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Abstract: Capillary electrophoresis (CE) is an attractive technique in separation science because of its high separation performance, short
analysis time and low cost. Electrochemical detection (EC) is a powerful tool for CE because of its high sensitivity. In this review,
developments of CE-EC from 2008 to August, 2011 are reviewed. We choose papers of innovative and novel results to demonstrate
the newest and most important progress in CE-EC.
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1. Introduction
Capillary electrophoresis (CE) is another significant
achievement in liquid separation science with the exception
of high performance liquid chromatography (HPLC). It
has been widely developed in the analytical field due to its
own advantages such as high separation efficiency, low
sample volume requirement, rapid separation speed, and
low running cost. In CE, two forces drive the separation of
mixtures; one is the electrophoretic migration under the
electric field. The other is the electroosmotic migration
resulting from the double layer produced on the inner
surface of the capillary. The velocity of the analytes is
the vector sum of electrophoretic and electroosmotic
velocity. The instrumentation of CE mainly consists of a
capillary column, a high-voltage power supply, a detector
and a recorder.
Since the introduction of CE, the development of
high sensitive detection methods is a very important and
popular research topic. Detection methods coupled to
CE can be performed in a variety of modes, such as UVvisible absorption (UV) [1,2], laser-induced fluorescence
(LIF) [3-5], mass spectroscopy (MS) [6,7], electrochemical
detection (EC) [8,9], chemiluminescence detection (CL)
[10,11] and electrochemiluminescence detection (ECL)
[12,13]. Among these detection methods, the most widely
used one is UV but short optical path lengths often limit its

sensitivity. LIF or MS can achieve much lower detection
limits. However, LIF usually needs a derivatization step
and MS is restricted to its high instrument cost. As an
alternative, EC detection has attractive merits including
high sensitivity, good selectivity, low cost, and also
provides a high sensitive analysis towards micro-volume
environment-like single cell.
Several recent reviews on the different aspects of EC
detection methods for CE are available [14-17]. Herein,
this review provides new developments of conventional
CE coupled with EC detection from 2008 to August
2011.

2. CE-EC
EC detection combined with CE can be performed in three
modes on the basis of principal: amperometric detection,
conductivity detection, and potentiometric detection.

2.1. Amperometric detection

Amperometric detection (AD) is one of the most popular
EC detection methods for CE. It is based on the
measurement of Faraday current generated by electrontransfer reactions at the working electrode. The current is
directly proportional to the concentration of analytes.
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2.1.1. Separation modes

Several kinds of separation modes in CE-AD have
been reported, such as capillary zone electrophoresis
(CZE), e.g. [18,19], micellar electrokinetic capillary
chromatography (MEKC) [20-22], and non-aqueous
capillary electrophoresis (NACE) [23]. In addition,
microemulsion electrokinetic chromatography (MEEKC)
with AD was introduced for the separation and
determination of 14 flavonoids in a silymarin capsule
with simple extraction procedures [24]. The running
buffer was composed of 0.9% (w/v, 30 mM) SDS, 0.9%
(w/v, 21 mM) sodium cholate (SC), 0.9% (w/v, 121 mM)
butan-1-ol, 0.6% (w/v, 68 mM) ethyl acetate, and 98.2%
v/v 10 mM Na2B4O7-20 mM H3BO3 buffer (pH 7.5). Under
the same condition, the resolution of 14 flavonoids by
MEEKC was better than CZE or MEKC. Recently, a
novel hybrid technique known as pressurized capillary
electrochromatography (pCEC) was developed by
means of coupling a micro-HPLC pump with capillary
electrochromatography (CEC). Xie’s group coupled this
method with AD to determine phenolic xenoestrogens
in spiked egg and milk powder samples [25]. The
sensitivity of this method was comparable with GC-MS
and higher than pCEC-UV method. Organophosphorus
pesticides in vegetable and fruit samples [26], and
dopamine and epinephrine [27] were also analyzed by
this method. Zhang et al. [28] first introduced AD into
CE-CE system. In this method, CZE was applied for
the first separation, and the effluent components from
CZE were then transferred and analyzed by MEKC. To
integrate CZE with MEKC, a new microhole interface
was designed while simultaneously employing pH
junction and sweeping to avoid sample zone diffusion
at the interface. The proposed system was successfully
applied to determine basic cardiovascular drugs in
mouse blood.

2.1.2. Electrode materials

The selection of the electrode materials has great effect
on the selectivity and sensitivity. Many different electrodes
have been introduced into CE-AD in the review period
such as carbon disc electrode, e.g. [20,24], carbon fiber
electrode [29], carbon fiber microdisk bundle electrode
[30,31], carbon past electrode [25,32], graphite disk
electrode [33,34], Pt electrode [21,23,28,35,36],
Au electrode [19], boron doped diamond electrode
[37], Cu electrode [38,39] and chemically modified
electrodes (CMEs) [40-45]. Ewing and coworkers
designed an interesting experiment for the analysis
of biogenic amines and metabolites in microdissected
Drosophila melanogaster brains and brain regions [29].
The results indicated that white mutant flies had less
amounts of dopamine, salsolinol, N-acetyltyramine,
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N-acetylserotonin, and l-3, 4-dihydroxyphenylalanine
in the isolated brains compared with wild-type and THGFP mutant. Ascorbic acid in single rat peritoneal mast
cell [30] and individual rat hepatocyte [31] was also
investigated by CE-AD system with the aid of carbon fiber
micro-disk bundle electrodes. Arribas et al. [41] used a
commercial screen-printed electrode (SPE) and glassy
carbon disk electrode modified with carbon nanotubes
as the amperometric detectors. The satisfactory
results open a hopeful gate for the effective utilization
of electrochemical detectors in connection either with
commercial MWCNT-SPE or GCE modified with CNT
layers for routine analysis of phenolic compounds
by CE. Chen’s group developed a carbon nanotube/
poly(ethylene-co-vinyl acetate) (CNT/EVA) composite
electrode in CZE-AD for the determination of two
important coumarin derivatives (esculin and esculetin)
in Cortex Fraxini [42]. The CNT-based detector was
fabricated by packing a mixture of CNTs and melted
EVA in a piece of fused-silica capillary. Nie et al. [43]
firstly adapted a carbon disk electrode modified with
mesoporous carbon material (CMK-3) for CE to monitor
nitroaromatic compounds in environmental samples.
Compared with the bare electrode, the CMK-3 modified
electrode exhibited excellent electrocatalytic activities,
high conductivity and large effective surface area which
greatly improved sensitivity. Fang’s group described
the development and application of a new kind of
vitamin B12 (acquo-cobalamine) CME for the sensitive
detection of six antioxidants in fruits and vegetables with
high sensitivity and good repeatability [44]. Mukherjee
et al. [45] developed and evaluated two electrocatalytic
microelectrode detector systems as the end-column
amperometric detector of CE for the sensitive
determination of choline (Ch) and acetylcholine (ACh).
One system was fabricated by adsorbing horseradish
peroxidase cross-linked in an osmium based redox
polymer hydrogel on an Au microelectrode, and
enzymes of acetylcholinesterase (AChE) and choline
oxidase (ChO) were then physically adsorbed onto the
electrode surface by chemical cross-linking. The other
system utilized the deposition of the transition metal
catalyst, prussian blue (PB), on Pt microelectrode as an
alternative.

2.1.3. Sampling and sample stacking methods

For the on-column sample stacking methods, Chen’s
group introduced transient isotachophoresis (tITP),
field-amplification sample stacking and electrostacking
into CE-AD technique for the determination of doping
substances, diuretics and β2-agonists in urine samples
[46–48]. On-line concentration strategies, pH junction and
sweeping, were also applied for the CZE-MEKC system
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Figure 1.

Schematic diagram of macro-interface (A) and mini-interface (B) setup (Adapted from [53]).

[28]. Zhai et al. [39] designed an assembled microfluidic
device with a sampling fracture by combining three
polymer retainers (sampling reservoir, buffer reservoir,
detection reservoir) with an 8 cm fused-silica capillary.
The sampling fracture was made by a facile ultrasonic
method instead of handwork. An on-column sample selfstacking effect was produced in the sampling fracture
when applying a low voltage. This method could be used
to determine 12 native amino acids in beverage samples
and the fracture resulted in separation efficiency up
to 340 000 plates/m which significantly improved the
sensitivity for amino acid detection. Some off-column
sample stacking approaches have also been proposed.
Solid phase extraction (SPE) was extensively used in
CE-AD system [18,21,22,26,23,49,50]. Chen’s group
combined microwave-assisted solvent extraction with
CE-AD to monitor antioxidant constituents in Folium
Eriobotryae [51]. The extraction procedure was simple
which only needed 700 W of microwave irradiation for
3 minutes. However, the microwave radiation should
be handled carefully due to leaked microwaves that are
dangerous to human health. Recently, they employed
a safer energy source, far infrared ray, to enhance
the efficiency of solvent extraction [52]. The extraction
time was significantly reduced compared to that of hot
solvent extraction. Supercritical fluid extraction [32] and
matrix solid-phase dispersion extraction [25,33] were
also presented in CE-AD method.

2.1.4. Detection methods

An interesting work, liquid-liquid interface systems
(ITIES) (Fig. 1), was used as a detection method in
CE-AD to determine non-redox active species [53]. In
the ITIES system, the change of current arising from
the ion transfer between two immiscible solutions when
applying an electrical potential across the interface
allows for the amperometric detection [54,55]. Pulsed
amperometric detection was more appropriate for this

system compared with constant potential amperometry.
Moreover, a miniaturized ITIES within a pipette tip can
improve the separation efficiency and sensitivity. Hooper
et al. [56] proposed a time-variant square-wave potential
to the detection electrode in CE. A lower baseline current
and a higher S/N value could be obtained with either
small or large inner-diameter capillaries. A dual detection
mode combined AD and contactless conductivity
detection was used in CE for the determination of
pathological metabolites of phenylalanine in urine
samples [57]. A highly linear response was obtained
for these five biomarker compounds over three orders
of magnitude. In addition, other dual detection systems
(UV/AD, EC/ECL) [33,34,58,59] were also used in CE
which enlarged the scope of analytes when compared
with a single detection mode.
Although AD exhibits a high sensitivity and good
selectivity for CE analysis, it is still limited to analytes
which are electroactive within the accessible potential
window. Generally, there are two main approaches
to determine the non-electroactive species. They
can either be detected after derivatization or by
means of indirect detection method. Zhang et al. [18]
performed CE-AD method for detecting methylglyoxal
and glyoxal in the urine of chronic patients and
environmental water samples based on derivatizing
with an electroactive compound 2-thiobarbituric acid.
Wu et al. [26] succeeded in coupling pCEC with indirect
AD for the determination of some non-electroactive
organophosphorus pesticides. This method was based
on the displacement of an electroactive molecule added
to the mobile phase by the non-electroactive solute. In
this work, 3,4-dihydroxybenzylamine (DHBA) was used
as the electroactive additive and added to the mobile
phase containing 50% v/v of ACN and 50% v/v of MES
buffer. In another report, both electroactive and nonelectroactive preservatives in several food commodities
were simultaneously determined with the help of
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Figure 2.

Schematic of the experimental setup for the analysis of complex samples using GEMBE with contactless conductivity detection
(not to scale) (Adapted from [76]).

DHBA [49]. Moreover, six selected primary carbamate
insecticides, methomyl, carbaryl, carbofuran, propoxur,
isoprocarb, and promecarb were determined by the
SPE-MEKC method after being hydrolyzed in alkaline
solution to produce electroactive derivatives detectable
by Pt electrode [21]. Martin et al. [19] developed
a CE-AD system with a newly developed cross-hair
design electrochemical detector to determine mercury
and methy mercury after derivatizing with cysteine.

2.1.5. Other developments

Chu et al. [60] developed a mini-CE-AD system which
was constructed on a 25×100×2 mm plexiglass plate for
fast determination of acetaminophen and p-aminophenol
in dosage forms. This mini-CE-AD had advantages of
simple design and construction, low cost, high degree of
integration, portability, and such miniaturized separation/
detection systems were attractive for environmental
and clinical fields, for instance, as an alternative to
conventional CE. Generally, it is hard to find a suitable
running buffer at a fixed pH for the simultaneous
separation of analytes with greatly different pKa values.
To solve this problem, Dong et al. [61] adapted alternate
running buffers to separate two groups of positional
isomers. In this work, pH 5.8 buffer and pH 7.6 buffer were
placed into the capillary alternatively and six positional
isomers could be separated completely in different pH
buffer solution zones. Li et al. [62] used a statistical
experimental design protocol called central composite
design (CCD) in CE-EC/ECL for the determination of
six cardiovascular drugs. This experimental design
successfully predicted the optimum separation
conditions, and good agreement of the chromatographic
response was observed between predicted data and
actual experimental results. In addition, Chen’s group
reported the determination of the hydrolysis rate
constant of chlorogenic acid [63] and the kinetic study of
keto-enol tautomerism of p-hydroxyphenylpyruvic acid
[64] with the aid of CE-AD method. A list of applications
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of AD in conventional CE reported in the review are
given in Table 1.

2.2. Conductivity detection

Contact conductivity detection is based on the differences
of specific conductance between zones of analytes
and background electrolytes. In recent years, the
capacitively-coupled contactless conductivity detection
(C4D) has been gaining more and more popularity
because of its universality. The basic principles of C4D
have been illustrated in some reviews [14,17]. This
section will provide details about recent developments
in CE-C4D.

2.2.1. Separation modes

An interesting work combined gradient elution moving
boundary electrophoresis (GEMBE) with C4D was
reported for the analysis of potassium, calcium, sodium,
magnesium, lithium, and melamine in complex samples
(dirt, leaves, coal fly ash, milk, and blood serum) [76].
In GEMBE (Fig. 2), the charged analytes were driven
from the sample reservoir into one end of the capillary
by a constant electrical voltage. On the other end of the
capillary, a bulk flow consisting of electroosmotic flow
(EOF) and controlled, variable pressure-driven flow was
simultaneously directed from the run buffer reservoir
toward the sample reservoir. Only the analyte whose
electrophoretic velocity overcame the bulk counterflow
could enter the capillary. Simple sample pretreatment
(suspension or dilution in buffer) was needed because
other sample components were prevented by bulk
flow from entering the capillary. This new method was
also adapted by Flanigan et al. to demonstrate the
simultaneous separation of cations and anions in mineral
water [77]. A new method, heart-cutting 2-D CE coupled
with two C4D detectors, was performed by Cottet’s
group for the chiral separation of 22 underivatized amino
acids [78,79]. In their works, a 10 μm inner diameter
capillary was selected to limit the peak broadening and
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Table 1.

Applications of CE-AD.

Analyte

Sample

Separation buffer

Limit of detection

Ref.

Methylglyoxal, glyoxal

Environmental water,
urine

30 mM borate buffer (pH 8.4)

0.2 μg L-1, 0.5 μg L-1

[18]

Dopamine, salsolinol, octopamine
N-acetyltyramine,
N-acetylserotonin
N-acetyldopamine, l-3,4dihydroxyphenylalanine

Microdissected
Drosophila
melanogaster brains
and brain regions

25 mM borate buffer + 50 mM SDS
+ 2% 1-propanol (pH 9.66)

Ascorbic acid

Single rat peritoneal
mast cells

18.3 mM Na2HPO4–1.70 mM NaH2PO4
(pH 7.8)

1.7×10−6 M

Ascorbic acid

Individual rat
hepatocyte

18.3 mM Na2HPO4–1.70 mM NaH2PO4
(pH 7.8)

1.7×10

Human serum

10 mM Britton-Robinson buffer
+ 1.0 mM H2O2 (pH 5.0)

0.48 ng mL-1, 1.0 ng mL-1

[35]

Urine

60.0 mM H3BO3-Na2B4O7
+ 35 mM SDS (pH 8.2)

1.2 μg mL-1, 0.066 μg mL-1,
0.064 μg mL-1, 2.5 μg mL-1,
6.6 μg mL-1

[57]

Human cerebrospinal
fluid

20 mM phosphate buffer (pH 7.6)
+ 2.5% methanol (v/v).

26.2 nM
54.3 nM
21.6 nM
6.31 nM
25.1 nM

[65]

Analytical biochemistry
and biomedical analysis

Alpha-fetoprotein, thyroxine
Phenylpyruvic acid,
2-hydroxyphenylacetic acid,
4-hydroxyphenylacetic acid,
Phenyllactic acid, phenylacetic
acid
Tyr-Gly-Gly-Phe-Leu-Arg,
Tyr-D-Ala-Gly-Phe-D-Leu,
Tyr-D-Ala-Gly-Phe-Met,
Tyr-Ala-Gly-Phe-Leu,
Tyr-Gly-Gly

[29]

−6

M

[30]
[31]

Environmental analysis
Coal

25mM sodium borate (pH 9.3)

0.05 μg L-1, 0.40 μg L-1

[19]

Methomyl, propoxur, carbofuran,
Isoprocarb, carbaryl, promecarb,

Mercury, methyl mercury

River water and soil
samples

20 mM borate buffer + 20 mM SDS
(pH 10.2)

3.0 μM, 0.1 μM, 0.1 μM,
0.1 μM, 0.1 μM, 0.1 μM,

[21]

2,4-dichlorophenol, 4-tertbutylphenol,
bisphenol A, 17α-ethynylestradiol,
4-n-nonylphenol

Sewage influent
sample

20 mmM H3BO3–Na2B4O7 buffer
(pH 7.4)

1.6 μg mL-1, 1.2 μg mL-1,
3.5 μg mL-1, 3.9 μg mL-1,
4.0 μg mL-1

[22]

River and lake water

Acetonitrile–methanol (75:25, v/v)
containing 1 M acetic acid
and 10 mM of sodium acetate

BB9: 0.13 μg mL-1
BG4: 0.16 μg mL-1
BV16: 0.43 μg mL-1
BV3: 0.11 μg mL-1
BB41: 0.72 μg mL-1

[23]

Hair dyes

0.30 M borate–0.40 M phosphate
buffer (pH 5.8)

0.29 μM, 0.22 μM, 0.62 μM,
1.57 μM, 0.18 μM

[36]

Coking wastewater,
tap water and river
water.

10 mM phosphate buffer (pH 6.5)
+ 10 mM SDS

4.0 μg L-1, 4.1 μg L-1,
4.7 μg L-1, 3.0 μg L-1

[43]

River and waste water
samples

0.16 mol/L Na2HPO4–citric acid buffer
(pH 4.6)

1.0×10−7 M, 3.3×10−8 M,
5.0×10−8 M, 1.3×10−7 M

[66]

Milk products

8 mM SDS + 20 mM H3BO3–Na2B4O7
buffer (pH 7.4)

2.1 μg mL-1

[20]

10 mM 2-Morpholinoethanesulfonic
acid (pH 5.5) + 50% v/v ACN

2.0 μg mL-1, 2.5 μg mL-1,
0.5 μg mL-1, 0.5 μg mL-1,
0.2 μg mL-1, 2.5 μg mL-1

[26]

Methylene blue (BB9), Sandocryl
green (BG4),
Sandocryl red (BV16), Crystal violet
(BV3),
Sandocryl blue (BB41), Nyosan
blue (AB324),
Sandolan red (AR1), Sandolan
green (AG25),
O-Phenylenediamine, Catechol,
Resorcinol,
p-Phenylenediamine,
m-Phenylenediamine
1,3,5-trinitrobenzene, 1,3dinitrobenzene,
2,4,6-trinitrotoluene, 2,4dinitrotoluene
2,3-Diaminonaphthalene, Aniline,
o-Phenylenediamine,
p-Chloroaniline
Food analysis
Melamine
Dimethoate, methyl parathion,
ethyl parathion, chlorpyrifos,
chlorpyrifos-methyl, trichlorfon

Vegetable and fruit
samples
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Table 1.

Continued

Applications of CE-AD.

Analyte

Sample

Separation buffer

Limit of detection

Ref.

Pentachlorophenol, bisphenol-A,
2,4-Dichlorophenol, 4-tertOctylphenol,
4-n-Nonylphenol

Egg and milk powder
samples

60% v/v ACN + 40% v/v Tris buffer
(5 mM, pH 8.0)

50 ng mL-1, 5 ng mL-1,
2 ng mL-1, 10 ng mL-1,
20 ng mL-1

[25]

β-zearalenol, α-zearalenol,
Zearalenone

Maize flour samples

25 mM borate buffer (pH 9.2);
50 mM borate buffer + 30% methanol
(pH 9.7)

110 nM, 63 nM, 72 nM

[32]

Apples

30 mM acetate (pH 4.5)

0.4 μg g-1, 0.4 μg g-1

[33]

Potato samples

20 mM borate buffer (pH 8.4)
+ 15 mM SDS

0.06 μM

[34]

Oolong tea

30 mM borate + 40 mM phosphate
buffer (pH 8.5)

0.53 μM, 0.47 μM, 0.24 μM,
0.07 μM, 0.53 μM, 2.39 μM,
0.86 μM

[38]

Lysine, proline, tryptophan, leucine,
phenylalanine, valine, methionine,
threonine,
alanine, serine, glycin, tyrosine

Beverage

20 mM sodium tetraborate solution
(pH 11.5) + 0.015% Tween 20

1.4 μM, 5.2 μM, 3.8 μM, 4.7 μM,
6.2 μM, 8.1 μM, 5.1 μM, 9.3 μM,
13.2 μM, 7.7 μM, 13.6 μM,
14.8 μM

[39]

Glutathione, ascorbic acid, vanillic
acid,
chlorogenic acid, salicylic acid,
caffeic acid

Orange and tomatoes

50 mM borate−100 mM phosphate
buffer (pH 8.4)

0.29 μM, 0.22 μM, 0.16 μM,
0.39 μM, 0.075 μM, 0.078 μM

[44]

Methylparaben, ethylparaben,
potassium sorbate, propylparaben,
sodium lactate, butylparaben

Soft drinks, soy
sources and oyster
source

40 mM borate buffer + 12 mM SDS
(pH 8.2)

10.6 ng mL-1, 24.0 ng mL-1,
1.50 μg mL-1, 27.7 ng mL-1,
2.73 μg mL-1, 54.5 ng mL-1

[49]

Coffee

80 mM borate buffer (pH 8.4)

0.06 μg mL-1, 0.07 μg mL-1,
0.10 μg mL-1, 0.06 μg mL-1,
0.36 μg mL-1, 0.28 μg mL-1,
0.24 μg mL-1, 0.30 μg mL-1

[67]

Hawthorn and
hawthorn piece

40 mM borate buffer (pH 8.4)

84 ng mL-1, 90 ng mL-1,
60 ng mL-1, 375 ng mL-1,
117 ng mL-1

[68]

Toothpaste

80 mM borate buffer (pH 9.2)

1.50 μg mL-1, 0.63 μg mL-1,
0.085 μg mL-1

[69]

Pharmaceutical
preparation

0.9% (w/v, 30 mM) SDS + 0.9%
(w/v, 21 mM) sodium cholate + 0.9%
(w/v, 121 mM) butan-1-ol + 0.6%
(w/v, 68 mM) ethyl acetate + 98.2% v/v
10 mM Na2B4O7–20 mM H3BO3 buffer
(pH 7.5)

0.05 μg mL-1, 0.1 μg mL-1,
0.1 μg mL-1, 0.02 μg mL-1,
0.2 μg mL-1, 0.2 μg mL-1,
0.5 μg mL-1, 0.2 μg mL-1,
0.3 μg mL-1, 0.2 μg mL-1,
0.2 μg mL-1, 0.08 μg mL-1,
0.2 μg mL-1, 0.1 μg mL-1

[24]

CZE: 25 mM NH4Ac (pH 2.8)
MEKC: 50 mM Na2B4O7 + 30 mM SDS
+10 mM β-CD (pH 9.0)

0.038 mg mL-1, 0.030 mg mL-1,
0.052 mg mL-1, 0.026 mg mL-1,
0.017 mg mL-1, 0.015 mg mL-1

[28]

Hair dyes

0.30 M borate–0.40 M phosphate
buffer (pH 5.8)

1.57 μM, 0.18 μM, 0.29 μM,
0.22 μM, 0.62 μM

[36]

Cortex Fraxini

50 mM borate buffer (pH 9.2)

0.22 μM, 0.27 μM

[42]

25.0 mM H3BO3–Na2B4O7 (pH 8.8)

4.2×10−14 M, 6.3×10−13 M,
5.8×10−14 M, 9.5×10−13 M

[46]

25.0 mM H3BO3–Na2B4O7 (pH 8.98)

9.0 ng mL-1, 20.0 ng mL-1,
1.5 ng mL-1

[47]

20.0 mM H3BO3–Na2B4O7 (pH 8.6)

0.098 pmol L-1, 0.028 pmol L-1,
0.063 pmol L-1, 0.920 pmol L-1

[48]

50 mM borate buffer (pH 9.0)

2.7 μM, 2.1 μM, 3.2 μM,
3.4 μM, 4.5 μM

[51]

Amitrole, urazole
Maleic hydrazide
L-Theanine, L-Glutamine, sucrose,
glucose, fructose, ascorbic acid,
epigallocatechin gallate

Catechin, rutin,
ferulic acid, o-Dihydroxybenzene
chlorogenic acid, caffeic acid
gallic acid, protocatechuic acid
(–)-Epicatechin, rutin,
hyperin, chlorogenic acid,
quercetin
Diethylene glycol, propylene
glyco1,
glycerol
Pharmaceutical analysis
Puerarin, (+)-Catechin,
(−)-Epicatechin, liquiritin,
rutin, baicalein,
hyperoside, quercitrin,
naringin, naringenin,
luteolin, alpinetin,
silymarin, wogonin
(S)-Propranolol, (R)-Propranolol,
(S)-Metoprolol, (R)-Metoprolol,
nifedipine, nitrendipine
P-Phenylenediamine,
m-Phenylenediamine,
o-Phenylenediamine, catechol,
resorcinol
Esculin, esculetin
Methylephedrine, celiprolol,
sotalol, indapamide
Indapamide, hydrochlorothiazide,
bumetanide
Clenbuterol, terbutaline,
salbutamol, formoterol

Urine
Urine
Human urine

Catechin, rutin, kaempferol,
gentistic acid, quercetin

Folium Eriobotryae

Rutin, gentisic acid, quercetin

Leaves of Lycium
barbarum Linn.

50 mM borate buffer (pH 9.2)

0.31 μM, 0.48 μM, 0.78 μM

[52]

Pharmaceutical
preparation

12 mM Na2B4O7–44 mM KH2PO4 buffer
(pH 7.2)

0.59 μM, 1.40 μM

[60]

Acetaminophen, p-aminophenol
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Table 1.

Continued

Applications of CE-AD.

Analyte

Sample

Separation buffer

Limit of detection

Ref.

[70]

Acacetin, diosmetin,
chlorogenic acid, kaempferol,
apigenin, luteolin,
Hydroxybenzoic acid, caffeic acid

Valeriana wallichii DC

50 mM borax buffer (pH 9.2)

80 ng mL-1, 38 ng mL-1,
170 ng mL-1,46 ng mL-1,
19 ng mL-1, 18 ng mL-1,
40 ng mL-1, 120 ng mL-1

Thyroxine, 3,3’,5-triiodothyronine

Pharmaceutical
preparation

50 mM Na2B4O7–NaOH buffer
(pH 11.3)

100 nM, 85 nM

[71]

Naringenin, rutin, quercetin,
ascorbic acid

Rat serum and
excrement

24 mM borate buffer (pH 8.6)

1.0 μM, 8.0 μM, 0.5 μM, 2.0 μM

[72]

Ferulic acid, protocatechuic
aldehyde,
caffeic acid, protocatechuic acid

Pharmaceutical
preparation

20 mM borate buffer (pH 7.6)

0.01 μg mL-1, 0.006 μg mL-1,
0.03 μg mL-1, 0.03 μg mL-1

[73]

Disaccharide glycoside rutin,
gentistic acid,
quercetin, gallic acid

Leaves of Ricinus
communis Linn.

50 mM borate buffer (pH 9.0)

0.8 μM, 1.4 μM,
0.9 μM, 2.9 μM

[74]

Apigenin, luteolin,
kaempferol, quercetin,
(+)-Catechin, (−)-Epicatechin

Chrysanthemum

36 mM borate-phosphate buffer
(pH 8.8) + 3.0 mM β-CD

73 ng mL-1, 210 ng mL-1,
37 ng mL-1, 280 ng mL-1,
70 ng mL-1, 130 ng mL-1

[75]

two BGEs were used to accomplish the separation. The
first dimension was performed in an achiral BGE and
a selected fraction from the first dimension was then
separated in the second dimension with the aid of a chiral
selector. Mai et al. [80] combined CEC with C4D for the
determination of some inorganic and organic cations.
Monolithic octadecylsilica columns were used for the
first time in CE-C4D and lower LODs were obtained.

2.2.2. Sampling and sample stacking methods

Some interesting injection techniques have been
introduced into CE-C4D. Nehmé et al. [81] developed a
dual-opposite end injection method for the simultaneous
determination of a pharmaceutical drug (labetalol) and
its counter-ion (chloride) in a single electrophoretic
run. Labetalol was injected into the anodic side of the
capillary and chloride was injected into the cathodic
side. 10 mM His-50 mM AcOH buffer pH 4.12 was
chosen as the running buffer because it was suitable
for the use with C4D and dual-opposite end injection.
Mai et al. [82] reported a new set-up including a CE
instrument, C4D, and a sequential injection analysis
(SIA) for extended automated monitoring applications.
The set-up incorporated a number of improvements
compared to previous designs such as using a splitinjection device for the splitting of small flows into two
streams and adapting a special interface with minimal
internal volume to allow efficient flushing of the liquid
volume at the high voltage electrode directly through the
capillary. This approach was successfully carried out
to monitor the concentrations of inorganic anions and
cations in a creek on-site for several days.
To improve the sensitivity of the C4D detection, an
air sampler constructed with polypropylene hollow
porous capillary fibers was developed by Rocha et al.

to achieve efficient formaldehyde collection [83]. The
collector device was fabricated by a Teflon pipe inside of
which a bundle of polypropylene microporous capillary
membranes was introduced. An inexpensive aquarium
pump was used to push the air through the collector
and de-ionized water was adapted as collecting
medium for formaldehyde. This air sampler coupled with
CE-C4D was used for the analysis of formaldehyde found
in the urban atmosphere and enough sensitivity could
be obtained. Xu et al. succeeded in developing an ionpair liquid-liquid-liquid microextraction preconcentration
method for the determination of nerve agent degradation
products [84]. The analytes were extracted from
an aqueous sample solution to an organic solution
(1-octanol) layer on top of the sample solution, and
then back-extracted into a drop of an aqueous acceptor
solution which was suspended in the organic phase at
a microsyringe needle tip. Finally, the analyte-enriched
drop was withdrawn into the syringe and transferred
into a sample vial for CE-C4D analysis. After that, they
introduced an electromembrane isolation (EMI) for the
analysis of the four nerve agent degradation products
[85]. In this work, a polypropylene sheet membrane
used as the supported liquid membrane (SLM) was
folded into an envelope and 3 edges were sealed. The
wall pores of the membrane were impregnated with
1-octanol. Inside and outside the envelope were the
donor phase and accepter phase respectively, and
a voltage source was used to accelerate the mass
transfer. In addition, a field-amplified sample stacking
injection with the electroosmotic flow pump method
was also used by this group for the preconcentration
[86]. See et al. developed a dynamic supported liquid
membrane tip extraction (SLMTE) procedure which
performed in semi-automated dynamic mode [87] and
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online preconcentration techniques (large volume
sample stacking and field-enhanced sample injection)
[88] to determine herbicides with good sensitivity. The
SLMTE device was very similar to EMI [85], but the
operation was convenient because the voltage supply
was not used. Doan et al. [89] combined the CE-C4D
separation step with micro-electrodialysis (µED) for
rapid pretreatment and subsequent determination
of inorganic cations in human body fluids including
plasma serum and whole blood. A cellulose acetate
membrane was used as the dialysis membrane, and
the µED system could be operated at low voltage
(15 V), thus any inexpensive power source could be used.
The analytical performance was greatly improved when
applying µED due to the elimination of the adsorption
of matrix compounds on the inner capillary wall.
Lopes et al. [90] successfully coupled electrochemical
preconcentration to CE-C4D for the first time. The
detection sensitivity of metal ions in mixture was greatly
improved by nearly two orders of magnitude. Recently,
Kubáň et al. [91] used electromembrane extraction
(EME) as the off-line sample pre-treatment method for
the determination of heavy metal cations in tap water
and milk powder samples. They used a short segment
of porous polypropylene hollow fiber penetrated with
1-octanol and 0.5% v/v bis(2-ethylhexyl) phosphonic
acid as the SLM. The EME method took only 5 min and
the LODs in CE-C4D for the EME-treated samples are
one to two orders of magnitude lower than those without
sample pretreatment.

2.2.3. Detection methods

Tůma et al. compared C4D with diode-array photometric
detectors and found that the two detectors provide similar
responses [92]. Recently, they employed a dual C4D/UV
detection for the determination of 29 organic acids (OAs)
in a real urine sample and monitoring the occurrence of
the inborn metabolic fault of methylmalonic aciduria [93].
The combination of two detection modes could provide
more information in a single run compared to the usage
of only one detection mode.

2.2.4. Other developments

Francisco et al. reported an all-in-one version of C4D.
[94]. The absence of potentiometers and connectors
made the detector compact and robust. A filtering process
and use of an analog-to-digital converter resulted in a
reduction of the baseline noise and an improvement of
the dynamic range. Another merit of this version was the
possibility of determining the inner diameter of a capillary
by reading the analog-to-digital. Knjazeva et al. [95]
introduced a polyether ether ketone (PEEK) capillary
into the CE-C4D system for the separation of biological
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samples such as peptides, proteins, dicarboxylic acids
and humic acids. Compared with fused-silica capillary,
the polymer capillary had a higher separation resolution
and a better reproducibility. Chen et al. [96] demonstrated
that the impedance of the C4D cell is largely dependent
upon the size of the electrodes and the gap distance
between the two electrodes. The results also indicated
that tight coupling of the electrodes to the outer wall of
the capillary was critical. Tůma et al. [97] investigated
the impact of wall thickness of the separation capillary
on the sensitivity and linearity of C4D. Special thin-walled
capillaries could be advantageous when employed in
very low conductivity background electrolytes.
Portable instrumentation has been gaining popularity
in CE [98]. In recent years, Seiman et al. [99] developed
a portable CE-C4D system equipped with a very simple
cross-injection device which was built according to
ideas familiar to microchip electrophoresis. As shown
in Fig. 3, two capillaries were used in this device and
placed horizontally. The longer capillary served as the
separation capillary. Size of the gap between the two
capillaries should be optimized as it defined the amount
of the sample to be injected into the separation capillary.
The sample was injected into the gap by syringes and
then inserted into the separation capillary by laminar
EOF as soon as the high voltage turned on. The crossinjection device made the sample introduction convenient
compared with hydrodynamic or electrokinetic injections.
This group also introduced a digital microfluidic (DMF)
device which could greatly decrease the sample volume
to small droplets into the portable CE-C4D system
[100]. Reasonable performance of reproducibility could
be obtained by this system. Moreover, Hutchinson
et al. [101] used a portable CE-C4D system to identify
inorganic ions in post-blast explosive residues with rapid
separations and lower detection limits.
CE is an important technique in enantiomer separation
due to its high resolution power. In recent years, methods
for enantioseparation of chiral underivatized amines
[102], small oligopeptides [103], hydroxy acid [104], and
amino acid [82,83,104] have been reported with the aid
of CE-C4D.
Recently, Vidal et al. [105] investigated the formation
and properties of monoalkyl carbonates, which were
unstable in aqueous medium, with the aid of CE-C4D.
Coefficients of diffusion and the hydrodynamic radii
were calculated, and the kinetic constants and the
equilibrium constants of formation were also obtained.
In addition, Tůma et al. [106] developed an interesting
approach for the determination of glycerol and mannitol
with the usage of CE-C4D to monitor the free glycerol
concentration in adipose tissue microdialyzates. It was
found that the lipolysis occurring during a sporting action

H. Yu et al.

Figure 3.

Cross-sampler with its surroundings: (A) cross-sampler; (B) separation capillary; (C) socket for syringe; (D) BGE vessel with electrode
lead; (E) shut-off valve; and (F) waste reservoir (Adapted from [99]).

could be stimulated by local application of adrenaline.
Tůma group also analyzed a glycine neurotransmitter
in the periaqueductal gray matter (PAG) of rats [107],
and the results indicated that local inflammations
were associated with the concentration of glycine
neurotransmitter in the central nervous system. They
also used the CE-C4D method for the analysis of
ammonia, creatinine, inorganic cations and amino acids
in clinical samples [108,109]. Some interesting works
were reported by Huaser’s group, such as determination
of uric acid in human plasma and urine [110], analysis
of γ-hydroxybutyric acid in urine and serum samples
[111], investigation of peptic and tryptic digestion of
peptides and proteins [112], study of the effects of
acetylcholinesterase inhibitors on its enzyme kinetics
[113], and detection of carnitine in different types of
foodstuffs [114]. Vidal et al. [115] used CE-C4D for the
determination of fluoroacetate and fluoride in blood serum.
In addition, Quek et al. analyzed 13 pharmaceutical
products, that were emerging as pollutants, with various
groups [116]. Yang et al. [117] reported the determination
of fluoroquinolones in fortified chicken muscle samples.
Jáč et al. [118] described the analysis of glucosamine
in nutraceuticals. Nogueira et al. [119] developed
a CE-C4D method for the determination of adulterations
by adding coffee husks and corn into instant coffee. Total
glucose and xylos from the hydrolysis of xylan and starch
present in some vegetable adulterants were used as a
quality marker. Free fluoride and monofluorophosphate
in toothpaste were determined with the aid of CE-C4D

[120]. Moreover, aspartame, cyclamate, saccharin and
acesulfame-K in soft drinks and tabletop sweetener
[121], proline and tyrosine in dietary supplements [122],
potassium and ammonium in fertilizers and silage [123]
were also studied. Nussbaumer et al. [124] reported the
determination of K+, Na+, Ca2+ and Mg2+ in total parenteral
nutrition formulations. Four pharmaceuticals, namely,
amfepramone, fenproporex, sibutramine and fluoxetine,
were studied as adulterants in phytotherapeutic
formulations commercialized in Brazil for slimming
purposes [125]. El-Attug et al. also investigated traces
of trifluoroacetic acid as an impurity in synthetic or
semi-synthetic drugs [126]. Furthermore, atenolol and
amiloride [127], ethambutol [128], suxamethonium
[129], ciclopirox olamine [130] and muscle relaxants
[131] in their pharmaceutical preparations were also
studied. Epple et al. [132] used CE-C4D system for the
determination of amphetamine-type substances and
successfully applied it to the analysis of an illicit, streetgrade sample of 3,4-methylenedioxymethamphetamine
(Ecstasy) and a prescription dextroamphetamine tablet.
CE-C4D method was also adapted for the separation
and detection of non-UV-absorbing polyelectrolytes
[133]. The results proved that amphoteric argininesorbate buffer is a suitable electrolyte for the analysis of
synthetic poly(acrylic acid) sodium salts.

2.3. Potentiometric detection

The signal of potentiometric detection arises from a
potential drop formed at the ion-selective electrode. This
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is usually based on a membrane that is semipermeable
to certain ions only, and the resulting charge separation
will cause an electrode potential which can be described
by the Nernst equation [134]. In recent years, there are
only a few reports on the potentiometric detection in CE.
Bazylak et al. [135] used CE coupled with potentiometric
detection for the analysis of catecholamines, β-agonists,
and β-blockers. The potentiometric sensor was made by
depositing a PVC-based liquid membrane directly on a
100 µm diameter copper rod.

3. Conclusions and future prospects
An overview has been given of new developments in
the field of EC detection combined with conventional CE
based on papers published from 2008 to August 2011.
CE-EC with the advantages of high separation power,
low detection limits, and low instrument cost has been
used in a variety of applications in real samples. Up to

now, only C4D detection method combined with CE in
this field (CE-EC) is at hand commercially. Exploring the
commercial instruments and commercial electrodes to
improve the repeatability is still a challenge. To improve
the detection sensitivity, some stacking methods and
preconcentration methods are needed for the target
analytes that are present at trace concentrations. In
addition, portable and miniaturized instrumentation will
make the CE more convenient for analysis. For the
applications, CE-EC has been often used to detect
electroactive species. Ultimately, further studies should
be undertaken to broaden its applications, especially
in the field of analytical biochemistry and biomedical
analysis.
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