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Abstract: Capillary electrophoresis (CE) has become one of the most useful tools in separation science because of its high separation
efficiency, low cost, versatility, ease of sample preparation and automation. However, some limitations of CE, such as poor concentration
sensitivity due to its lower sample loading and shorter optical path length, limits its further applications in separation science.
In order to solve this problem, various on-line sample preconcentration techniques such as transient isotachophoresis preconcentration,
field-enhanced sample stacking, micelle to solvent stacking, micelle collapse, dynamic pH junction, sweeping, solid phase
extraction, single drop microextraction and liquid phase microextraction have been combined with CE. Recent developments, applications
and some variants together with different combinations of these techniques integrating in CE are reviewed here and our discussions
will be confined to the past three years (2008-2011).
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1. Introduction
CE has become a mature technique for analytical
separation and has been increasingly important in
separation science. It has been widely utilized in
biological, environmental, pharmaceutical, clinical, and
food analysis. Furthermore, CE is superior over other
separation techniques in terms of fast separation, high
solution and minimal requirements of sample and reagent
amounts.
However, since the volume or length of the injected
sample zone in capillary is very small or short, CE
suffers from poor concentration sensitivity especially
when on-line Ultraviolet (UV) detection is used. Several
strategies have been developed to solve the problem.
Besides the use of high sensitivity detectors such as
laser-induced fluorescence (LIF), chemiluminescence
or electrochemical detectors, electrophoresis-based
and extraction preconcentration techniques are used
widely [1-3]. Electrophoresis-based techniques include
transient isotachophoresis preconcentration [4], fieldenhanced sample stacking [5], dynamic pH junction [6],

pH mediated stacking and sweeping [7]. Electrophoresisbased techniques rely on differences in the velocity
change of the electrophoretic mobilites of the analytes in
different zones.The differences in migration velocity are
caused by the change in electric field strength between
the sample solution and separation zone or the change
in effective charge on the analyte. This is very useful
in on-line sample preconcentration techniques in CE,
where a larger volume of the sample solution is injected
into the capillary and the analytes in a long sample zone
can be focused into a narrow zone before separation and
detection. Sweeping is based on the chromatographic
principle, that is, the migration velocity is different either
due to the analyte is complexed by the pseudostationary
phase or free from the pseudostationary phase.
Sweeping is based on the chromatographic principle that
the migration velocity is variable either due to the analyte
being complexed by the pseudostationary phase or free
from the pseudostationary phase. A complexing reagent
that forms a complex with the analyte can be also used
for sweeping [3]. Extraction sample preconcentration
techniques, such as solid-phase extraction, solid-
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phase microextraction, liquid-phase microextraction
etc. allow analytes from a large volume of sample to
get concentrated on a sorbent and then get eluted in
a small amount of solvent, leading to lower detection
limits. These approaches can also remove matrix
interferences efficiently, as well as increase sensitivity.
Thus, these techniques are very effective in analyzing
complex samples. These techniques can be combined
with CE off-line or on-line. In this review, only on-line
sample preconcentration techniques coupled with CE
are described.
On-line sample preconcentration in CE is an
important topic that attracted much attention since 2000
and several review articles have been published [8–27].
The present review will highlight the new development
of different preconcentration techniques and their
combinations, especially on their applications in the
environmental, biological, pharmaceutical, clinical, and
food fields during 2008-2011. Table 1 gives an overview
of these applications.

2. E l e c t r o p h o r e s i s - b a s e d
on-line sample preconcentration
techniques in CE
The basic principles of different electrophoresisbased on-line preconcentration techniques have been
detailed previously [3]. Among these techniques,
several main types have been widely applied in food,
pharmaceutical, environmental and biological analysis,
including transient isotachophoresis preconcentration,
field-enhanced sample stacking, sweeping, dynamic pH
junction, micelle to solvent stacking, and so on.

2.1. Transient isotachophoresis/ Electrokinetic
supercharging preconcentration
2.1.1. Transient isotachophoresis

Isotachophoresis (ITP) is a separation mode of CE and
the principle of ITP can be applied as a transient stage
to preconcentration for capillary zone electrophoresis
(CZE), which is named as transient ITP (tITP). Impressive
preconcentration can also be achieved using ITP.
Xu et al. [28] described a tITP–CE system for the
determination of minor inorganic anions in saliva,
in which an electroosmotic flow (EOF) controlled
counterflow isotachophoresis stacking boundary
(cf-ITPSB) system under field amplified conditions was
established as a way to improve the sensitivity of anions
separated by CZE [29]. The potential of this approach
for sensitivity enhancement was demonstrated for the
co-EOF separation of a mixture of six inorganic and
small organic ions, with detection limits at the single612

figure nanogram per liter level. These detection limits
are 100000 times better than can be achieved by
normal hydrodynamic injection (ions prepared in water)
and 250 times better than achieved by other online
preconcentration approaches. The application of the
EOF-controlled cf-ITPSB with counter-EOF separation
of two pharmaceutical pollutants, naproxen and
diflunisal, was also demonstrated and an improvement
in sensitivity of 1000 with a detection limits of 350 ng L-1
in sewage treatment wastewater was achieved without
any offline pretreatment.
Knob et al. [30] developed a method for the
determination of nine brominated phenols by on-line
coupled ITP–CZE using UV detection at wavelength
220 nm. Detection limits in order of tens of nmol L-1
were achieved. The proposed ITP–CZE method could
be applied to determination of brominated phenols in
spiked tap and river water samples.
An online tITP-capillary gel electrophoresis (CGE)
method with fluorescence detection (FD) was explored
by Xu et al. [31] for analysis of DNA fragments. Two
standard DNA samples were used to evaluate the
qualitative and quantitative abilities of the tITP-CGEFD approach. The limit of detection (LOD) was down
to 0.09 ng mL-1 for the 72 bp fragment, and more than
1000-fold of LOD was improved in comparison with UV
detection.
Yan et al. [32] presented an on-line preconcentration
of oxidized and reduced glutathione using tITP under
strong counter-electroosmotic flow in CZE. Reduced
glutathione (GSH) and oxidized glutathione (GSSG)
were preconcentrated without modifying the capillary
and the commercial CE instrument. The sensitivity
enhancement factors were 320 for GSH and 280 for
GSSG.The method’s applicability was demonstrated by
determining the two substances in tomato and human
serum.
Davis et al. [33] demonstrated a method of gradient
elution isotachophoresis (GEITP) combined with
CZE. GEITP employs rapid electrophoretic focusing
at a discontinuous ionic interface within a sample
well generated through combined electroosmotic and
hydrodynamic flows. The interface and enriched analytes
were then pulled into a capillary or microchannel as
the counter-flow was reduced for on-column detection.
To transform GEITP-focused samples to CZE-based
separation, the sample solution was replaced by CZE
buffer solution while maintaining hydrodynamic flow to
ensure migration toward the detector. The microdevice
apparatus and concept of GEITP-CZE are displayed in
Fig. 1. Low-pressure hydrodynamic flow during CZE
allowed for flexible resolution adjustment, with a linear
increase versus the square root of migration time,
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.
(Part 1: Electrophoresis-based on-line sample preconcentration)
Analytes

Anions

Sample

saliva

Separation
mode

tITP–CE

−
N
O
NO 2
−
N
O
NO 3

Limit of detection

Bromide: 3.0 μg L-1
Iodide: 5.9 μg L-1
Nitrate: 4.6 μg L-1
Nitrite: 6.4 μg L-1
Thiocyanate: 3.8 μg L-1

Concentration
factor (fold)

Application

Ref.

-a

Biological

[28]

-

Environmental

[29]

-

Environmental

[30]

N
ONO −2 : 8.1 ng L

-1

N
ONO 3− : 6.6 ng L-1

SCN

-

2−
CrO
CrO 4
2−
MoO
MoO 4 -

Waste water

EOF-controlled
cf-ITPSB

Naphthalenedisul-fonate
(NDS)
Naproxen
Diflunisal

Brominated phenols

DNA fragments
Reduced glutathione
Oxidized glutathione
alanine
aspartic acid
glutamic acid
glycine
serine
valine
Metallodrugs

SCN-: 24 ng L-1

2−
CrO
CrO 4 : 24 ng L-1
2−
MoO
MoO 4 : 7.4 ng L-1

NDS: 6.3 ng L-1
Naproxen: 350 ng L-1
Diflunisal: 350 ng L-1

Tap and river
water samples

ITP-CE

3,3’,5,5’-Tetrabromobisphenol A:
32.6 nmol L-1
2,6-Dibromophenol: 16.3 nmol L-1
2-Bromophenol: 27.8 nmol L-1
2,4-Dibromophenol: 29.2 nmol L-1
2,4,6-Tribromophenol: 19.1 nmol L-1
Pentabromophenol: 14.4 nmol L-1
3-Bromophenol: 32.3 nmol L-1
4-Bromophenol: 27.8 nmol L-1
4-Bromo-3-methylphenol: 54.4 nmol L-1

Standard mixture

tITP–CGE-FD

72 bp DNA fragment: 0.09 ng mL-1

1000

Biological

[31]

tITP–CZE

Reduced glutathione: 23.4 μg L-1
Oxidized glutathione: 18.0 μg L-1

Reduced glutathione:
320
Oxidized glutathione:
280

Food and
Biological

[32]

Standard mixture

GEITP-CZE

Alanine: 0.9 pmol L-1
aspartic acid: 0.3 pmol L-1
glutamic acid: 0.2 pmol L-1
glycine: 0.4 pmol L-1
serine: 0.6 pmol L-1
valine: 2.0 pmol L-1

-

Biological

[33]

Tomato and
human serum

-

tITP-MEKC

-

Biological

[34]

Drugs

-

tITP–CZE

-

19-37

Biological

[35]

Bacteria

-

ITP–CZE

-

-

Biological

[36]

2-ethylhexanoic acid

Pharmaceutical
samples

tITP–CZE

-

Pharmaceutical

[37]

N-methylpyrrolidine

Pharmaceutical
samples

tITP–CZE

2.0 μg L-1

-

Biological

[38]

CF-EKS-CE

Diclofenac: 23.20 ng L-1
Fenoprofen: 17.10 ng L-1
Ibuprofen: 47.00 ng L-1
Indomethacin:
32.00 ng L-1
Ketoprofen: 20.80 ng L-1
Naproxen: 10.70 ng L-1

Diclofenac:
11800
Fenoprofen:
11790
Ibuprofen: 9100
Indomethacin: 11100
Ketoprofen: 11500
Naproxen: 11200

Environmental

[40]

1000

Environmental

[41]

2.0 μg L-1

Diclofenac
Diflunisal
Fenoprofen
Ibuprofen
Indomethacin
Ketoprofen
Naproxen

Drinking water
and wastewater
samples

Atorvastatin
Fluvastatin
Gemfibrozil
Pravastatin
rosuvastatin

Drinking water
and wastewater
samples

EKS-CE-ESI-MS

Atorvastatin: 560 ng L-1
Fluvastatin: 180 ng L-1
Gemfibrozil: 230 ng L-1
Pravastatin: 200 ng L-1
rosuvastatin: 260 ng L-1

-

EKS-NACE

1.0–2.5 ng mL-1

300- to 440

-

[42]

High-purity water

EKS-CZE

-

-

-

[43]

2,5-Dihydroxybenzoic acid: 0.45 ng L-1
2,4-Dihydroxybenzoic acid: 0.46 ng L-1
p-Toluic acid: 0.22 ng L-1
4-Propylbenzoic acid: 0.39 ng L-1
3,5-Dihydroxybenzoic: 0.51 ng L-1
4-Hydroxybenzoic acid: 0.34 ng L-1
4-Heptylbenzoic acid: 0.25 ng L-1

2,5-Dihydroxybenzoic
acid: 1333
2,4-Dihydroxybenzoic
acid: 1565
p-Toluic acid: 1818
4-Propylbenzoic acid:
1513
3,5-Dihydroxybenzoic:
1725
4-Hydroxybenzoic
acid: 2735
4-Heptylbenzoic acid:
3440

Environmental

[44]

Four phenolic acids
Atmospheric electrolytes

2,5-Dihydroxybenzoic
acid
2,4-Dihydroxybenzoic
acid
p-Toluic acid
4-Propylbenzoic acid
3,5-Dihydroxybenzoic
4-Hydroxybenzoic acid
4-Heptylbenzoic acid

River water

EKS-NACE
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 1: Electrophoresis-based on-line sample preconcentration)
Analytes

Naproxen Fenoprofen
Ketoprofen
Diclofenac Piroxicam
Mixture of cations
La3+
Nd3+
Sm3+
Gd3+
Y3+
Er3+
Yb3+
Coumarins

Sample

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref.

Naproxen: 1800
Fenoprofen: 2102
Ketoprofen: 2167
Diclofenac: 1615
Piroxicam: 1815

Environmental
and Biological

[45]

River water and
human Plasma

EKS-CZE

Naproxen: 0.08 μg L-1
Fenoprofen: 0.10 μg L-1 Ketoprofen:
0.10 μg L-1
Diclofenac: 0.10 μg L-1
Piroxicam: 0.10 μg L-1

-

EKS-CZE-UV

erbium(III): 6.7 ng L-1

erbium(III): 80000

-

[46]

-

EKS-CE

La3+ : 0.4 ng L-1
Nd3+: 0.5 ng L-1
Sm3+: 0.8 ng L-1
Gd3+: 0.7 ng L-1
Y3+: 0.4 ng L-1
Er3+: 1.0 ng L-1
Yb3+: 1.3 ng L-1

500000

-

[47]

Medicine and
human serum

FESI-MEKC

Imperatorin: 12 ng mL-1
Isoimperatorin: 12 ng mL-1
Osthole: 4 ng mL-1

Imperatorin: 64
Isoimperatorin: 122
Osthole: 90

Pharmaceutical
and Biological

[51]

49-173

Environmental

[52]

Aliphatic amines

Water sample

HC-FESS-MEKCLIF

Methylamine: 3.6 pmol L-1
Ethylamine: 3.8 pmol L-1
Propylamine: 2.8 pmol L-1
n-Butylamine: 2.8 pmol L-1
n-Pentylamine: 2.3 pmol L-1
n-Hexylamine: 1.9 pmol L-1
n-Heptylamine: 2.3 pmol L-1
n-Octylamine: 1.2 pmol L-1
n-Nonylamine: 3.1 pmol L-1

Albumin Transferrin

Human urines

FASI-MEKC

Albumin: 0.14 mg L-1
Transferrin: 0.31 mg L-1

Albumin: 45.3
Transferrin: 77.6

Biological

[53]

Spiked urine
samples

FASI-MEEKC

In high salt sample:
Berberine: 0.06 μg mL-1
Palmatine: 0.06 μg mL-1
Jatrorrhizine: 0.1 μg mL-1
Sinomenine : 0.01 μg mL-1
Homoharringtonine: 0.1 μg mL-1

-

Biological

[54]

Plasma

FASI-CE

Aripiprazole : 2.0 ng mL-1
Dehydroaripiprazole: 2.5 ng mL-1

-

Biological

[55]

Canned soft
drinks

FASI-MECC

BPA: 3.0 μg L-1
BADGE: 3.1 μg L-1
BADGE·H2O: 3.2 μg L-1
BADGE·2H2O: 3.0 μg L-1
BADGE·HCl: 5.2 μg L-1
BADGE·2HCl: 3.0 μg L-1
BADGE·HCl·H2O: 3.0 μg L-1
BPF: 3.1 μg L-1

-

Food

[56]

Heavy metals

Tap water Drain
water Reservoir
water

FASI-CE-CCD

Cr3+: 1.41 μg mL-1
Hg2+: 2.32 μg mL-1
Pb2+: 0.005 μg mL-1
Ni2+: 0.12 μg mL-1

Cr3+: 292
Hg2+: 785.5
Pb2+: 91800
Ni2+: 2330

Environmental

[57]

Carnosine
Homocarnosine
Anserine

Rat tissue and
human
cerebrospinal
fluid

FASI-CE-UV

Carnosine: 0.45 nmol L-1
Homocarnosine: 0.45 nmol L-1
Anserine: 0.54 nmol L-1

About 500

Biological

[58]

Di-valine

Reactions
between amino
acids

FASI-CE
LVSS-CE

FASI-CE: 20
LVSS-CE: 60

Biological

[59]

15-23

Environmental

[60]

MPA: 648
EMPA:667
IMPA:504
CMPA:753

Environmental

[61]

Isoquinoline alkaloids

Aripiprazole
Dehydroaripiprazole

Bisphenol A, bisphenol
F, and
their diglycidyl ethers
and derivatives

Cl-: 0.50 mg L-1

−
N
O
NO 2 : 0.39 mg L-1
N
O 3−: 0.61 mg L-1
NO
S22O
O−332− :0.29 mg L-1

Inorganic anions

Methylphosphonic acid
(MPA)
Ethyl methylphosphonic
acid (EMPA) Isopropyl
methylphosphonic
acid(IMPA) Cyclohexyl
methylphosphonic acid
(CMPA).
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Blast residues

River water and
soil

FESI-CE

FAEP-CE-CCD

ClO
C 4 : 0.43 mg L-1
−
SCN
SCN : 0.31 mg L-1
−
N
N 3 : 0.37 mg L-1
−
ClO
ClO 3 : 0.33 mg L-1
2−
S
O
SO4 : 0.64 mg L-1
−
HCO
HCO 3 : 0.51 mg L-1
2−
HPO
HPO4 : 0.34 mg L-1
River water (ng mL-1):
MPA, EMPA, IMPA, CMPA:3.4, 2.2,
2.3, 3.6
Soil (μg g-1):
MPA, EMPA, IMPA, CMPA:0.086, 0.14,
0.43, 0.22
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 1: Electrophoresis-based on-line sample preconcentration)
Analytes

Sample

Limit of detection

Concentration
factor (fold)

Application

Ref.

20–70 ppb

230-1500

-

[62]

-

-

[63]

PMME -FASSCE-UV

SM: 16.5 ng g-1
SMP: 7.50 ng g-1
ST: 16.7 ng g-1
SMR: 16.4 ng g-1
SMT: 6.86 ng g-1
SDX: 3.49 ng g-1
SDM: 6.23 ng g-1
SMM-Na: 5.56 ng g-1
SCP: 7.99 ng g-1
SMZ: 9.16 ng g-1
SMTZ: 10.6 ng g-1
SIZ: 7.86 ng g-1

SM: 136
SMP: 130
ST: 174
SMR: 108
SMT: 92
SDX: 84
SDM: 79
SMM-Na: 84
SCP: 62
SMZ: 61
SMTZ: 58
SIZ: 81

Food

[64]

chicken samples

PMME -FASSCE-UV

LOM: 10.4 ng g-1
DAN: 16.4 ng g-1
CIP: 5.0 ng g-1
ENR: 1.4 ng g-1
DIF: 2.4 ng g-1
OXO: 34.0 ng g-1
FLU: 13.3 ng g-1
RUF: 5.8 ng g-1
PEF: 2.5 ng g-1

LOM: 127
DAN: 80
CIP: 164
ENR: 221
DIF: 252
OXO: 5
FLU: 5
RUF: 155
PEF: 197

Food

[65]

Biomarkers

Human urine
sample

FASS-CE-ECD

Indoxyl sulfate: 0.3 μmol L-1
Homovanillic acid: 0.4 μmol L-1
Vanillylmandelic
Acid: 0.4 μmol L-1

-

Biological

[66]

5-sulfosalicylic acid
Matrine
Oxymatrine

Sophora
flavescens Ait

TE-FASI-CZE

5-sulfosalicylic acid:0.06 ng mL-1
Matrine: 0.2 ng mL-1
Oxymatrine: 0.2 ng mL-1

5-sulfosalicylic acid:
1003
Matrine: 1330
Oxymatrine: 1381

Biological

[67]

Vitamins

Corn samples

PA-FESI-CZE-UV

Pyridoxine hydrochloride: 0.2 ng mL-1
Nicotinic acid: 0.1 ng mL-1
Folic acid: 0.1 ng mL-1

Pyridoxine
hydrochloride: 63
Nicotinic acid: 134
Folic acid: 172

Food

[68]

Ephedrine
Pseudoephedrine

Human urine
samples

FASS-FI-CE

Ephedrine:
0.23 μg mL-1
Pseudoephedrine: 0.21 μg mL-1

Ephedrine: 44
Pseudoephedrine: 50

Biological

[69]

(−)-epicatechin gallate
(ECG), (−)-gallocatechin
gallate (GCG),
(−)-epigallocatechin
(EGC)

Wulong tea
beverage

BCA-FESI-CE

ECG: 1.4 nmol L-1
GCG: 3.8 nmol L-1
EGC: 17.5 nmol L-1

1850

Food

[70]

Glufosinate
Aminomethylphosphonic
acid

grape-steepedwater.

PA-HC-FASI-CE

Glufosinate:
16.32 pg mL-1
Aminomethylphosphonic acid: 6.34
pg mL-1

Glufosinate: 520
Aminomethyl
phosphonic acid: 800

Food

[71]

PCR products

FESI-NGS–CE

DNA fragment (bp):
100: 2.3 ng mL-1
200: 3.8 ng mL-1
300: 4.1 ng mL-1
400: 2.3 ng mL-1
500: 2.2 ng mL-1
600: 4.0 ng mL-1
700: 4.0 ng mL-1
800: 3.9 ng mL-1
900: 3.4 ng mL-1
1000: 5.8 ng mL-1

DNA fragment:
100bp: 31
200bp: 26
300bp: 27
400bp: 52
500bp: 25
600bp: 27
700bp: 32
800bp: 27
900bp: 33
1000bp: 43

Biological

[72]

soy sauce

FESI-CE-C4D

Benzoic acid: 9.8 μg L-1
Sorbic acid: 5.6 μg L-1

-

Food

[73]

human plasma

FASI-CE-MS2

-

Biological

[74]

FESI-CEindirect UV

Arsenic compounds

FASS-CE

Cationic analytes

Sulfonamides

Lomefloxacin
Danofloxacin
Ciprofloxacin
Enrofloxacin
Difloxacin
Oxolinic acid
Flumequine
Rufloxacin Pefloxacin

DNA fragments

Benzoic acid
Sorbic acid
Arginine and Methylated
metabolites
Dopamine Serotonin
Tyramine
Octopamine
Five phenylarsenic
compounds

Separation
mode

chicken samples

Drosophila larva

FASS- CE-FSCV

Dopamine: 1nmol L
Serotonin: 1 nmol L-1
Tyramine: 2.5 nmol L-1
Octopamine: 4 nmol L-1

-

Biological

[75]

pig feed, storage
pig litter, soil, lake
water

HF-LLLME-ASEICE-UV

0.68-1.9 μg L-1

155-1779

Biological and
Environmental

[76]

-1
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 1: Electrophoresis-based on-line sample preconcentration)
Analytes

Glyphosate Glufosinate
Aminophosphonic acid

Tap drinking
water

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref.

1. LVSS-CE-C4D
2. FESI-CE-C4D

1.
GLYP: 0.01 μmol L-1
GLUF: 0.05 μmol L-1
AMPA: 0.1 μmol L-1
2.
GLYP: 0.0005 μmol L-1
GLUF: 0.01 μmol L-1
AMPA: 0.02 μmol L-1

1.
GLYP: 53
GLUF: 48
AMPA: 51
2.
GLYP: 1002
GLUF: 245
AMPA: 257

Environmental

[77]

-

Environmental

[80]

MePB
PHBA
EtPB
PrPB
BuPB
BnPB

environmental
water samples

LVSS-NACE-DAD

MePB: 0.8 ng mL-1
PHBA: 2.1 ng mL-1
EtPB: 0.8 ng mL-1
PrPB: 0.8 ng mL-1
BuPB: 0.7 ng mL-1
BnPB: 0.8 ng mL-1

sulfonylurea herbicides

environmental
water samples
and grape

LVSS-CZE-DAD

0.04-0.12 μg L-1 for water samples
0.97-8.30 μg kg-1 for grape samples

-

Environmental
and Food

[81]

-

LVESP-CE-ESIMS

2,4-Dinitrophenol: 8 nmol L-1
Pentachlorophenol: 8 nmol L-1
3,4-Dichlorocinnamic acid: 5 nmol L-1
2-Methyl-4,6-dinitrophenol: 8 nmol L-1
2,3,4,5-Tetrachlorophenol: 4 nmol L-1

2,4-Dinitrophenol: 256
Pentachlorophenol:
480
3,4-Dichlorocinnamic
acid: 394
2-Methyl-4,6dinitrophenol: 493
2,3,4,5Tetrachlorophenol:
390

-

[82]

biological fluids

SPE-LVSS-MEKC

1 μg L-1

-

Biological

[83]

Saliva

SPE-LVSS-MEKC

Ketoprofen: 1.0 μg L-1
Fenbufen:1.0 μg L-1
Indomethacin: 1.0 μg L-1

500

Biological

[84]

-

LVSS-CE

-

16

Environmental

[85]

1.
Stacking- MEEKC
2.
SweepingMEEKC

1.
a: 0.9 μg mL-1
b: 2.7 μg mL-1
c: 0.8 μg mL-1
d: 1.3 μg mL-1
e: 0.5 μg mL-1
2.
a: 1.4 μg mL-1
b: 3.3 μg mL-1
c: 1.6 μg mL-1
d: 1.5 μg mL-1
e: 1.1 μg mL-1

1.
16-20
2.
13-20

Pharmaceutical

[86]

Parabens and
p-hydroxybenzoic acid

Tap, river, and
wastewater
samples

SPE–LVSS–
NACE–DAD

MePB: 2.2 ng mL-1
PHBA: 2.3 ng mL-1
EtPB: 2.3 ng mL-1
PrPB: 1.9 ng mL-1
BuPB: 1.8 ng mL-1
BnPB: 2.3 ng mL-1

1425-2500

Environmental

[87]

Melamine

infant formulas

Sweeping-MEKC

9.2 ng L-1

66-70

Food

[88]

Testosterone,
Progesterone,
Testosterone, propionate

Urine samples

SPE-sweepingMEKC

Testosterone: 1.59 μg L-1
Progesterone: 1.20 μg L-1
Testosterone propionate: 1.15 μg L-1

Testosterone: 700
Progesterone:1090
Testosterone
propionate: 1100

Biological

[89]

-

EKSI-CE-UV

Oxymatrine: 0.81 ng mL-1
Matrine: 0.18 ng mL-1

Oxymatrine: 1410
Matrine: 1100

Biological

[90]

Plant Sanqi
sample

Sweeping-CE

Rf: 1.60 μg mL-1
Rg1: 4.40 μg mL-1
Re: 1.81 μg mL-1

-

Biological

[91]

-

Sweeping-EKCMS

Dipropyl phthalate: 16 ppb
Dibutyl phthalate:10 ppb

Dipropyl phthalate: 30
Dibutyl phthalate: 90

-

[92]

Six anionic analytes

Doxycycline
Anti-inflammatory
drugs
Salmonella
subterranean

Protocatechuic aldehyde
(a)
Rosmarinic acid (b)
Danshensu (c)
Salvianolic acid B (d)
Protocatechuic acid (e)

Oxymatrine
Matrine
Ginsenoside Rf,
Ginsenoside Rg1,
Ginsenoside Re
Dipropyl phthalate,
Dibutyl phthalate
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 1: Electrophoresis-based on-line sample preconcentration)
Analytes

Abused drugs
Hypnotics

Flavonoids

Sample

Urine

Radix
Astragali

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref.

Sweeping-CE

Clonazepam: 20 ng mL-1
Oxazepam: 20 ng mL-1
7-aminoclonazepam: 20 ng mL-1
7-aminoflunitrazepamv
N-demethylflunitrazepam:
20 ng mL-1
Codeine: 20 ng mL-1
Diazepam: 20 ng mL-1
Nordiazepam: 30 ng mL-1
Ketamine: 30 ng mL-1
Flunitrazepam: 30 ng mL-1
Methamphetamine: 30 ng mL-1
Morphine: 50 ng mL-1
Alprazolam: 50 ng mL-1
a-hydroxyalprazolam: 50 ng mL-1

-

Biological

[93]

SweepingMEEKC

Quercetin: 0.008 μg mL-1
Calycosin: 0.004 μg mL-1
Ononin: 0.013 μg mL-1
Rutin: 0.022 μg mL-1
Calycosin-7-O-β-D-glucoside: 0.017
μg mL-1

185-508

Pharmaceutical

[94]

Clomipramine: 305
Nortriptyline: 271
Imipramine: 213
Doxepin: 245
Propranolol: 243
Labetalol: 260
Alprenolol: 253

Environmental

[95]

Tricyclic antidepressant
and β-blocker drugs

Waste water

Sweeping-MEKC

Clomipramine: 8 ng mL-1
Nortriptyline: 7 ng mL-1 Imipramine: 15
ng mL-1
Doxepin: 7 ng mL-1
Propranolol: 7 ng mL-1
Labetalol: 14 ng mL-1
Alprenolol: 27 ng mL-1

Tetrahydrocanna-binol

Urine sample

Sweeping-MEKC

THC: 15.2 ng mL-1
THC-OH: 5.64 ng mL-1
THC-COOH: 12.9 ng mL-1

THC: 77
THC-OH:139
THC-COOH: 200

Biological

[96]

-

Sweeping PFMEKC

Dipropyl-phthalate: 0.02 μg mL-1
Dibutyl-phthalate: 0.02 μg mL-1
Diethylphthalate: 0.1 μg mL-1

-

-

[97]

-

-

[98]

Dialkylphthalates
Dyes
Amino acids
Pindolol
metoprolol
Strychnine
Brucine
Ephedrine
Berberine

-

Tr-trapping–
MEKC

-

-

Tr-trapping–
MEKC

Phenylalanine: 5 pmol L-1

106-125

Biological

[99]

MSS-CZE-ESI-MS

Pindolol: 0.03 μg mL-1
Metoprolol: 0.01 μg mL-1

Pindolol: 16
Metoprolol: 15

-

[100]

MSS-CZE

Strychnine:0.02 μg mL-1
Brucine: 0.05 μg mL-1

Strychnine: 59
Brucine: 54

-

[101]

MSS-CZE

Ephedrine: 0.5 ng mL
Berberine: 1.1 ng mL-1

Ephedrine: 300
Berberine: 1036

Biological

[102]

Berberine: 0.002 μg mL
Jatrorrhizine: 0.003 μg mL-1

Berberine: 128
Jatrorrhizine: 153

Biological

[103]

Urine sample

-1

Berberine
Jatrorrhizine

Urine sample

MSS-CZE

Hypolipidaemic
compounds

Waste water

MSS-CZE

-

-

Environmental

[104]

Medicine

MSS-CZE

Tetrandrine: 0.016 μg mL-1
Fangchinoline: 0.026 μg mL-1

113-123

Pharmaceutical

[105]

-

AFMC-MEKC

0.003-0.008 μg mL-1

100

Biological

[106]

-

AFMC-MEKC

-

-

-

[107]

-

AFMC-CZE

-

-

-

[108]

-

[109]

Biological

[110]

Tetrandrine
Fangchinoline
steroids
Dialkyl phthalates
Neutral analytes

Alkylphenylketones
Dialkylphthalates

Myoglobin
BSA
β-lactoglobulin

-1

-

AFMC-PF-MEKCUV

-

-

dynamic pH
junction-CE

-

Propiophenone: 187
Butyrophenone: 330
Valerophenone:257
Diethyl- phthalate:
220
Dipropylphthalate:139 Dibutylphthalate: 122

70
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 1: Electrophoresis-based on-line sample preconcentration)
Analytes

Sample

Amino acids and
acylcarnitines

Arg-Gly-Asp-hirudin

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref.

Dried Blood
Samples

dynamic pH
junction-CEEESI-MS

C8: 0.008 μmol L-1
C14: 0.08 μmol L-1
C4, C3: 0.01 μmol L-1
C2, C0: 0.03 μmol L-1
C16: 0.3 μmol L-1
Arg, 4-OH-Pro: 0.06 μmol L-1
Phe: 0.15 μmol L-1
Tyr: 0.5 μmol L-1
Cit, allo-Ile, Orn, Leu, Met, Ile: 2.0
μmol L-1
Pro: 0.9 μmol L-1
Val, 5-oxo-Pro: 5 μmol L-1

Urine samples

dynamic pH
junction -CE-MS

LOQ(S/N=10)
0.25 μg mL-1

-

Biological

[112]

L-Ala-L-Ala: 2.0 nmol L-1
L-Leu-D-Leu: 0.4 nmol L-1
Gly-Gly-L-Leu: 0.3 nmol L-1
Gly-D-Phe: 0.2 nmol L-1

-

Biological

[113]

Arg: 500
Phe: 20
Tyr, Met: 5
C2, C8: 7

Clinical

[111]

Peptides

Urine samples

dynamic pH
junction -CE-MS

Peptides

-

dynamic pH
junction -CE-MS

-

4000-11000

Biological

[114]

Cu2+

-

MRB-CE

-

14.3-1840

-

[126]

Amino acids

-

MRB-CE

-

-

Biological

[127]

l-tryptophan
l-histidine

-

MRB-CE

-

-

Biological

[128]

Cu

2+

L-tryptophan
Phenazine-1-carboxylic
acid
2-Naphthalenesulfonate
Histidine
Fumaric acid Maleic
acid

-

MCB-CE

-

-

[129]

skeletonema
costarum culture

MRB-CE

4.23 ng mL-1

-

Biological

[130]

Soil

MRB-CE

17 ng g-1

214

Environmental

[131]

-

MRB-CE

33 nmol L-1

-

Urine

MAB-ACE

43 ng mL-1

Biological

[133]

Apple juice

tMCRBM-CE

Fumaric acid: 5.34×10-8 mol L-1
Maleic acid:1.92×10-7 mol L-1

Food

[134]

[132]

-

no report.

a

(Part 2: On-line extraction and combination of different sample preconcentration techniques to CE)
Analytes

Beta blocker
and tricyclics
antidepressant
drugs
Drugs
Herbicides

Sample

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref.

Alprenolol: 24
Propranolol: 30
Nadolol: 20
Labetalol: 20
Nortriptyline: 46
Clomipramine: 40

-

[135]

-

Environmental

[136]

-a

Sweeping-MSSCE

0.02 μg mL-1

Waste water

Sweeping-MSSCE

0.08–0.55 μg mL-1

Human plasma

CSEI-sweepingMEKC

Sertraline: 0.10 ng mL
Fluoxetine: 0.10 ng mL-1
Paroxetine: 0.12 ng mL-1
Fluvoxamine: 0.22 ng mL-1
Citalopram: 0.056 ng mL-1

-

Biological

[137]

Human urine
sample

CSEI-sweepingMEKC

NAB: 4 ng mL-1
NNK: 16 ng mL-1
NNAL: 4 ng mL-1
iso-NNAL: 4 ng mL-1

NAB: 6800
NNK: 2400
NNAL: 5400
iso-NNAL: 5500

Biological

[138]

1.
LVSS-sweepingCE
2.
SEI-sweeping-CE

1.
CA: 0.15 μg mL-1
AMD: 0.10 μg mL-1
AMN: 0.08 μg mL-1
MM: 0.92 μg mL-1
2.
CA: 0.05 μg mL-1
AMD: 0.02 μg mL-1
AMN: 0.01 μg mL-1
MM: 0.01μg mL-1

-

Food

[139]

-1

Selective serotonin
reuptake inhibitors

Tobacco-specific
N-nitrosamines

Melamine and its
derivatives
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 2: On-line extraction and combination of different sample preconcentration techniques to CE)
Analytes

Sample

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref

LVSS-NACE

Angiotensin I: 0.007 μmol L-1
Angiotensin II: 0.013 μmol L-1
Angiotensin III: 0.007 μmol L-1
Angiotensin IV: 0.011 μmol L-1

Angiotensin I: 88
Angiotensin II: 54
Angiotensin III: 84
Angiotensin IV: 78

-

[140]

Water sample

FASS-sweeping

Atorvastatin: 64 μg L-1
Fluvastatin: 38 μg L-1
Gemfibrozil: 48 μg L-1
Pravastatin: 57 μg L-1
Rosuvastatin: 51 μg L-1
Mevastatin: 46 μg L-1
Lovastatin:78 μg L-1
Simvastatin: 65 μg L-1

Atorvastatin: 65
Fluvastatin: 80
Gemfibrozil: 54
Pravastatin: 52
Rosuvastatin: 58
Mevastatin: 35
Lovastatin: 38
Simvastatin: 46

Environmental

[141]

Dipeptides

Human serum
samples

Dynamic
pH junctionsweeping-CE-LIF

Ala-Gln: 1.0 pmol L-1
Tyr-Leu: 2.0 pmol L-1
Tyr-Phe: 2.0 pmol L-1
Trp-Gly: 5.0 pmol L-1

1000

Biological

[142]

Methotrexate and its
eight metabolites

Lymphoblastic
leukemia
patients’ blood

DAMPA: 0.2 μmol L-1
MTX: 0.1 μmol L-1
7-OHMTX: 0.2 μmol L-1
MTX-(Glu)2-5: 0.3 μmol L-1
MTX-(Glu)6-7: 0.5 μmol L-1

40

Clinical

[143]

Sweeping-AFMC2D-CE

Apigenin: 25.1 ng L-1
Phlorizin: 31.6 ng L-1
Quercetin: 18.2 ng L-1
Kaempferol: 23.7 ng L-1
Hyperoside: 9.8 ng L-1
Quercitrin: 36.4 ng L-1
Rutin: 7.3 ng L-1
Hesperetin: 14.5 ng L-1

Hyperoside: 6500
Hesperetin: 6300

Biological

[144]

LVSS-sweepingCE

Adenine: 26.5 ng mL-1
Caffeine: 32.9 ng mL-1
Theophylline: 30.9 ng mL-1
GSH: 55.8 ng mL-1
GSSG: 44.2 ng mL-1

Adenine: 19
Caffeine: 9
Theophylline: 18
GSH:33
GSSG: 19

Food

[145]

River water

LVSEP–ASEI-CE

Fenoprofen: 0.38 ng mL-1
Val: 1.10 ng mL-1
Ala: 1.90 ng mL-1
Phe: 1.57 ng mL-1
Ser: 2.10 ng mL-1
Met: 1.07 ng mL-1
Leu: 1.48 ng mL-1

1000

Environmental

[146]

-

LVSS- RPHJ

-

50-100

Biological

[147]

Human urine
sample

tITP - FASI

1 ng mL-1

250

Biological

[148]

River water

SHEKI-FASI-ITP

E. cloacae : 2 ×104 cells mL-1

500

Environmental

[149]

pH-Mediated
Stacking-tITPCE-MS

Alanine: 0.57 μmol L-1
Serine: 0.28 μmol L-1
Proline: 0.14 μmol L-1
Valine: 0.18 μmol L-1
Threonine: 0.55 μmol L-1
Isoleucine: 0.38 μmol L-1
Leucine: 0.37 μmol L-1
Aspartate: 0.64 μmol L-1
Lysine: 0.47 μmol L-1
Methionine: 1.99 μmol L-1
Histidine: 0.44 μmol L-1
Phenylalanine: 0.10 μmol L-1
Arginine: 0.34 μmol L-1
Tyrosine: 1.59 μmol L-1

Proline: 46
Valine: 30
Threonine: 37
Isoleucine: 16
Leucine: 18
Glutamate:16
Methionine:84
Histidine:18
Phenylalanine: 14
Arginine:13
Tyrosine:16

Biological

[150]

CSEI-tITP-2D-CE

S-propranolol: 0.08 μg L-1
R-propranolol: 0.08 μg L-1
S-metoprolol: 0.1 μg L-1
R-metoprolol: 0.1 μg L-1
Nifedipine: 0.05 μg L-1
Nitrendipine: 0.05 μg L-1
Nimodipine: 0.03 μg L-1

S-propranolol: 21000
R-propranolol: 26000
S-metoprolol: 35000
R-metoprolol:31000
Nifedipine: 15000
Nitrendipine: 17000
Nimodipine: 14000

Environmental

[151]

Angiotensins

Hypolipidaemic drugs

Flavonoids

Neutral
and anionic analytes

Fenoprofen and amino
acid
derivatives

Glycoforms of
recombinant human
erythropoietin
Three pairs of
b-agonists enantiomers
Bacteria

Amino Acids

Cationic cardiovascular
drugs

-

Herba Leonuri
and mouse blood
samples

Tea leaves

D. vulgaris lysate

Wastewater
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 2: On-line extraction and combination of different sample preconcentration techniques to CE)
Analytes

Herbicides

Myoglobin,
Insulin
dopamine,
norepinephrine ,
metanephrine

Sample

Separation
mode

Limit of detection

River water

SBME-FAEPNACE

Picloram: 0.10 ng mL-1
2,4-dichlorobenzoic acid: 0.10 ng mL-1
Fenoprop: 0.12 ng mL-1
2,4-Dichlorophenoxy acetic acid: 0.08
ng mL-1
Dichlorprop: 0.14 ng mL-1
3,5-dichlorobenzoic acid: 0.12 ng mL-1

Standard mixture

SPE-CE

-

Caffeine in urine,
drink and waste
water

Methionine enkephalin
Rhodamine 110 and
SulfoRhodamine B
standard solutions
protein tryptic digest
Phenol
2-Nitrophenol
4-Nitrophenol
2-Chlorophenol
4-Chlorophenol
2,4-Dichlorophenol
2,7-dichlorofluorescein,

amino acids and
peptides

Ref

-

Environmental

[152]

Myoglobin,
1500

Biological

[153]

1500-1900

Biological,
Food and
Environmental

[154]

-

Saliva,
Egg-white
proteins

SPE-CE

CA: 6.2 nmol L
Myo: 6.2 nmol L-1
Hem: 16.1 nmol L-1
Rib: 7.0 nmol L-1
Try: 7.4 nmol L-1
Cyt: 5.6 nmol L-1
α-Chy: 7.6 nmol L-1
Lys: 2.7 nmol L-1
Con: 4.3 nmol L-1
Ova: 8.6 nmol L-1
α- Lac: 4.9 nmol L-1

CA: 52
Myo: 149
Hem: 77
Rib: 118
Try: 134
Cyt: 183
α-Chy: 119
Lys: 105
Con: 151
Ova: 208
α- Lac: 314

Biological

[155]

Cerebrospinal
fluid

SPE-CE

1.0 ng mL-1

40

Biological

[156]

-

SPE-CE

-

-

-

[157]

human plasma
samples
-

SPE-CE

1.0 μg mL

-

Biological

[158]

SPE-CE-MS-MS

[159]

HS-LPME-CE

Phenol: 520
2-Nitrophenol: 1020
4-Nitrophenol: 1150
2-Chlorophenol: 1270
4-Chlorophenol: 820
2,4-Dichlorophenol: 630

Biological

Tap water

Phenol: 1 ng mL-1
2-Nitrophenol: 0.6 ng mL-1
4-Nitrophenol: 0.5 ng mL-1
2-Chlorophenol: 0.5 ng mL-1
4-Chlorophenol: 0.75 ng mL-1
2,4-Dichlorophenol: 1 ng mL-1

Environmental

[166]

-

SDME-CE

-

[167]

Biological

[168]

Environmental

[169]

Environmental

[170]

Food

[171]

-

[172]

-1

-

Ala: 350; Leu3:170
Gly: 210; Leu4 110
Glu: 230; Leu5 10
Asp: 190: Gly2 60
Leu2 210; Gly3 20
4-Chlorophenol: 156
3-Nitrophenol: 107
2-Nitrophenol: 257
Pentachlorophenol:
7300±1300
3-bromobenzoic acid:
6100±870
4-iodobenzoic acid;
5400±1400
Carbaryl: 1100
Metacrate: 1120
Carbofuran: 1200
Isoprocarb: 1410
Fluorescein:
28000±2800
6-carboxyfluorescein:
32000±3900

-

SDME-CE

-

Yellow River and
tap water

IL-SDME-CE

4-Chlorophenol: 0.050 μg mL-1
3-Nitrophenol: 0.050 μg mL-1
2-Nitrophenol: 0.005 μg mL-1

Pentachlorophenol
3-bromobenzoic acid
4-iodobenzoic acid

-

SDME-LVSEPNACE

Pentachlorophenol: 0.7 nmol L-1
3-bromobenzoic acid: 0.3 nmol L-1
4-iodobenzoic acid: 0.7 nmol L-1

N-methyl carbamates

fruit sample

LLLME-base
staking-CZE

Carbaryl: 0.004 μg mL-1
Metacrate: 0.004 μg mL-1
Carbofuran:0.004 μg mL-1
Isoprocarb: 0.01 μg mL-1

Fluorescein
6-carboxyfluorescein

-

SDME-sweeping

-

Green tea samole

SDLLLME-LVSSsweeping

Adenine: 0.002 μg mL-1

Adenine: 550 (10 min)

Food

[173]

PMME-FESI-CEC

Urine:
Imipramine: 8.0 μg L-1
Doxepin: 3.7 μg L-1
Chlorimipramine: 5.4 μg L-1
Fluoxetine: 9.0 μg L-1
Paroxetine: 17.0 μg L-1
Clozapine: 3.8 μg L-1
Plasma:
Imipramine: 20.0 μg L-1
Doxepin: 11.4 μg L-1
Chlorimipramine: 16.7 μg L-1
Fluoxetine: 23.8 μg L-1
Paroxetine: 51.5 μg L-1
Clozapine: 12.9 μg L-1

-

Biological

[174]

4-Chlorophenol
3-Nitrophenol
2-Nitrophenol

Adenine

Six antidepressants
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Application

SPE-CE

-1

acidic and basic
proteins

Concentration
factor (fold)

Human plasma
and urine
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Table 1. Applications of on-line sample preconcentration in capillary electrophoresis.

Continued

(Part 2: On-line extraction and combination of different sample preconcentration techniques to CE)
Analytes

Sample

Eight fluoroquinolone
antibiotics

Bisphenol A
Opioid peptides

Separation
mode

Limit of detection

Concentration
factor (fold)

Application

Ref

Mineral water:
Lomefloxacin: 9.20 μg L-1
Levofloxacin: 5.74 μg L-1 Marbofloxacin:
9.03 μg L-1
Ciprofloxacin: 15.2 μg L-1
Sarafloxacin: 8.66 μg L-1 Enrofloxacin:
1.42 μg L-1 Danofloxacin: 1.55 μg L-1
Difloxacin: 1.63 μg L-1
Run-off water:
Lomefloxacin: 71.5 μg L-1
Levofloxacin: 41.4 μg L-1 Marbofloxacin:
58.5 μg L-1
Ciprofloxacin: 155 μg L-1
Sarafloxacin: 63.3 μg L-1 Enrofloxacin:
7.80 μg L-1 Danofloxacin: 9.90 μg L-1
Difloxacin: 6.58 μg L-1

-

Environmental

[175]

Mineral and
run-off
waters

DLLME-FESINACE

Cola

SPME-LVSsweeping

Bisphenol A: 1.8 ng mL-1

-

Food

[176]

SPE-tITP-CETOF-MS

Dynorphin A (1–7): 0.1 ng mL-1
Endomorphin 1: 0.01 ng mL-1
Methionine enkephalin: 0.01 ng mL-1

-

Biological

[177]

Human plasma

no report.

a

Figure 1. Instrumentation for and concept

of GEITP-CZE. (A) The capillary format; (B) The glass microfluidic format; (C) The stages to perform
GEITP-CZE. From Davis et al. [33] and more detailed illumination can be seen in [33].

without altering the separation column, field strength, or
electrolyte system. Separation of six amino acids, with
limits of detection as low as 200 fmol L-1, were achieved
using a capillary format with a total analysis time
of 11 min. A glass-based microfluidic implementation
was also demonstrated that can perform GEITP-CZE in
1 cm effective lengths.

A sample induced tITP was utilized to focus anionic
micelles [34], both computer simulation and experimental
verification in micellar electrokinetic chromatography
(MEKC) were demonstrated. The specific phenomenon
of high-salt micelle focusing used as a preconcentration
method for uncharged solutes in MEKC has been
interpreted in terms of complementary tITP process.
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The proof-of-principle simulation result was confirmed
experimentally using metal-based chemotherapeutic
drugs.
Quirino et al. [35] developed a base-induced tITP
stacking of acidic drugs in CZE. An isotachophoresis
method was established for mobilizing and focusing
bacteria [36]. Quantification and detection of bacteria
can be achieved with a UV area imaging detector (ActiPix
D100, Paraytec) with a 109 cm×100 μm i.d. capillary
which has three loops and four detection windows to
monitor the migration behavior of bacteria and to show
the stability of the zone of the focused bacteria along
the capillary.
Liu et al. established two on-line tITP–CZE
preconcentration methods for determination of trace
2-ethylhexanoic acid in β-lactam antibiotics [37] and
N-methylpyrrolidine in cefepime and its injections [38],
respectively.

2.1.2 Electrokinetic supercharging

Electrokinetic supercharging (EKS) introduced by
Hirokawa et al. [39] implies a long electrokinetic injection
to introduce the greatest amount of analyte followed by
a tITP stacking step to refocus the injected analytes into
a sharp zone. EKS is considered as one of the most
powerful on-line preconcentration approaches, and
presents a possibility for the enrichment of trace levels
of analytes in biological and environmental samples.
Dawod et al. [40] developed a modification for EKS
system, named counter-flow EKS (CF-EKS) and applied
it for the separation and on-line preconcentration of seven
non-steroidal anti-inflammatory drugs (NSAIDs) in water
samples. Under optimum conditions, the sensitivity
can be enhanced over 11800-fold, and the LODs for
the selected NSAIDs is about of 10.7–47.0 ng L-1. The
developed method was validated and then applied for
the determination of the studied NSAIDs in drinking
water as well as wastewater samples from Hobart city.
The same group also hyphenated EKS-CE with ESIMS for the on-line concentration and separation of five
hypolipidaemic drugs in water samples from Hobart
city [41]. Using EKS, the sensitivity of the method was
improved 1000-fold over a conventional injection under
field-amplified sample stacking conditions with LODs of
180 ng L-1.
An EKS-nonaqueous capillary electrophoresis
(NACE) method was developed to analyze four phenolic
acids [42]. The EOF was reversed using a polyelectrolyte
multilayer approach based on the successive
adsorption of poly (diallyldimethylamonium chloride)
and poly (styrenesulfonate) to shorten the analysis time.
The sensitivity was enhanced from 300- to 440-fold.
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The detection limits, based on three times noise, were in
the range 1.0-2.5 ng mL-1.
Xu et al. [43] found a method to improve the
quantitative repeatability of EKS-CZE by fixing the
distance between an electrode and a capillary end (Dec).
By using a Teflon spacer to fix Dec to 1.1 mm, the RSD of
peak area (n=5) was decreased from 20 to 3.4% in EKSCZE for several metal cations. The proposed EKS-CZE
was applied to the detection of ions from atmospheric
electrolytes in high-purity water exposed to ambient air
for 2 h. The microgram per liter levels of anions (chloride,
sulfate, nitrate, formate, acetate and lactate) and cations
(ammonium, calcium, sodium and magnesium) could be
detected using conventional UV detector.
Lu et al. [44] established an EKS-NACE method
to enhance the sensitivity of seven phenolic acids
determination. Under optimium conditions, the sensitivity
was enhanced between 1333 and 3440 times when
compared to a normal hydrodynamic injection with the
sample volume <3% of the capillary volume. Five nonsteroidal anti-inflammatory drugs, naproxen, fenoprofen,
ketoprofen, diclofenac and piroxicam, were separated
and analyzed by EKS-CZE [45].
An improvement of EKS methodology enhancing the
sensitivity of the conventional CZE-UV method down to
a single-digit part per trillion (ppt) level was proposed by
Xu et al. [46]. The advanced EKS procedure is based
on a novel phenomenon displaying the formation of a
zone with an increased concentration of the hydrogen
ion, capable to perform the function of a terminator,
behind the sample zone upon electrokinetic injection.
In combination with a visualizing co-ion of background
electrolyte (BGE), protonated 4-methylbenzylamine,
acting as the leading ion, such system induced
terminator enabled the transient ITP state to efficiently
concentrate cationic analytes prior to CZE. Furthermore,
to amass more analyte ions within the effective electric
field at the injection stage, a standard sample vial
was replaced with an elongated vial that allowed the
sample volume to be increased from 500 to 900 µL.
Alongside, this replacement made the upright distance
between the electrode and the capillary tips prolonged
to 40.0 mm to achieve high-efficiency electrokinetic
injection. The proposed preconcentration strategy
afforded an enrichment factor of 80,000 and thereby the
LODs of rare-earth metal ions at the ppt level, e.g. 0.04 nM
(6.7 ng L-1) for erbium(III).
The same group established another EKS-CE method
to improve analyte loading and CE method detectability
by modifying sample introduction configuration [47].
The volume of sample vial was increased (from typical
500 µL to 17 mL), the common wire electrode was
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replaced by a ring electrode, and the sample solution
was under stirring. With these alterations, more analyte
ions are accumulated within the effective electric field
during electrokinetic injection and then maintained as
focused zones due to tITP. The schematic of sequential
alterations was shown in Fig. 2. The versatility of the
customized EKS-CE approach for sample concentration
was demonstrated for a mixture of seven rare-earth
metal ions with an enrichment factor of 500 000 giving
detection limits at or below 1 ng L-1.

2.2. Field-enhanced sample stacking (fieldamplified sample stacking)

Field-enhanced methods are based on conductivity
differences between the sample and the CE medium
[5,48-50]. Field enhanced sample stacking (FESA)
technique has been widely used in analysis of traditional
Chinese medicine components [51], aliphatic amines
[52], albumin and transferrin [53], isoquinoline alkaloids
[54], aripiprazole and dehydroaripiprazole [55], bisphenol
A, bisphenol F, and their derivatives [56], heavy metals
[57], peptides [58,59], inorganic anions [60], nerve agent
degradation products [61] and arsenic compounds [62].
Huhn et al. [63] presented a theoretical study on band
broadening in field-amplified sample stacking (FASS)
under negligible EOF velocity conditions. Their results
showed that the limitation of FASS was not only
given by the influence of the sample plug length and
hydrodynamic dispersion due to the mismatch of EOF
velocities in sample and BGE compartment, but also by
the diffusion term due to the increase of migration times
because of local field attenuation.

Figure 2.

Li et al. [64] proposed a method based on an off-line
poly(methacrylic acid-co-ethylene glycol dimethacrylate)
monolith microextraction (PMME) and online
preconcentration technique of FASS for CE-UV analysis
of 12 sulfonamides in chicken samples. Simultaneous
determination of 9 (fluoro)quinolone antibiotics by CEUV based on off-line poly(methacrylic acid-co-ethylene
glycol dimethacrylate) monolith microextraction (PMME)
coupled with FASS was accomplished by He et al. [65].
Zhou et al. [66] investigated FASS of indoxyl sulfate,
homovanillic acid, and vanillylmandelic acid using a
fused silica capillary coated with gold nanoparticles
embedded in poly(diallyl dimethylammonium) chloride.
A method of simultaneous stacking of cationic and
anionic compounds was developed in single run CZE
by two-end field-amplified sample injection (FASI) [67],
the schematic illustration of FASI stacking is shown
in Fig. 3. A new online concentration method, namely
pressure-assisted field-enhanced sample injection
(PA-FESI), was proposed and compared with FESI for
the analysis of water-soluble vitamins by CZE with UV
detection [68].
Zhu et al. [69] constructed a new cross-H-channel
interface for coupling flow injection with CE (FI–CE) to
reduce sample requirement and sensitivity loss in the
typical FI–CE. The schematic cross-H-channel interface
and the new FI–CE system are shown in Fig. 4. In the
new FI–CE system, sample introduction was performed
by directly injecting sample solution along a thin capillary
(50 mm, i.d.) to the interface from an injection syringe.
The sample requirement was reduced distinctly and
usual sample dilution in the sample transport process

Schematic of sequential alterations of the injection setup implemented to improve the sensitivity of EKS-CE: a wire electrode
in (a) a standard and (b) a large-volume sample vial; a ring electrode in a large-volume sample vial (c) without and (d) with stirring.
From Xu et al. [47].
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Figure 3.

Schematic illustration of TE-FASI stacking. (A) Filling of the capillary with high concentrationbuffer; (B) loading of awater plug into
cathode column end by gravity followed by (C) the loading of a shorter water plug into anode end; (D) selective electro-kinetic injection
of cations at anode end and anions at cathode end; and (E) separation and detection of stacked ions by a common detector placed in
the center of the capillary. From Hou et al. [67]

was obviously decreased, thereby spontaneously
enhancing the sensitivity. On the other hand, FASS was
integrated to this new FI–CE to further improve sensitivity
and ephedrine together with pseudoephedrine in human
urine samples were measured. In contrast to typical
FI–CE, approximately 8–250-fold decreases in sample
volume requirement, 7-fold shortening in separation time
and 50-fold improvements in sensitivity were obtained.
An on-line preconcentration technique called borate
complexation-assisted FESI (BCA-FESI) was proposed
by Liu et al. [70] for preconcentrating cis-diol-containing
compounds in CE. The BCA-FESI method was applied
to a real sample of diluted tea beverage, in which the
three catechins were detected.
A combination of constant pressure-assisted
head-column FASI (PA-HC-FASI) with in-capillary
derivatization was developed by Yan et al. to enhance the
sensitivity of CE [71]. By investigating the variables of the
presented approach in detail, on-line preconcentration,
derivatization and separation could be automatically
operated in one run and no modification of current CE
commercial instrument was required. Moreover, the
sensitivity enhancement factor of 520 and 800 together
with the detection limits of 16.32 and 6.34 pg mL-1
was achieved for model compounds: glufosinate and
aminomethylphosphonic acid, respectively.
A method based on non-gel sieving CE (NGS–CE)
with UV detection was established for the separation of
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multiplex polymerase chain reaction (PCR) products of
three pathogenic bacteria [72]. In the method, an ion
pair reagent, tetrabutylammonium phosphate (TBAP),
was first used in NGS–CE to improve the detection
sensitivities and resolutions of DNA fragments. FESI
was used as an on-line preconcentration method to
improve the detection sensitivity.
An online FESI preconcentration followed by CE
with capacitively coupled contactless conductivity
detection (CE-C4D) was evaluated for the determination
of benzoic acid and sorbic acid in soy sauce [73].
A FASI-CE-MS/MS method for the analysis of arginine
and methylated metabolites in human plasma was
proposed by Desiderio et al. [74]. The complete
separation of arginine, monomethylarginine and
symmetric and asymmetric dimethylarginine was
obtained in formic acid BGE in short analysis time with
high specificity due to MS2 detection of specific analytes
fragments.
Fang et al. [75] developed a neurotransmitter
quantification in Drosophila by CE with fast-scan cyclic
voltammetry (CE-FSCV) detection, which allowed peak
identification by both migration time and the cyclic
voltammogram, in contrast to traditional amperometric
detection which provides no chemical identification.
Tissue content of biogenic amine neurotransmitters was
determined in a single CNS dissected from a Drosophila
larva. Low detection limits, 1 nmol L-1 for dopamine and
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Figure 4. The scheme of the

schematic cross-H-channel interface and the new FI–CE system (not to scale): (A) start situation; (B) the situation
after several consecutive injections. From Zhu et al. [69].

serotonin, 2.5 nmol L-1 for tyramine, and 4 nmol L-1 for
octopamine, were achieved using FASS.
An off-line hollow fiber based liquid liquid liquid
microextraction (HF-LLLME), which was combined
with on-column anion selective exhaustive injection
(ASEI)-CE-UV was proposed for the determination
of five phenylarsenic compounds in pig feed from a
local pig farm, and storage pig litter, soil in agricultural
field and lake water collected near this pig farm [76].
Two online preconcentration techniques, called LVSS
without polarity switching and FESI, coupled with CEC4D were successfully developed and optimized for
the determination of glyphosate (GLYP), glufosinate
(GLUF), and aminophosphonic acid (AMPA) in drinking
water [77].
Large-volume sample stacking (LVSS) is a technique
utilizing FESS for sample preconcentration. LVSS
based on the EOF pump could stack trace amounts of
negatively charged analytes without polarity switching.
Sample matrix must be pumped out from the capillary in
order to preserve separation efficiency [78,79]. LVSS is
also an effective on-line preconcentration technique.
LVSS, combined NACE was developed for
the simultaneous separation and determination
of p-hydroxybenzoic acid (PHBA) and a group of
parabens (methyl, ethyl, propyl, butyl and benzyl

p-hydroxybenzoates) [80]. Trace determination of
residues of sulfonylurea herbicides in environmental
water samples and grapes from different origins was
developed and validated using LVSS-CZE-DAD [81]. For
real samples, a solid-phase extraction (SPE) procedure
was applied for off-line preconcentration and cleanup.
Kim et al. [82] presented a LVSEP-CE-ESI-MS
method to analyze six anionic substances, achieving
400-fold enrichment in the detection sensitivity. Two
integrations of off-line SPE and LVSS were described
by Injac et al. [83] and Almeda et al. [84]. These two
methods were both applied into analysis of drugs in
biological fluids.
A comparison of different online preconcentration
approaches (normal stacking, LVSS, pH stacking,
electrokinetic injection) in capillaries with greater internal
diameters for screening of microbial contamination was
demonstrated by Petr et al. [85]. The results showed
that LVSS with 60% injection volume in the 0.32 mm
id capillary compared can achieve better corrected
peak height increase. Cao et al. [86] demonstrated both
stacking and sweeping for on-line concentration and
determination of charged analytes in the plant by the
nonionic microemulsion electrokinetic chromatography
(MEEKC).
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Blanco et al. [87] described a combination of offline SPE and on-column sample stacking using LVSS
based on the EOF pump as on-column preconcentration
technique for sensitive determination of parabens and
p-hydroxybenzoic acid in environmental water samples
by NACE. Several water samples, such as tap, river, and
wastewater samples, were analyzed using both SPE–
NACE–DAD and SPE–LVSS–NACE–DAD methods.

2.3. Sweeping

Sweeping has been originally developed as a means to
improve sensitivity in MEKC separation [7], and can be
defined as a phenomenon in which analytes are picked
up and accumulated by the pseudostationary phase
(micelles) that penetrates the sample zone.
Tsai et al. [88] developed an analytical method
using CE with on-line preconcentration technique for
rapid determination of melamine in infant formula. Both
stacking and sweeping preconcentration techniques were
investigated for the comparison of their effectiveness
in melamine analysis. Although the FASS technique
provided better concentration efficacy than the sweeping
technique, the matrix effect was more profound with the
former. Sweeping-MEKC was demonstrated to be most
suitable for real sample analysis.
Preconcentration of three neutral steroids through
an off-line preconcentration using a gold nanoparticle
(AuNP)-coated silica gel SPE sorbent prior to on-line
preconcentration using sweeping MEKC was described
[89]. When combining Au NP-coated silica gel SPE with
sweeping-MEKC for the CE analysis of steroid-spiked
urine samples, the LOD for testosterone, progesterone,
and testosterone propionate were 1.59, 1.20, and
1.15 µg L-1, respectively; in addition, the detection
sensitivities (based on peak heights) of these steroids
improved by 700-, 1090-, and 1100-fold, respectively,
which were relative to those of the analytes that had not
been subjected to preconcentration.
Zhang et al. [90] presented a novel and facile way
of online preconcentration of trace levels of analytes
by electrokinetic stacking injection (EKSI) in CE. The
proposed strategy is based on the combination of
strong acidic phosphate as sample buffers with borate
separation buffer containing sodium dodecyl sulfate.
When injection voltage is applied, the continuous
introduction of low pH sample causes the apparent bulk
flow inside the capillary gradually to slow down. Finally
at a certain point, it reaches the same magnitude as
that of the oppositely migrating anionic micelles, thus
the frontier of the micelle zone becomes stagnant.
This steady state can be maintained for such a long
time that essentially extremely large volume of sample
solutions can be injected into the capillary, and the
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cationic analytes may be efficiently stacked at the
neutralized micelle zone. The illustration of sample
injection and stacking were shown in Fig. 5. Under
optimized conditions, more than 1000-fold increase in
sensitivity was obtained as compared with the normal
hydrodynamic injection without sample stacking. The
limits of detection for oxymatrine and matrine were 0.81
and 0.18 ng mL-1, respectively, using photodiode array
UV detection at wavelength 211 nm.
An on-line preconcentration technique combining
dual sweeping based on complexation and organic
solvent field enhancement was reported and this
technique was used for analysis of three neutral
glucosides: ginsenoside Rf, ginsenoside Rg1, and
ginsenoside Re [91].
Utility of novel latex nanoparticles as pseudostationary
phases for sweeping in electrokinetic chromatography
with UV and mass spectrometric detection was
demonstrated by Palmer et al. [92]. The nanoparticles
do not cause fouling or degradation of the electrospraymass spectrometer interface even after several weeks of
use. The combination of on-line sample preconcentration
via sweeping and selective mass spectrometric detection
yields low detection limits (10-16 ppb), particularly for
more hydrophobic compounds.
Abused drugs, hypnotics [93], flavonoids [94], tricyclic
antidepressant drugs [95], and Δ9-tetrahydrocannabinol
[96] were successfully concentrated and separated
by sweeping in CE, and Quirino [97] demonstrated a
method of sweeping neutral analytes in partial-filling
MEKC with electrospray ionization mass spectrometry.
Transient trapping (tr-trapping) is a new mechanism
of on-line sample concentration and separation similar
to sweeping in partial-filling MEKC since the analytes
are picked and accumulated by the micelles that
penetrate the sample zone. However, its mechanism
for separation is quite unique since the concentrated
analytes are trapped for a few seconds on the sample/
micelle boundary before they are released because
the concentration of micelle is reduced as it undergoes
electromigration dispersion and the analytes separate
along a micelle gradient.
Breadmore et al. [98] examined the mechanism
of transient trapping by using computer simulations
and compared it to sweeping in MEKC for the two
analytes, sulforhodamine B and 101. Sueyoshi et
al. [99] developed another tr-trapping technique in
sweeping as one of the on-line sample preconcentration
techniques to improve a low concentration-sensitivity
in microchip electrophoresis and CE, providing highly
effective preconcentration and separation based on
the trap-and-release mechanism. Schematics of the
principle of tr-trapping was shown in Fig. 6. However,
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Figure 5.

Schematic illustration of sample injection and stacking. The red area with labels of H+ represents sample solution in phosphate buffer.
The green circles represent the analytes. The light green-yellow area represents the low conductivity band. The gray area with micelle
represents the separation buffer. L is the total capillary length, lSB is the sample buffer length, Veo1 is the local EOF velocity. From Zhang
et al. [90].

a poor performance of hydrophilic analytes limited the
applicability of tr-trapping. To overcome this drawback,
tr-trapping was combined with a labeled sample using
a hydrophobic reagent in CE. In tr-trapping–MEKC,
both the improvement of the resolution and 106-125fold enhancements of the detectability of labeled amino
acids were achieved relative to the conventional CZE.
The LOD of labeled phenylalanine was improved from
800 to 5 pM by applying tr-trapping–MEKC.

2.4. Micelle to solvent stacking

Micelle to solvent stacking (MSS), which was
firstly proposed in 2009 by Quirino [100] is a new
on-line sample preconcentration technique in CE.
The focusing effect relies on the reversal in the effective
electrophoretic mobility at the boundary zone between
the micellar matrix and the background solution modified
with organic solvent.
Quirino [100] presented a selective on-line sample
preconcentration technique, MSS, for small organic
cations in CZE. The mechanism of focusing was verified
by experiments and the concentration sensitivity
enhancement factors for test adrenergic β-blockers
samples were determined.
Determination of strychnine and brucine in
traditional Chinese medicine preparations by MSS-

CZE method was developed by Yin et al. [101].
The established MSS-CZE method afforded more
than 50-fold improvements in concentration sensitivity
compared with typical CZE-UV analysis and has been
applied to the analysis of strychnine and brucine in
Chinese medicinal preparations.
Zhu et al. [102,103] used MSS technique in CZE and
NACE to concentrate different alkaloids in urine samples,
respectively. The validity of the developed MSS-CZE
method was tested using cationic alkaloid compounds
(ephedrine and berberine) as model analytes. Under
the optimized conditions, this proposed method afforded
LODs of 0.5 and 1.1 ng mL-1 with 300 and 1036-fold
improvements in sensitivity for ephedrine and berberine,
respectively, within 15 min. In the proposed MSS-NACE,
sodium dodecyl sulfate micelles transport, release, and
focus analytes from the sample solution to the running
buffer using methanol as their solvent. After the focusing
step, the focused analytes were separated via NACE,
The evolution of analyte focusing was shown in Fig. 7.
The focusing mechanism and influencing factors were
discussed using berberine as model compounds.
Guidote Jr. et al. [104] proposed a MSS-CZE method
to determine hypolipidaemic compounds in waste
water. And both experimental model and theory of MSS
verification for organic anions were clarified.
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Figure 6.

Schematics of the principle of tr-trapping. (A) initial condition, (B) preconcentration of analytes due to the trap mechanism,
(C) separation of analytes due to the difference in the release timings of analytes, (D) separation based on MEKC and (E) detection.
From Sueyoshi et al. [99].

A micelle to trapping solution stacking (MSS) method
was developed by Liu et al. [105] in MEKC to determine
tetrandrine and fangchinoline in Stephaniae tetrandrae
S. Moore and Fengtongan capsules.

2.5. Analyte focusing by micelle collapse

The concept of Analyte Focusing by Micelle Collapse
(AFMC) was introduced by Quirino and Haddad in 2008
[106]. AFMC is an online sample preconcentration
in CE without modification of current commercial CE
instrumentation. The focusing mechanism is based on
the transport, release, and accumulation of molecules
bound to micelle carriers that are made to collapse into
a liquid phase zone, Fig. 8 showed the focusing process.
And more than 2 orders of magnitude improvement in
detection sensitivity has been achieved.
Quirino et al. also investigated the performance
of neutral analyte focusing [107], nanopreparation of
neutral analytes [108] by AFMC and neutral analyte
focusing was further investigated using partial-filling
MEKC with detection using UV and ESI-MS [109].

2.6. Dynamic pH junction

Dynamic pH junction was initially introduced by
Aebersold and Morrison [6]. The mechanism of dynamic
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pH junction is based on creating a pH discontinuity or
boundary between the sample and BGE. A change in the
analyte electrophoretic mobility is induced by changes
in the ionisation state of the ionic species. The resulting
change in the velocity produces the focusing effect and
accumulates the analytes at the boundary. Schematic
illustration of the stacking can be seen in Fig. 9.
And a review on this topic has been published in 2008
by Britz-Mckibbin group [23].
However, there were only few works on the use of
dynamic pH junction in the last 3 years. Booker et al.
[110] demonstrated a method to remove nonbuffering
salts and enrich protein by CE with discontinuous
buffers. Nonbuffering ions were found to electromigrate
through the pH junction without disrupting the enrichment
process of protein and were eventually removed from the
capillary. A second-tier method with improved specificity
and sensitivity for newborn screening of inborn errors
of metabolism by CE-EESI-MS was described [111].
The on-line sample preconcentration with desalting was
performed using a discontinuous electrolyte system
for electrokinetic focusing of weakly ionic amino acids
and acylcarnitines, whereas strong electrolyte salts
(e.g. Na+) present in the original sample migrate ahead
of analytes due to their pH-independent high intrinsic
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Figure 7.

Schematic evolution of analyte focusing in MSS-NACE: (a) filling the whole capillary with the micellar sample from the inlet vial
and the outlet vial was filled with the running buffer, (b) removal of the sample matrix with the running buffer during sample
focusing under a reverse potential, (c) the focusing process finished after a certain focusing time, (d) separation of the focused analytes
by NACE. From Zhu et al. [103].

Figure 8.

Transport, release, and accumulation of analytes in electrokinetic chromatography by micelle collapse in a dilution zone. From Quirino
and Haddad [106].
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Figure 9.

Schematic illustration of electrophoretic stacking. (A) Samples are applied to the capillary in a solution with a pH value higher than the
pI of the peptides, resulting in deprotonated, negatively charged peptides. (B) Application of a potential gradient over the capillary leads
to concentration of the peptides at the electrophoresis buffer-sample interface. (C) After dissipation of the pH-step gradient, peptides
resume mobility towards the cathode and are separated in the electric field. From Aebersold and Morrison [6].

mobility. Su et al. [112] established a method of online preconcentration and quantitative determination
of recombinant Arg-Gly-Asp-hirudin in human urine
samples using dynamic pH junction by CE-MS. A limit of
quantification of approximately 35 nmol L-1 was achieved
(concentration coefficiency was about 100-fold) without
complex sample preprocessing procedure. He et al.
[113] developed a CE-ESI-MS coupled with dynamic pH
junction online concentration for analysis of peptides in
human urine samples. Hasan et al. [114] evaluated an
analytical method of CE-MS and CE with dynamic pH
junction, addition of organic solvent and large volume
injection for determination of peptides in biological
samples. Leucine enkephalin, methionine enkephalin,
dynorphin A, β-endorphin and angiotensin II were used
as model peptides. A 4.0×103–1.1×104-fold increase in
peak intensity was achieved without degrading the peak
shape.

2.7. Moving reaction boundary method

Moving reaction boundary (MRB) is a new and useful
boundary system of electrolytic solutions. The pioneer
idea of MRB, termed “precipitate reactive front”, was
evolved by Deman and Rigole [115,116]. Theories of
MRB have been developed by Cao’s group [117-120] and
applied in CE separation [121-124], and furthermore, a
review on the theory of MRB and applications of MRB in
isoelectric focusing and sample pre-concentration was
presented by Cao et al. [125] in 2008.
In recent three years, MRB has been advanced by
Cao’s group: relationship between Kohlrausch regulating
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function (KRF) and moving reaction boundary in
electrophoresis was investigated both theoretically and
experimentally. The KRF is derived from the equation
of MRB under condition of nonzero boundary velocity,
and can be used on a MRB under the condition of
nonzero boundary velocity except stationary electrolysis
and isoelectric focusing [126]. Theoretical [127] and
experimental [128] study on sample stacking by MRB
formed with weak acid and weak or strong alkali in CE
were also demonstrated. The mechanisms of the MRB
stacking were shown in Fig. 10. The group also presented
a computer simulation method on a continuous moving
chelation boundary (MCB) in ethylenediaminetetraacetic
acid-based sample sweeping in CE [129]. The
mechanism of stacking of zwitterion in highly saline
biologic sample by transient moving reaction boundary
(tMRB) in CE was also investigated [130]. Stacking
and determination of phenazine-1-carboxylic acid with
low pKa in soil via MRB formed by alkaline and double
acidic buffers in CE was described [131]. Furthermore,
the concept of a moving interaction boundary (MIB)
[132] and moving affinity boundary (MAB) [133] were
proposed. MIB has the characteristics of focusing and
probing of both guest and host target molecule; MAB
was applied in simultaneous focusing and analysis of
histidine in raw urine.
Besides the mentioned results obtained by
Cao’s group, He et al. [134] developed a method for
determination of fumaric and maleic acids with stacking
analytes by transient moving chemical reaction boundary
method (tMCRBM) in CE.
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Figure 10. The mechanisms of the first weak and second strong stacking, and the cleavage of Trp sample plug during and after a transient MRB

formed with pH 3.50 40mM acetic buffer and 0.4 mM NaOH. HA= acetic acid un-ionized, the hard symbols of + and - indicates
the anode and cathode respectively, other symbols see the text. From Zhang et al. [128].

3. Combination
of
different
electrophoresis-based
preconcentration techniques
Although each on-line concentration technique is useful,
the hyphenation of two or more techniques is more
efficient in increasing concentration sensitivity.
Among all the preconcentration techniques
mentioned previously, sweeping is the most widely used
technique combining with other electrophoresis-based
preconcentration techniques to enhance sensitivity.
Quirino et al, presented two-step stacking by
sweeping and MSS in CZE for the analysis of organic
cations [135] and organic anions [136], respectively.
Two cation-selective exhaustive injection (CSEI) and
sweeping MEKC methods were established for online concentration and determination of selective
serotonin reuptake inhibitors [137] and tobacco-specific
N-nitrosamines [138]. Jin et al. [139] employed two kinds
of online preconcentration techniques including LVSSsweeping and selective-exhaustive injection (SEI)sweeping in CE for determination of melamine and its
derivatives such as ammeline, ammelide and cyanuric
acid in liquid milk products. Though the sensitivity of
LVSS-sweeping is not particularly high, it can be used to

detect all the four compounds simultaneously. However,
it is very difficult to improve the sensitivity of these four
compounds by using single SEI-S method directly,
owing to their completely different extents of protonation
or deprotonation. When the four compounds are divided
into two groups (MM/AMN and AMD/CA), cation-SEIsweeping or anion-SEI-sweeping can be applied for
their online stacking. In cation-SEI-sweeping, the LODs
for MM and AMN were both 0.01 ng mL-1 based on the
signal-to-noise ratio of 3. In anion-SEI-sweeping, the
LODs were 0.05 and 0.02 ng mL-1 for CA and AMD,
respectively.
Other methods were also combined with sweeping.
Large-volume sample on-line concentration of
angiotensins in NACE was developed by Kitagawa et
al. [140], and the analytes were concentrated at the inlet
end of the capillary by both sweeping and field-enhanced
stacking mechanisms. Dawod et al. [141] compared
the efficiencies of sweeping, AFMC, and simultaneous
FASS and sweeping for the preconcentration of eight
hypolipidaemic drugs in different conductivity sample
matrices. The studied techniques showed suitability
for focusing different types of analytes having different
values of retention factor (k).
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Chen et al. [142] developed dynamic pH junctionsweeping for on-line focusing of dipeptides in CE-LIF
through precolumn derivatization. Picomolar detectability
of these dipeptides was demonstrated through the
hyphenated focusing mode. Another combination of
dynamic pH junction and sweeping were presented by
Cheng et al. [143] for analysis of methotrexate and its
eight metabolites in whole blood. The applications were
performed to monitor analytes’ concentration in blood of
acute lymphoblastic leukemia patients.
A novel
integrated
concentration/separation
approach involving online combination of sweeping with
electrokinetic injection and AFMC with heart-cutting 2DCE via integration of MEKC with CZE in a single capillary
was developed for analysis of Herba Leonuri and mouse
blood samples [144]. As the key to successful integration
of MEKC and CZE, an AFMC step was integrated
between the two dimensions to release analytes from
the micelle interior to a liquid zone and to overcome the
sample zone diffusion caused by mobilization pressure.
Similarly, LVSS technique can be hyphenated with
sweeping [145], anion-selective exhaustive injection
[146] and reversed pH junction [147].
Zhu et al. [145] overcame the deficiencies of LVSS
in separating low-mobility and neutral analytes through
combining LVSS with sweeping in CE, and employed
this new approach to enrich and separate neutral and
anionic analytes simultaneously. The LOD ranged
from 26.5 to 55.8 ng mL-1. The developed method was
successfully applied to determine adenine, caffeine,
theophylline, reduced Lglutathione (GSH) and oxidized
L-glutathione (GSSG) in two different teas.
Enantioseparation of trace fenoprofen and amino
acid derivatives by CE with vancomycin as the chiral
selector was developed by Wang et al. [146]. Several
CE techniques, such as the partial filling, LVSS with
EOF as pump plus anion-selective exhaustive injection
(LVSEP–ASEI) were involved in the method to improve
the detection sensitivity. Under the optimized conditions,
more than 1000-fold enhancement in detection sensitivity
over the normal injection was achieved.
Combination of LVSS and reversed pH junction
(RPHJ) in CE for online preconcentration of glycoforms
of recombinant human erythropoietin (rhEPO) were
presented by Liu et al. [147]. By using this strategy, the
detection sensitivity can be improved by 50–100 times
for rhEPO.
Isotachophoresis was also combined with FASI
[148,149], pH-Mediated Stacking [150] and cationselective exhaustive injection [150] to increase CE
sensitivity.
Huang et al. [148] combined tITP with FASI for
on-line preconcentration and enantioseparation of
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three β-agonists by using β-CD as the chiral selector
and tetrabutylammonium hydroxide (TBAOH) as the
additive. An isotachophoresis mode coupled with a
simultaneous hydrodynamic-electrokinetic injection
in conditions of FASI for bacteria analysis in CE was
developed by Oukacine et al. [149]. Baidoo et al. [150]
presented a method for the identification of cationic
metabolites via pH-Mediated Stacking-tITP by using CEFourier Transform Ion Cyclotron Resonance MS．Online
preconcentration via combination of CESI with tITP and
2D separation of cationic compounds were presented by
Zhang [151]. Up to 14000- to 35000-fold improvement
in sensitivity was obtained relative to conventional
electrokinetic injection method and the LODs were in
the range of 0.03–0.1 µg L-1.
Xu et al. [152] integrated an off-line solvent-bar
microextraction (SBME) with FASI with preintroduced
organic solvent plug removal using the electroosmotic
flow as a pump (FAEF) for NACE analysis of herbicides
of environmental concern.

4. Extraction
preconcentration
techniques coupled on-line to CE
Off-line extraction techniques have been generally used
as preconcentration techniques in combination with CE
as well as other separation techniques. However, in
recent years automation has been a popular trend to
avoid manual handling. So, the hyphenation of extraction
techniques to CE is an alternative convenient attract.
There are several ways to join extraction techniques
to CE. In the following sections, we will focus on the
recent applications of extraction techniques coupled
on-line to CE and their combination with other on-line
electrophoresis-based preconcentration techniques
before CE separation.

4.1. On-line SPE-CE

On-line sample extraction method can preconcentrate
analytes in very dilute samples and complex sample
matrix. So far, several on-line SPE systems for CE have
been designed [153-159].
A negatively charged tentacle-type polymer-coated
capillary column was fabricated for on-line extraction
and preconcentration of proteins [153]. With this
preconcentration procedure, over 1500-fold sensitivity
enhancement was realized for myoglobin as compared
with a normal capillary zone electrophoresis. By
comparison of the peak areas of the enriched protein,
it was found that the polymer-coated column could
capture proteins about 30 times more than the uncoated
column.
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Thabano et al. [154] developed a silica nanoparticletemplated methacrylic acid monoliths in-line SPECE system by templating the monoliths with silica
nanoparticles in order to increase the ion-exchange
binding of weakly protonated basic analytes on
deprotonated carboxylate sites on methacrylate
polymer monoliths. The applicability of the increased
capacity silica nano-templated polymer monolith was
demonstrated by analysing trace levels of caffeine in
biological, food and environmental samples.
Enrichment and separation of acidic and basic
proteins using the centrifugal ultrafiltration followed
nanoparticle-filled CE was described by Lin et al.
[155]. The detection sensitivity was improved up to
314-fold compared to normal hydrodynamic injection.
Additionally, the LODs for most proteins were down to
nanomolar range.
Ramautar et al. [156] evaluated a CE-MS method
using a monolithic sol–gel concentrator for in-line SPE for
the analysis of methionine enkephalin in cerebrospinal
fluid and a 40-fold preconcentration was demonstrated
for a methionine enkephalin test solution using a loading
volume of 3200 nL.
An approach to performing in-line extraction
employing functionalized silica-coated iron oxide
magnetic particles for CE and microchip electrophoresis
was presented [157]. Magnets were used to locally
immobilize these sorbents inside the capillary or
microchip.
Benavente et al. [158] investigated the performance
of several commercial sorbents for the determination
of opioid peptides by on-line SPE-CE and Lee et al.
[159] developed an approach based on staggered
multistep elution SPE-CE-MS-MS in the analysis of
digested protein mixtures. On-line coupling of SPE with
CE-MS was achieved using a two-leveled two-cross
polydimethylsiloxane-based interface.

4.2. On-line liquid phase microextraction-CE

Liquid-phase microextraction (LPME) was introduced as
an effective sample pretreatment technique [160], and
typical LPME techniques were successfully proposed
and employed in the sample pretreatment of instrumental
analysis, such as single drop microextraction (SDME)
[161,162],
liquid–liquid–liquid
microextraction
(LLLME) [163], hollow fiber protected liquid-phase
microextraction (HF-LPME) [164] and headspace liquidphase microextraction (HS-LPME) [165]. And they all
can be used as preconcentration techniques combined
with CE.
Xie et al. [166] proposed an in-line coupling
headspace LPME (HS-LPME) with CE to determine
volatile analytes. A special cover unit of the sample

vial was adopted in the coupling method; it took 30 min
to complete the extraction procedure under magnetic
stirring. To evaluate the proposed method, phenols were
used as model analytes. The optimal enrichment factors
of HS-LPME were obtained with the sample volume of
about half of sample vials, which were supported by
both the theoretical prediction and experimental results.
The enrichment factors were obtained from 520 to 1270.
The LODs were in the range from 0.5 to 1 ng mL-1 each
phenol.
Several SDME techniques were also developed
for on-line preconcentration prior to CE separation
[167-169].
An automated SDME-CE technique using two
different commercial CE instruments was demonstrated
by Choi et al. [167]. With a CE instrument providing
adjustable forward and backward pressures, a single
drop of an aqueous acceptor phase covered with a thin
layer of an organic phase was formed at the capillary tip
by programming the sample-handling functions of the
instrument to perform 3-phase SDME where the organic
film is essentially a membrane. Analytes from an acidic
donor phase were concentrated into a basic acceptor
phase yielding 190-fold enrichment in 10 min. When
the donor phase was agitated using a microstirrer, a
2000-fold enrichment was obtained in 10 min. For a less
flexible CE instrument, two-phase SDME was carried
out with a large volume pentanol drop held by a Teflon
sleeve, yielding 110-fold enrichments in 30 min.
Park et al. [168] performed an in-line SDME coupled
with CE by attaching a two-layer drop to the tip of a
capillary. With a two-layer drop comprised of an aqueous
basic acceptor phase which was covered with a thin
organic layer, acidic analytes in an aqueous acidic donor
phase can be extracted into the organic layer and then
back-extracted into the acceptor phase. Furthermore,
amino acids were derivatized with 4-fluoro-7-nitro-2, 1,
3-benzoxadiazole (NBD-F) to change their zwitterionic
properties which prevent them from being partitioned in
the middle organic phase in the SDME preconcentration,
amino acids without a charged side chain were
converted to carboxylic acids. In the acidic donor phase,
those NBD-amino acids were predominantly neutral
and they were successfully concentrated into the basic
acceptor phase. In the meantime, amino acids with a
charged side chain after NBD-F derivatization were
not concentrated via SDME. With this selective SDME,
acidic and neutral amino acids were able to be extracted
with several hundred-fold enrichments within 5 min at
25ºC, while leaving basic amino acids-Arg, Lys, and
His-in the acidic donor phase. Afterwards, detection
sensitivity was enhanced by employing laser-induced
fluorescence detection.
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An on-line coupling of ionic liquid (IL)-based SDME
with CE system was proposed for phenols detection
[169]. In this system, ionic liquid was used as an
extractant. And the method is capable of quantifying
trace amounts of phenols in environmental water
samples. For the SDME of three phenols, a 2.40 nL
IL microdrop was exposed for 10 min to the aqueous
sample and then was directly injected into the capillary
column for analysis. Detection limits to three phenols
were less than 0.05 μg mL-1. And enrichment factors for
three phenols were 156, 107 and 257 without agitation,
respectively. This method was then utilized to analyze
two real environmental samples from Yellow River and
tap water.

4.3. Combination of various extraction
techniques with electrophoresis-based
on-line preconcentration techniques

The combination of two or more techniques is more
efficient than single concentration technique in
increasing detection sensitivity, especially the coupling
of extraction techniques with electrophoresis-based
preconcentration techniques can effectively take the
advantages of both techniques, such as operation
simplicity of electrophoresis-based preconcentration
techniques and allowing large sample volume and
removing matrix interferences of extraction techniques.
Two sample preconcentration techniques, SDME and
large volume stacking using an electroosmotic flow
pump (LVSEP), were coupled in-line in a commercial
CE instrument by Choi et al. [170].
Xie et al. [171] developed a simple and efficient dual
preconcentration method of on-column LLLME coupled
with base stacking for CZE. The enrichment factors
of the carbamates were higher than 1100. The LODs
were 2–4 ng mL-1 for standard solutions. Double sample
preconcentration by in-line coupled large volume SDME
and sweeping was evaluated [172]. By the in-line
coupling 10 min SDME and sweeping of a 30 nL sample
using a cationic surfactant dodecyltrimethyl ammonium,
enrichment factors of the double preconcentration were
increased up to 32000.
On-line combination of single-drop liquid–liquid–
liquid microextraction (SDLLLME) with LVSS combined
sweeping was developed by Zhu et al. [173]. The model
compound, adenine was enriched 550-fold in only
10 min. The enrichment factors were 760 and 1030
when the extraction time was extended to 30 and
60 min, respectively.
Wei et al. [174] developed a method combining poly
(methacrylic acid-coethylene glycol dimethacrylate)
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monolith microextraction and octadecyl phosphonic
acid-modified zirconia-coated CEC with FESI for
analysis of antidepressants in human plasma and urine.
Herrera-Herrera et al. [175] combined dispersive liquid–
liquid microextraction (DLLME) with FESI in NACE-UV
for the selective determination of eight fluoroquinolone
antibiotics.
Phenyl-functionalized hybrid silica monolithic
polymeric capillary column combined with large-volume
stacking and sweeping MEKC was successfully applied
to the determination of bisphenol A spiked in cola,
yielding a detection limit of 1.8 ng mL-1 [176].
Medina-Casanellas et al. [177] evaluated the
combination of tITP with on-line SPE-CE time-of-flight
mass spectrometry (SPE-tITP-CE-TOF-MS) to improve
sensitivity of peptide analysis in human plasma.

5. Conclusion
A large number of on-line preconcentration methods
have been reported since 2008. These methods
include both variants of known focusing techniques
and combinations of these focusing techniques. These
focusing principles provide the possibility to detect at
lower levels by CE and extend the application of CE to
many real world samples. And further applications of online preconcentration techniques are underway.
Besides, in the last three years, several new
approaches to on-line sample preconcentration have
been introduced, including AFMC, MSS and tr-trapping.
Moreover, another method for on-line preconcentration,
namely EKS, has been further-developed and widely
applied. The fundamental understanding of focusing
principles had also advanced in parallel with the
applications development. Clearly, more and more new
principles of focusing will emerge in the future, especially
when CE is applied to real sample analysis.
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LIF: Laser induced fluorescence;
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LOD: Limit of detection;
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