)60.7 min6140 kPa, desorption: ACN640 s63.4 kPa followed
by 15 mM DM-b-CD in 40 mM potassium phosphate (pH 6.4)64.0 min63.4 kPa, other electrophoretic conditions:
separation temperature, 257C; applied voltage, 14 kV; UV detection at 200 nm. Reprinted from [90], with permission.

On-column preconcentration by sample stacking is
based on the injection of a sample zone prepared in a
matrix with a higher resistance, that is, with minor con-
ductivity, than the separation buffer. Thus, when the
voltage is applied between the ends of the capillary, the
sample ions acquire electrophoretic mobilities higher in
the sample region than in the separation buffer region in
such a way that sample reduces its mobility in the latter
region and is focused in a thick zone between both
regions. In this preconcentration mode, also called nor-
mal stacking mode (NSM), the sample is dissolved in
water, a buffer with lower concentration than the
separation buffer or solvents (i.e., ACN) and is injected
hydrodynamically (usually applying a pressure for a cer-
tain time) in the separation capillary. Although in hydro-
dynamic injection no more than 3–4% of the total length
of the capillary may be filled with sample to do not loose
efficiency, under sample stacking conditions, the capil-
lary may be filled with sample up to 10–20% of the total
capillary without any loss of efficiency. Nevertheless, it is
also possible to fill the total capillary if after that, there is
a step of elimination of the matrix applying reverse
polarity previously to the application of the normal
polarity for the electrophoretic separation. This pre-
concentration mode is called reverse electrode polarity
stacking mode (REPSM). It is also possible to use
micelles with reverse migration and to work with reverse
polarity for the preconcentration and electrophoretic
separation. In this case, the preconcentration is called

stacking with reverse migrating micelles (SRMM) and
may include a water plug in which case it is denominated
stacking with reverse migrating micelles and a water
plug (SRW). Nevertheless, when the sample is injected
electrokinetically (applying a voltage for a certain time),
the analytes are introduced into the capillary depending
on the EOF of the sample, and of the charge and mobility
of the analytes. If the preconcentration of the analytes is
made during the electrokinetic injection, then the pre-
concentration is performed by field-amplified sample
stacking (FASS), also called field-enhanced sample
injection (FESI), or field-amplified sample injection (FASI)
[91–93].

Sweeping is a preconcentration technique, which enables
an exceptional increase in the detection sensitivity
(.1000 times) for those analytes with a high solute-
pseudostationary phase association constant (usually
micelles or CDs) [94, 95]. In fact, the resulting length of the
swept zones (lsweep) can be approximated by the following
equation (Eq. 2)

lsweep ¼ linj � 1=1 þ kð Þ (2)

where linj is the length of the injected sample zone and k is
the analyte retention factor. Although the first applications
were performed using a sample matrix with the same
conductivity than the separation buffer [94], this sample
matrix may have different conductivity [96] but it is very
important that the sample matrix does not contain the
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pseudostationary phase, which is the component pro-
ducing the preconcentration of the analyte by sweeping
the sample matrix.

Table 3 shows the main applications performed for sen-
sitive chiral analysis by CE using on-column pre-
concentration techniques based on electrophoretic prin-
ciples. LODs up to 1028 M for methadone enantiomers
[97] and for the enantiomers of tryptophan and norleu-
cine derivatized in urine samples and complex ionic ma-
trices [98, 99] have been achieved using ITP as pre-
concentration technique. Stacking preconcentration has
allowed the detection of drugs in plasma samples
obtaining LODs in the range from 261029 to 461029 M
[84–86, 100], which were appropriate for the analysis of
biological samples. As an interesting example, Fig. 2
illustrates the detection of 261027 M of terbutaline
enantiomers when using double-stacking preconcentra-
tion followed by the CE enantiomeric separation. On the
other hand, the effect of ACN and salt in the sample
matrix on the stacking and separation of naphthyl deri-
vatives has provided an improvement of peak efficiency
and thus concentration detection sensitivity when the
sample injection size was relatively large. However, fur-
ther investigations may be done to clarify this effect
which has not been observed for other molecules [101].
Finally, sweeping preconcentration of the phenoxyacid
herbicide fenoprop enabled its detection at ppb levels
(,1028 M) [94].

Figure 2. Electropherogram obtained for terbutaline
(200 nM of each enantiomer) using double-stacking pro-
cedure followed by the CE enantiomeric separation.
Arrows indicate the different events: (1) stacking step 1
begins; (2) stacking peak of positive species; (3) voltage
off, backpressure off; (4) zone of 5 mM phosphate buffer
pH 7.5; (5) back-pressure off; (6) voltage on, stacking
step 2 at the inlet end of the capillary; (7) backpressure
on; (8) backpressure off, final separation step begins.
Electrophoretic conditions: separation buffer, 100 mM
phosphate (pH 2.5) containing 10 mM DM-b-CD;
separation temperature, 207C; applied voltage for the
electrophoretic separation, 24 kV; UV detection at
210 nm. Reprinted from [151], with permission.

3.3 Alternative detection systems to on-column
UV-Vis absorption detection for sensitive
chiral analysis by CE

UV-Vis absorption detection is the most available and used
detection in CE. Unfortunately, the concentration sensitivity
achieved by this on-column detection is limited by the opti-
cal pathlength (b) of the capillary, which corresponds to its
inner diameter. Although for chiral compounds with chro-
mophore groups, LODs in the micromolar range may be
achieved, there are cases in which this concentration sen-
sitivity is not achievable (compounds with low values of
molar absorptivity, E) or is insufficient (biological, environ-
mental, food samples, etc.). In order to increase the ab-
sorbance signal observed (A = Ebc), several strategies to
increase the pathlength have been developed. One of these
strategies has been the development of special designs of
the detection window but they have been scarcely used
(bubble cells, Z-shaped cells). In addition, in chiral analysis
by CE they may decrease the enantiomeric resolution when
the separated zones containing the enantiomers reach the
detection window.

Other option to overcome the poor concentration sensi-
tivity, achieved by on-column UV-Vis absorption detec-
tion in CE, is the selection of alternative detection sys-
tems. Up to now, spectroscopic detectors, mass spec-
trometers, and electrochemical detectors have been
used.

The spectroscopic detectors alternative to UV-Vis
absorption detectors used in chiral analysis by CE have
been LIF, phosphorescence, Fourier transform infrared
(FT-IR), and NMR detection.

LIF detection is one of the most attractive detection sys-
tems for sensitive chiral analysis by CE. In fact, it enables
to obtain high sensitivity and additional selectivity with
respect to UV-Vis absorption detection, which is a “quasi”
universal detection system. The basic instrumentation
used for LIF detection requires an excitation source
(laser), a detection cell (the own capillary), an optic sys-
tem for the excitation and collection of the fluorescence
emitted, and a photomultiplier tube connected to an
acquisition data system, usually a computer [102]. Table 4
shows most of the applications in the field of enantiosep-
arations by CE with LIF detection. Although LIF detec-
tion has been used for the analysis of pesticides and
drugs, the main application is the detection of amino acid
enantiomers. In fact, very favorable LODs have been
obtained (4610210–1028 M) for the detection of the
enantiomers of amino acids derivatized previously to the
injection in the electrophoretic system [103–108]. The
detection of the natural amino acid L-tryptophan together
with its enantiomer (D-form) has been performed in human
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Table 3. On-column preconcentration techniques employed for sensitive chiral analysis by CE

Online preconcentration Analyte and sample (remarks) Detection
(UV), nm

LOD, M Reference

ITP L-Tryptophan and norleucine labeled with
2,4-dinitrophenyl in urine and complex ionic
matrices

200 ,1028 [98, 99]

ITP Methadone 200 ,1028 [97]

Sample stacking Isoproterenol in plasma (pharmacokinetic study) Ampero-
metric

,361029 [84]

FASS Adrenoreceptor antagonist in plasma 200 ,461029 [100]

Double stacking Terbutaline, bambuterol, ephedrine,
brompheniramine, and propranolol

210 ,1028 [151]

Double stacking Bambuterol in plasma 210 ,261029 [85, 86]

Stacking with ACN Naphthyl enantiomers and dansylated amino acid 220 – [101]

Sweeping Fenoprop 210 ,1028 [94]

Dansylated amino acid, amino acid derivatized with dansyl chloride.

urine [106]. On the other hand, the detection up to
,761027 M of fenprocoumon [109] in urine samples as
well as naproxen in liver and kidney tissues (,361027 M)
[110] has been achieved with good separation selectivity.
Figure 3 shows the electropherograms of a urine sample
from a healthy volunteer after oral administration of tra-
madol hydrochloride (150 mg) compared to blank urine.

Figure 3. Electropherogram corresponding to a urine
sample of a healthy volunteer collected 7–8 h after oral
administration of 150 mg tramadol hydrochloride com-
pared to that of blank urine. Electrophoretic conditions:
fused-silica capillary, ld = 55 cm, lt = 75 cm, and 50 mm ID;
separation buffer, 25 mM borax (pH 10.0) containing
40 mg/mL CM-b-CD; separation temperature, 197C;
applied voltage, 25 kV; sample injection 50 mbar for 6 s.
LIF detection with lem at 257 nm. Reprinted from [111],
with permission.

The absence of interferences from peaks of the metabo-
lites is clearly demonstrated [111]. This is an interesting
case where the drug tramadol and its metabolites show
native fluorescence, their direct detection being possible
by LIF. On the other hand, it is remarkable that the LODs in
the nanomolar range were achieved for a group of phe-
noxy acid herbicides derivatized with the 7-amino-
naphthalene-1,3-disulfonic acid (ANDSA), which are ap-
propriate for the analysis of environmental samples [112].

The novel application of quenched phosphorescence
detection to the chiral analysis field has been reported
recently for the first time [113]. The basic instrumentation
is the same as for LIF detection [114] but a UV-Vis lamp
has usually been employed [115–118]. There are two ad-
ditional settings in phosphorescence not used in fluores-
cence: the delay time (time of waiting after the lamp pulse
to remove all fluorescence from the signal) and the gating
time (time of measurement of the phosphorescence sig-
nal), which have to be considered. In addition, it is very
important to consider that in phosphorescence measure-
ments the deoxygenation of the buffer solution by a con-
stant nitrogen flow is essential in order to avoid oxygen
quenching. Under deoxygenated conditions, the dynamic
quenching by camphorquinone of the strong phospho-
rescence emission of brominated naphthalenesulfonate
present in the buffer solution (25 mM borate buffer at
pH 8.5 with 10 mM CM-b-CD and 20 mM a-CD) enabled
to obtain LODs (,761027 M) three orders of magnitude
lower than the conventional UV absorption detection at
200 nm. Under these conditions the stereoselective deg-
radation of camphorquinone by yeast was demonstrated.
Thus, Fig. 4 illustrates the variation of peaks correspond-
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Table 4. LODs obtained in sensitive chiral analysis by CE using alternative detection systems to on-column UV-Vis
absorption detection.

Detection system Analyte and sample (remarks) LOD, M Reference

LIF (lexc = 442 nm;
lexc = 490 nm)

CBI-amino acids (Thr, Asp, Ile, Tyr, Phe, Ser, Leu, Val, Met,
and Arg)

,4610210 [103]

Diode LIF (lexc = 635 nm) CBI-amino acids (Ala, Glu, Val, Phe, Tyr, and Trp) ,261028 [104]

LIF (lexc = 457 nm) CBI-amino acids (Tyr, Ile, Asp, Met, Trp, and Phe) 361028 [105]

LIF (lexc = 457 nm) CBI- tryptophan in biological samples 361028 [106]

LIF (lexc = 457.9 nm;
lem = 495 nm)

CBI-aspartic acid in rat brain ,1028 [107]

LIF (lexc = 488 nm;
lem = 520 nm)

FITC-amino acids (Pro, Asp, Ser, Asn, Glu, Ala, and Arg)
in orange juices and concentrates

,3 6 1029 [108]

LIF (lexc = 325 nm;
lem = 405 nm)

Fenprocoumon in urine ,7 6 1027 [109]

LIF (lexc = 325 nm;
lem.366 nm)

Naproxen in liver and kidney tissues ,361027 [110]

LIF (lexc = 257 nm) Tramadol and O-demethyl tramadol glucuronide in human
urine (direct detection of these fluorescent drugs)

,261027 [111]

LIF (lexc = 325 nm;
lem = 420 nm)

ANDSA-phenoxy acids (silvex, mecoprop, diclorprop, 2,4-
CPAA, 2,4,5-CPAA, PPA, 2-CPPA, 3-CPPA, and 4-CPPA)

,1029 [112]

Quenched phosphorescence Camphorquinone in culture medium ,761027 [113]

NMR Alprenolol (online coupling of ITP-NMR) ,1027 [119]

FT-IR 3,5-dinitrobenzoil leucine (DNB-Leu) (enantioseparation
by NACE)

(,1023) [120]

ESI-MS Terbutaline and ephedrine in spiked urine (direct coupling
CE-ESI-MS)

,1027 [135]

ESI-MS Tramadol and its main phase I metabolites (use of the partial-
filling technique)

,561027 [145]

ESI-MS-MS Adrenoreceptor antagonist (use of the partial-filling technique) ,261028 [152]

ESI-MS Clenbuterol in plasma (use of the partial-filling technique) ,1026 [142]

ESI-MS Amphetamines, venlafaxine, tropane alkaloids, methadone and
its metabolites in serum (use of the partial-filling technique)

,1028 [143]

ESI-MS Amino acids and neurotransmitters in blood cells (use of a
crown ether compatible with MS as chiral selector and buffer)

,1029 [136]

ESI-MS Underivatized amino acids (use of a crown ether as chiral
selector and a sheathless interface)

,1029 [137]

ESI-MS FITC-amino acids (Asp, Glu, Ser, Asn, Ala, Pro, and Arg) ,1026 [139]

ESI-MS Methamphetamine and its metabolites in urine ,261027 [140]

ESI-MS Methamphetamine and related compounds in urine ,561028 [141]

ESI-MS-MS Three basic drugs in in vivo samples (use of a home-made
interface)

,1025 (1028) [144]

Amperometric Isoproterenol in plasma/rats ,361029 [83, 84]

Amperometric Promethazine 561028 [147]

Amperometric (interdigitated
electrodes)

Neurotransmitters (isoproterenol, epinephrine,
and norepinephrine)

561026
[148]

FT-IR, Fourier transform infrared; CBI-amino acids, cyanobenzoisoindole-labeled amino acids after derivatization with
naphthalene-2,3-dicarboxaldehyde; FITC-amino acids, FITC-labeled amino acids; ANDSA-phenoxy acids herbicides, 7-
aminonaphthalene-1,3-disulfonic acid-labeled phenoxy acid herbicides; 2-CPPA, 2-(2-chlorophenoxy)propionic acid; 3-
CPPA, 2-(3-chlorophenoxy)propionic acid; 4-CPPA, 2-(4-chlorophenoxy)propionic acid; other abbreviations as in Table 2.
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Figure 4. Electropherograms showing camphorquinone
enantiomers in control (a), incubation medium with yeast
(b), and extract obtained from yeast cells (c), after 24 h of
incubation (direct injection of 100 times dilutions in meth-
anol). Electrophoretic conditions: fused-silica capillary,
ld = 60 cm, lt = 100 cm, and 50 mm ID; separation buffer,
25 mM borate (pH 8.5) containing 10 mM CM-b-CD and
20 mM a-CD with the phosphorophore 1-bromonaftale-
nosulfonate (1 mM); separation temperature, 257C;
applied voltage, 20 kV; sample injection 50 mbar for 6 s.
Quenched phosphorescence detection in deoxygenated
conditions, lex = 294 nm, delay time: 0.05 ms and gating
time: 5.00 ms. Reprinted from [113], with permission.

ing to camphorquinone enantiomers in the control, culture
medium, and cells after 24 h of incubation, showing that
the biodegradation of (1S)-(1)-camphorquinone was fas-
ter than that of the (1R)-(2)-enantiomer [113].

The use of NMR and FT-IR in CE for the detection of the
enantiomers of a chiral compound has been reported very
recently [119, 120]. Although these spectroscopic detec-
tors provide structural information, their sensitivity is rather
poor, especially for FT-IR-CE (see Table 4). However, the
LOD achieved by this technique has been included in
Table 4 since it is the only application of FT-IR-CE reported
in chiral analysis by CE. Online ITP-NMR can be recorded
with CE coupled to microcoil NMR probes, formed by di-
rectly wrapping a coated Cu wire around a capillary where
the separation capillary is inserted, which provides a sen-
sitivity enhancement inversely proportional to the coil di-
ameter with respect to the standard-sized Helmholtz coil
[121–123]. Online ITP-NMR has been used for the separa-
tion and concentration of alprenolol enantiomers. Figure 5
illustrates the online ITP-NMR spectra of alprenolol enan-
tiomers as a function of runtime when they are separated
using a leading electrolyte (acetate buffered to pD 6.0 with
acetic acid in D2O) containing a-CD and sulfated b-CD as
chiral selectors. This figure shows the progress of ITP
stacking for S-alprenolol from NMR spectra recorded from
,59.3 to ,61.8 min (see Fig. 5a) and for R-alprenolol from

,62.2 to ,65.7 min (see Fig. 5b). Concentrations deter-
mined for both enantiomers (25 mM for the S-enantiomer
and 28 mM for the R-enantiomer) indicated a concentra-
tion by ITP ,200-fold taking into account that each enan-
tiomer was injected at a concentration of 125 mM. Finally,
alprenolol NMR resonances were observed around 1.6,
3.3, 4.2, 4.4, 5.9, 6.9, and 7.1 ppm. This system has also
enabled the study of intermolecular interactions between
the CDs and the analyte from the NMR spectra observing
that aromatic and methyl moieties of R- and S-alprenolol
are identified as two important sites that bind with these
CDs (a-CD and sulfated-b-CD) [119]. The hyphenation of
CE and FT-IR detection has been made using a flow cell in
CE where the IR beam was focused using an external
optical focusing unit built in-house and described in detail
in [124]. This online coupling of CE-FT-IR has allowed the
separation and online distinction of the 3,5-dinitrobenzoyl
leucine (DNB-Leu) enantiomers using NACE with O-(tert-
butyl carbamoyl) quinine as chiral selector. Figure 6
depicts the comparison of the IR spectra of DNB-(R)-Leu
and DNB-(S)-Leu dissolved in the carrier electrolyte con-
taining 4 mM of chiral selector. It can be observed a shift in
the asymmetric stretch vibration of the carboxylate at
1606/cm as well as a slight change around 1290/cm. Also,
the C=O band at 1713/cm is clearly visible in the spectrum
of the (S)-enantiomer, but the band with the shoulder at
1736/cm is not visible in the spectrum of the (R)-enantio-
mer. Therefore, this novel and attractive detection tech-
nique for CE has provided qualitative stereochemical
information on the interactions between the chiral selector
and the enantiomers [120].

The coupling of CE to MS is a trend in sensitive chiral
analysis by CE, which is being used with more frequency
during last years. This detection system is universal,
selective, and enables obtaining structural information.
Table 4 shows the LODs obtained by CE-MS in sensitive
chiral analysis by CE. The works included in this table are
those in which the lowest LODs were obtained. MS
detection has been employed in other works on chiral
analysis by CE but LODs close to or above 1025 M were
generally obtained [125–133]. The basic instrumentation
in CE-MS [134] allows, once the electrophoretic separa-
tion is performed, the introduction of the analytes in the
mass spectrometer using an interface, usually a sheath
liquid interface, which enables the establishment of the
electrical contact and the nebulization of the solution.
Then, the ionization of the analytes, normally by ESI, is
performed before the MS detection (usually by quadru-
pole or IT). Although in some works a low concentration of
chiral selector is directly introduced in the MS obtaining
satisfactory results [135], in most works the introduction
of the chiral selector in the MS detector is avoided or
chiral selectors compatible with MS detection, such us
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Figure 5. On-flow ITP-NMR
spectra of aprenolol enantio-
mers as a function of runtime. (a)
S-Alprenolol, spectra at the
bottom (59.0 min) and the top
(62.0 min) mark the boundaries
of the sample plug. Estimated
concentration at the peak max-
imum ,25 mM. (b) R-Alprenolol,
spectra at the bottom (62.2 min)
and the top (65.7 min) mark the
boundaries of the sample band.
Estimated concentration at the
peak maximum ,28 mM. Elec-
trophoretic conditions: fused-
silica capillary, ld = 58 cm and
50 mm ID; leading buffer,
150 mM acetate (buffered to
pD 6.0 with acetic acid in D2O)
containing 70 mM a-CD and
0.5 mM sulfated b-CD; termi-
nating electrolyte, 10 mM acetic
acid in D2O; applied voltage,
20 kV. ITP-NMR using a micro-
coil probe tuned to 500 MHz
(reprinted from [119], with per-
mission).

crown ethers [136, 137] are employed. In fact, the intro-
duction of nonvolatile chiral selectors in MS can affect the
sensitivity and stability of this detector [138]. In order to
avoid the introduction of chiral selectors to the MS, par-
tial-filling and counter-current migration techniques have
been used. In the partial-filling technique, a zone of the
capillary where the enantiomeric separation takes place is

filled with buffer containing the chiral selector, while the
zone close to the MS detector, which the separated
enantiomers cross before being introduced in the detec-
tor, is filled with buffer without chiral selector. The counter-
current migration technique is based on the control of the
EOF to avoid the chiral selector from reaching the MS
detector.
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Figure 6. IR spectra of DNB-(R)-Leu and DNB-(S)-Leu
(3 g/L each) dissolved in separation buffer. Electrophoret-
ic conditions: fused-silica capillary, ld = 34 cm, lt = 55 cm,
and 50 mm ID; separation buffer, 100 mM octanoic acid,
22 mM ammonium hydroxide containing 4 mM O-(tert-
butyl carbamoyl quinine) in ethanol:methanol (60:40);
separation temperature, 187C; applied voltage, 220 kV;
hydrodynamic injection by lifting the capillary at the
injection side. FT-IR detection using an FT-IR transmis-
sion cell with a pathlength of 25 mm, HeNe laser modula-
tion frequency of 150 kHz. Coaddition of 100 scans for
each spectrum with a spectral resolution of 8/cm.
Reprinted from [120], with permission.

With MS detection, LODs up to 1029 M have been
obtained (see Table 4). Although possible, it is not an easy
task to improve the detection sensitivity achieved by MS
compared with UV-Vis absorption detection for com-
pounds with high molar absorptivity. This is mainly due to
the following reasons: (i) the ionization yields achieved
during ionization, (ii) the suitability of the BGE, which
should be volatile and not to produce interferences, (iii)
the dilution produced by the additional liquid employed in
the sheath liquid interface used for ESI, which is mainly
used in CE-MS, and (iv) the solute nature; thus apolar
compounds require an atmospheric pressure chemical
ionization (APCI) interface. A high sensitivity of detection
was achieved by ESI-MS using a sheathless interface.
This setup was used for the separation of 11 underiv-
atized amino acids (2.561028 M each one) using a
crown ether as BGE and chiral selector (see Fig. 7). Since
using the crown ether (30 mM 18C6H4) as BGE/chiral
selector, the absolute intensities obtained were only
about four times lower than those obtained under formic
acid (1 M), it was found to be compatible with ESI-MS
detection [137]. It is important to remark that derivatiza-
tion of samples may increase sensitivity in MS detection
because it enables to analyze them in a mass region with
lower noise. Thus, two different derivatization protocols
for amino acids using dansyl chloride (DNS) and FITC

Figure 7. Separation of 11 amino acid enantiomers
using a 30 mM 18C6H4 solution as the buffer/chiral selec-
tor reagent (top left, shows the chemical structure of
18C6H4). Electrophoretic conditions: fused-silica capil-
lary, ld = lt = 115 cm with 20 mm ID; separation buffer,
30 mM 18C6H4; run voltage, 30 kV (augmented with 10 psi
of inlet pressure); temperature, 257C; injection of 2 nL.
ESI-MS conditions: SIM positive ion mode (m/z range
74.5–250). Reprinted from [137], with permission.

were compared observing better mass sensitivity for
FITC-amino acids (LODs in the mM range) [139]. CE-ESI-
MS has also been used for the sensitive determination of
chiral compounds in biological samples such as urine
[135, 140, 141], plasma [142], serum [143], and in vivo
samples [144], and for the identification of drugs and their
metabolites [145, 140].

Electrochemical detection has not been much used in
chiral analysis by CE. In electrochemical detection (where
amperometric, voltamperometric, conductimetric, and
potentiometric detection are included) only amperometric
detection has been used for the detection of enantiomers
separated by CE. In amperometric detection, carbon or
metallic electrodes of different geometries (disk, cylindric,
and tubular) may be used and their potential should be
isolated from the applied voltage of the electrophoretic
system. With this aim, the electrochemical detection is
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performed at the end or out of the separation capillary
[146]. Table 4 shows the LODs obtained in sensitive chiral
analysis by CE using amperometric detection. LODs up to
361029 M have been achieved. Thus, several drugs
(promethazine, neurotransmitters such as isoproterenol,
epinephrine, and norepinephrine) have been detected
from 361029 to 561026 M [83, 84, 147, 148]. An inter-
esting example is shown in Fig. 8, which shows the
enantioseparation of a mixture of the racemates of iso-
proterenol, epinephrine, and norepinephrine in tris-phos-
phate buffer (pH 2.5) with DM-b-CD. In this case, the
detection was performed by using end-column micro-
fabricated interdigitated electrodes, which enabled to
obtain LODs of 5 mM for the three neurotransmitters [148].
Finally, it is remarkable that electrochemical detection
seems to be very promising in CE microchips due to its
compatibility with microfabrication techniques [149].

Figure 8. Enantiomeric separation of three neuro-
transmitters (separation order: norepinephrine, epine-
phrine, and isoproterenol) in Tris-phosphate buffer
(pH 2.5) with DM-b-CD using end-column micro-
fabricated interdigitated electrodes. Electrophoretic con-
ditions: fused-silica capillary, ld = lt = 80 cm with 20 mm ID;
separation buffer, 50 mM Tris-phosphate buffer (pH 2.5)
with 15 mM DM-b-CD; run voltage, 25 kV; temperature,
257C; electrokinetic injection, 25 kV for 20 s. Electro-
chemical detection in an end-column microfabricated
chip. Reprinted from [148], with permission.

4 Conclusions

On-column UV-Vis absorption detection is the most
widely used detection system in CE but its sensitivity
depends on the optical pathway, which corresponds to
the inner diameter of the capillary (usually, 50 or 75 mm).
Although for some chiral compounds with chromophore

groups LODs , 1026–1025 M may be obtained, there are
many cases in which this detection sensitivity is not
achieved (compounds with low molar absorptivity) or is
insufficient (biological samples, environmental samples,
enantiomeric purity determinations, food analysis, etc.).

The use of offline sample treatment techniques has
enabled to achieve appropriate concentration LODs with
UV-Vis absorption detection. It is important to emphasize
that the use of online sample treatment techniques in CE
has shown to be a good strategy for the analysis of bio-
logical samples. A much more simple strategy is the use
of online preconcentration techniques based on electro-
phoretic principles, which are usually performed in the
same separation capillary.

The alternative detection systems to UV-Vis absorption
detection used in sensitive chiral analysis by CE are
spectroscopic detection (LIF, quenched phosphores-
cence, and NMR), MS detection, and amperometric
detection. FT-IR detection has recently been employed in
chiral analysis but sensitivity obtained has to be
improved. Although the use of LIF detection is the best
alternative for many applications (sensitive detection of
amino acids enantioseparated by CE), MS detection is
being more utilized in last years. However, the problem
associated to the use of nonvolatile chiral selectors, as
CDs, in CE-MS provokes that their introduction in the
mass spectrometer should be avoided. It is interesting to
remark that some of the last research works are focused
on the development of chiral selectors compatible with
MS detection, this aspect being of great interest in the
coupling CE-MS.

Finally, the best LOD reported in this review is ,10210 M
using an online coupling of SPE with a CE system and UV-
Vis absorption detection [90]. However, lower LODs are
expected to be possible by combining several of the
described strategies, that is, by combining sample treat-
ment techniques, on-column preconcentration tech-
niques, and alternative detection systems to UV-Vis
absorption, combinations that look very promising to
enable the improvement of sensitivity in chiral analysis by
CE.

5 Future prospects

The sensitive analysis of chiral compounds in complex
matrices, i.e., in biological samples, usually requires a
sample treatment step before the injection in the CE sys-
tem, and as a consequence, although challenging, the
online coupling of sample treatment systems to CE
seems to be very promising because it enables the auto-
matization of the analytical process. However, this strat-
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egy needs special setups while the use of on-column
preconcentration techniques based on electrophoretic
principles (mainly those based on special injection tech-
niques such as stacking and sweeping) is more available
and easier, and only needs an appropriate knowledge of
the sample and the matrix. The development of new
applications in the chiral field with new spectroscopic
detectors such as phosphorescence, NMR, and FT-IR
can be expected in the near future. In addition, new
detectors such as circular dichroism will be coupled to CE
for chiral analysis. The development of new applications
in the chiral field by CE-MS and the study of new chiral
selectors compatible with this detection system is also a
future prospect in sensitive chiral analysis by CE. Finally,
microchip electrophoresis uses tiny micromachined de-
vices to perform chiral separations in seconds, the
development and application of different approaches to
improve the detection sensitivity being very challenging.
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