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CE and CEC analysis of phytochemicals
in herbal medicines

CE and CEC, due to their versatility and high efficiency, have attracted great interest in

the analysis of phytochemicals in herbs and their preparations. Previously, we reviewed

the analysis of phytochemical bioactive compounds by CE in 2006 (Electrophoresis 2006,

27, 4808–4819) or CEC in 2010 (Electrophoresis 2010, 31, 260–277). This review followed

the previous studies and covered the literature published since 2006 for CE and 2009 for

CEC (excluding those mentioned in the two previous reviews), which emphasized the

development of CE and CEC techniques in phytochemical analysis. In addition, sample

preparation and detection were also discussed.
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1 Introduction

CE and CEC are powerful analytical techniques that provide

fast and efficient separation with low consumption of

sample and reagent. A variety of molecules and particles

(organic/inorganic, charged/uncharged, micro/macromole-

cules) can be successfully analyzed by CE and CEC. Due to

their versatility and high efficiency, CE and CEC have

attracted great interest of analysts in the analysis of

phytochemicals in herbs and their preparations, and become

alternative methods to the widely used HPLC. Previously,

we reviewed the analysis of phytochemical bioactive

compounds by CE [1] in 2006 and CEC [2] in 2010. This

review will follow the previous studies and covers the

literature published since 2006 for CE and 2009 for CEC

(excluding those mentioned in the two previous reviews).

Though Gotti reviewed CE analysis of phytochemicals

recently [3], focussing on the application for different types

of compounds, this review emphasized the development

of CE and CEC techniques in phytochemical analysis.

In addition, sample preparation and detection were also

discussed.

2 Sample preparation

2.1 Extraction

Generally, extraction should be performed before CE and

CEC analysis of phytochemicals in herbal medicines.

Therefore, extraction, which could greatly influence the

repeatability and accuracy of analysis, is the first crucial step.

Ultrasonic extraction was the most frequently used method

due to its efficiency and easy manipulation. Indeed, it was

employed in about two-thirds (180 out of 271 articles) of

cited references (Supporting Information Tables 1–7)

[4–271]. Other conventional extraction methods included

reflux [6, 14, 15, 21, 45, 74, 84, 87, 97, 117, 121, 123, 131,

134, 157, 162, 164, 169, 171, 172, 176, 179, 182–184, 205,

212, 227, 235, 236, 259], Soxhlet extraction [23, 89, 91, 128,

131, 244], heating extraction [22, 39, 51, 56, 64, 94, 127, 158,

161, 194, 224, 253, 262], and maceration [22, 35, 43, 62, 114,

224]. Pressurized liquid extraction (PLE) or accelerated

solvent extraction, with the advantages of short extraction

time, low-solvent consumption, high extraction efficiency,

and automated sample handling, was utilized for the sample

preparation to enhance the extraction efficiency [12, 68, 200,
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211, 237]. In addition, microwave-assisted extraction [100]

and far infrared-assisted extraction [109], which could

significantly decrease the extraction time to few minutes

with high extraction efficiency, have also been employed for

the extraction of phenolic compounds from Eriobotrya
japonica [100] and Lycium barbarum [109], respectively.

Organic solvents and deionized water were usually used

for the extraction based on physicochemical property of the

analytes. Sometimes, proper concentration may be neces-

sary because of high-concentration detection limit of CE and

CEC. Then, the residue was redissolved or diluted with

running buffer, deionized water, or organic solvents before

CE and CEC analysis.

2.2 Preconcentration

Low-concentration sensitivity, due to the small injection

volume and short optical path length, is one of the major

limitations of CE and CEC. Therefore, many offline or

online preconcentration techniques were developed. Liqui-

d–liquid extraction (LLE) [4, 7, 8, 25, 35, 43, 48, 50, 63, 88,

131, 134, 137, 139, 140, 142, 167, 168, 192, 199, 221] and

solid-phase extraction (SPE) [69, 88, 94, 103, 141, 148, 152,

189, 205, 215] were commonly used offline preconcentration

techniques. A variety of organic solvents and extraction

cartridges could be chosen to enrich the trace analytes and

remove salts, lipids, pigments, and other potentially

interfering compounds. In addition, cloud-point extraction,

which is based on the ability of nonionic surfactants in

aqueous solution to become turbid and separate into a

surfactant-rich phase when heated to the cloud-point

temperature, was applied to enrich triptonide from Triptery-
gium wilfordii for MEKC analysis [246]. However, offline

preconcentration methods had the disadvantages of time

consumption and labor intension.

Online preconcentration is a useful technique that can

be performed just by injecting a large volume of sample

solution using hydrodynamic or electrokinetic methods

without instrument modification, and the analytes can be

focused into a minimum volume inside the capillary. Online

preconcentration in CE has been reviewed during the past

years [272–276]. Field-amplified sample stacking (FASS)

[35], field-amplified sample injection (FASI) [5, 7, 8, 24, 34,

37, 116, 145, 187, 196, 220, 244, 247], large-volume sample

stacking (LVSS) [52, 112, 201, 241], ITP [110, 112], dynamic

pH junction [200], and sweeping [207, 210, 238, 239] were

employed for online preconcentration of phytochemicals in

CE and CEC. Recently, a new online preconcentration

technique called micelle to solvent stacking (MSS) was

proposed by Quirino [277]. The focusing effect relies on the

reversal in the effective electrophoretic mobility at the

boundary zone between the micellar sample matrix and the

BGE modified with organic solvent. The technique, by

which up to 50-fold improvement in concentration sensi-

tivity could be achieved, has been successfully applied to

online preconcentration of alkaloids in CE analysis [45, 197].

Furthermore, the combination of preconcentration techni-

ques, such as field-amplified sample injection – sweeping

[198] and anion-selective electrokinetic injection and water

plug – sweeping with reverse migrating micelles (ASIW–

sweep–RMM) [209], was also reported.

3 Separation

3.1 Optimization of separation

For CE and CEC analysis, composition of BGE or mobile

phase and operating conditions should be carefully inves-

tigated during the method development. The influence of

several parameters, including buffer type and concentration,

pH, additives, voltage, and temperature, has been discussed

in our previous reviews [1, 2]. Besides, micelle and

microemulsion composition for MEKC and MEEKC

(Supporting Information Tables 5 and 6) [187–262], as well

as sample matrix and injection parameters for online

preconcentration [5, 7, 8, 25, 34, 37, 52, 112, 187, 196–198,

207, 209, 220, 238–240, 244, 247] should also be considered.

Various strategies such as univariate design, factorial

design, and response surface methodology have been

devised to aid the optimization of CE and CEC conditions.

Their procedures and applicability were discussed in our

previous reviews [1, 2, 278]. Generally, univariate design is

the simplest and most commonly used (Supporting Infor-

mation Tables 1–7) [4–271], but it is time consuming and

labor intensive, and most importantly it could not reflect the

interaction of investigated factors [278]. Therefore, triangle

and tetrahedron optimization methods based on the inter-

action of different factors were adapted for the selection of

BGE in CE fingerprint development [182, 183]. Chemo-

metrics-based techniques such as factorial design [4, 48, 199,

237, 249, 262] and response surface methodology [160, 217]

were also employed. Factorial design of 32 and 23 was used

for the optimization of CE analysis of phenolic acids in

exotic fruits [48] and butenolides in Piper malacophyllum
[249], respectively. Orthogonal design, one kind of fractional

factorial design, has been employed for the optimization of

CE analysis of alkaloids [4], benzoic acid compounds [199],

and iridoid glycosides [237] in herbs. Uniform design that

allocates experimental point scattering uniformly and

regularly in the experimental domain could reduce experi-

mental trials when the number of factors and levels

increases. To develop MEKC fingerprint of complex herbal

prescription Sheng-Mai-San, a six-factor, three-level ortho-

gonal design was used to screening significant factors based

on the preliminary experiments. Concentrations of SDS and

borate identified as important factors were further opti-

mized by sequential uniform design. With three sequential

steps, peak capacity and separation were evidently improved

step by step [262]. Central composite design (CCD), one of

the most common designs generally used in response

surface modeling, allows the determination of both linear

and quadratic models [278]. In order to develop MEKC
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fingerprint of Scutellaria baicalensis, five parameters that

displayed more pronounced effects on the separation,

including concentration of borate and phosphate, concen-

tration of SDS, proportion of ACN, and 2-propanol, were

optimized by CCD using the resolutions of main coposses-

sing peaks as the responses. Finally, a good separation was

achieved based on CCD-aided optimization [217]. Similarly,

CZE of eleven active components in Resvis XRs efferves-

cent tablet was also optimized by CCD [160].

3.2 Separation techniques

Different CE modes including CZE (Supporting Informa-

tion Tables 1–4) [4–186], MEKC and MEEKC (Supporting

Information Tables 5 and 6) [181, 187–262], and CEC

(Supporting Information Table 7) [225, 263–271] have been

employed for the analysis of phytochemicals in herbal

medicines. The analytes were alkaloids (Supporting Infor-

mation Tables 1, 5, and 7) [4–47, 187–197, 263, 264],

phenolic compounds such as phenolic acids, flavonoids,

coumarins, lignans and quinones (Supporting Information

Tables 2, 5, and 7) [48–124, 198–235, 265, 266], terpenoids

(Supporting Information Tables 3 and 6 [125–132,

236–246]), steroids, nucleosides and saccharides (Supporting

Information Table 3) [133–144], multiple components and

fingerprint (Supporting Information Tables 4, 6, and 7)

[153–186, 251–262, 268–271]. Besides, natural resources,

sample preparation, preconcentration, and analysis

optimization, as well as separation condition and detection

were also summarized in Supporting Information

Tables 1–7 [4–271].

3.2.1 CZE

CZE has been widely applied to the separation of not only

charged compounds (e.g. alkaloids, phenolic acids), but also

some neutral molecules such as saccharides and phenolic

glycosides, in which the charge can be created by

complexation of vicinal hydroxy groups with cis-configura-

tion and borate anions (Supporting Information Tables

1–4). Furthermore, NACE using organic solvents, which

increase the solubility of less polar compounds and

improved the selectivity, instead of water widened the

application of CZE. The commonly used organic solvents for

NACE include ACN [10–12, 16, 18, 25, 34, 38, 39, 43, 44, 69],

methanol [10–12, 16, 25, 29, 33, 34, 38, 39, 43, 44, 47, 52, 69,

71, 179, 180, 186], ethanol [11] and 2-propanol [18].

Generally, organic solvents generate low electric current

and Joule heat because of their low conductivity. Therefore,

high voltages can be applied within short capillary to

improve the analysis speed and/or peak efficiency. In

addition, due to high volatility and low surface tension of

organic solvents, NACE appears to be ideally suited

for online coupling with MS [11, 12, 16, 25, 34, 43]. NACE

was mainly applied to the determination of hydrophobic

alkaloids [10–12, 16, 18, 25, 29, 33, 34, 38, 39, 43, 44, 47] in

herbal medicines, whereas the analysis of phenolic acids [52]

and flavonoids [69, 71] was also reported.

Besides buffer type, concentration, pH, and organic

modifier, other additives also play an important role in CZE

analysis and make it more versatile. A variety of additives

were employed to alter EOF and improve selectivity. CD,

usually used as chiral selector, was widely used for enan-

tiomeric separation of phytochemical compounds [19, 65,

88, 133, 141] and improving the separation of analytes

[17, 51, 70, 80, 89, 102, 131, 146, 147, 153, 159, 163, 164, 176,

185]. Application of various CD derivatives, such as a-CD

[89], b-CD [17, 51, 65, 70, 80, 102, 131, 146, 147, 159, 163,

164, 176, 185], dimethyl-b-CD [19], carboxymethyl-b-CD [88],

2,6-di-O-methyl-b-CD [89], methyl-b-CD [133], sulfobuty-

lether-b-CD [133], and hydroxypropyl-b-CD [141, 153], were

also reported. Ionic liquids (ILs), which are salts in the

liquid state at room temperature, have been employed in CE

analysis as BGE or additive [5, 24, 70, 90] because they are

environmental benign, nonvolatile, nonflammable, thermal

stable, and good solvents for many inorganic and organic

materials. Cationic surfactants, such as CTAB [149, 153] and

tetradecyltrimethyl ammonium bromide (TTAB) [149],

could be used to reverse EOF so as to improve the separation

of organic acids and shorten migration time. In addition,

BSA [20], Cu(II)-L-lysine complex [21], cucurbit[7]uril [145],

hydroxypropyl cellulose (HPC) [37], hydroxyethylcellulose

(HEC) [110], and PEG [152] were also employed as additives

in CZE of phytochemicals.

On the other hand, internal standard (IS) was usually

necessary in order to increase the repeatability and accuracy

of CE analysis. Therefore, the selection of IS is very

important for ensuring the accuracy of quantification.

Especially, the stability of IS may influence quantitative

analysis unwarily. For CZE analysis of 15 flavonoids in

Epimedium, rutin was selected as IS at the beginning.

However, the quantitative results were much higher than

those obtained by HPLC and UPLC due to the degradation

of rutin in sample solution. Using stable daidzein as IS, 15

flavonoids could be determined accurately [68]. CZE of

phytochemicals in herbal medicines was summarized in

Supporting Information Tables 1–4.

3.2.2 MEKC and MEEKC

MEKC and MEEKC introduce micelles or microemulsions

into BGE as pseudo-stationary phase, and the separation

mechanism contains partitioning of analytes between pseu-

do-stationary phase and continuous phase, as well as

electrophoretic mechanism. Both charged and neutral

compounds can be analyzed simultaneously by MEKC or

MEEKC. The selectivity can be modulated not only by varying

buffer type, concentration, pH, and organic modifier, but also

by optimizing composition of micelles and microemulsions.

SDS is the most frequently used surfactant to form

micelle in MEKC. Using a BGE consisting of 7.5 mM

sodium tetraborate, 60 mM SDS, 4 mM urea, 20% ACN, and

0.5 mM CaCl2, essential oils that were rarely dealt with CE

Electrophoresis 2012, 33, 168–179170 X.-j. Chen et al.
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could be analyzed by MEKC (Fig. 1) [250]. SDS could form

reverse micelles when dissolved in nonpolar solvents, in

which the polar groups present in surfactant constitute

inner core of micelles and the hydrocarbon chains form

outer layer. The reverse micelle systems are similar to water-

in-oil emulsion systems, and had been used in BGE for

reverse MEKC analysis of flavonoids in Alpinia katsumadai
and Kuaiwei tablet [204]. Besides, sodium cholate (SC) [206,

225], sodium deoxycholate (SDC) [248], Brij-35 [238], Tween-

20 [187, 197, 231], polysodium N-undecenoxycarbonyl-L-

leucinate [188, 189], lauric acid [192, 233], tetra-

decyltrimethyl ammonium bromide [193], as well as mixed

surfactants of SDS and sodium cholate [212, 218] were also

used for MEKC analysis of phytochemicals.

Microemulsions are stable, isotropically clear solutions

consisting of nanometer-size oil droplets suspended in

aqueous buffer, stabilized by a surfactant and a cosurfactant

[279]. Cao et al. conducted a series of experiments focusing

on MEEKC analysis of phenolic acids and diterpenoids in

Salvia miltiorrhiza [201, 202, 230, 254], saponins in Panax
notoginseng [239, 241], and flavonoids in Radix Astragali.

[207, 230]. Several microemulsion systems including oil-in-

water [201, 207, 230, 239, 241, 254], water-in-oil [254], and

ionic liquid-in-water [202] were investigated. The use of

nonionic [201, 239] or mixed anionic and cationic surfac-

tants [207], as well as surfactant-coated single-walled carbon

nanotubes as additives [230] was also reported. The appli-

cations of MEKC and MEEKC in the analysis of phyto-

chemicals in herbal medicines were summarized in

Supporting Information Tables 5 and 6.

3.2.3 CEC

CEC is a high-performance liquid-phase separation techni-

que carried out in columns packed with media containing

ionizable functionalities, which utilizes flow driven by

electroosmosis and enables to achieve significantly

improved performance compared with HPLC [280]. It is

usually considered as a hybrid technique that possesses

properties of both CE and LC, which combines high

efficiency of CE (movement of solutes by electrical forces)

and high selectivity of LC (chromatographic interactions).

Based on the differences of column format, three modes of

CEC, i.e. granular packed CEC, monolithic CEC, and open-

tubular CEC, are distinguished. All three modes of CEC

have been employed for the analysis of phytochemicals

[2, 281, 282] (Supporting Information Table 7). Their

characteristics have been reviewed [2, 283].

Monoliths are currently popular stationary phases for

electrochromatography and are being rapidly developed.

There are several reviews [280, 284–286], and a plethora of

articles about the preparation and use of monolithic mate-

rials in separation science and particularly in CEC. Besides

widely used for enantioseparations, monolithic stationary

phases have also been employed for phytochemical analysis

(Supporting Information Table 7). CEC for quantitative

analysis of bioactive naphthoquinones in Eleutherine amer-
icana was developed and compared with MEKC and HPLC

[225]. The results showed that both CEC and MEKC were

well comparable to those obtained by HPLC. But CEC on a

polymeric methacrylate-based monolith with strong cationic

properties could successfully separate two enantiomers,

eleutherin, and isoeleutherin, whereas MEKC failed.

Generally, flow of mobile phase or buffer in conven-

tional CEC is driven through a capillary column by an
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Figure 1. Electropherograms of (A) mixed standards,
(B) commercial Sassafras albidum oil and (C) commercial
Myristica fragrans oil (adapted from [250] with permission of
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electric field. However, high applied voltage across the

column in ‘‘pure’’ CEC format often causes Joule heating,

which leads to bubble formation that can result in dryout of

the column and disruption of the current [287]. It is also

difficult to achieve quantitative sample introduction using

‘‘dip in’’ method, electrokinetic, and hydrodynamic modes

[288]. In addition, a complete separation of all herbal

compounds under isocratic conditions was usually not

possible because of the wide hydrophobicity of phytochem-

icals, and gradient elution mode was also used as an online

sample concentration method to improve the detection

sensitivity [289]. Therefore, pressurized CEC (pCEC), or

electrokinetic high-performance liquid chromatography

(eHPLC), with EOF combining hydraulic pressure as its

driving force has gained more attention [290–292]. In this

novel separation technique, both solvent gradient elution

and quantitative injection in pCEC can be conveniently

realized as in HPLC. A much higher theoretical plate

number was obtained using pCEC rather than mHPLC and

HPLC. In addition, the retention time of flavone compounds

(quercetin, isorhamnetin, and kaempferol) separated by

pCEC was nearly only half of that in HPLC under similar

pressure [293]. Due to the advantages of pCEC, its

application in phytochemical analysis has being steadily

increased (Supporting Information Table 7). In addition,

CEC has been developed for the analysis of glycoconjugates

[294], and herbal extract as one of the 2-D chromatography

[295]. Electrochromatography was also used for the

preparation of tea polyphenols and caffeine [296]. Support-

ing Information Table 7 summarizes the CEC analysis of

phytochemicals.

3.2.4 2-D separation

For complex samples, 2-D CE separation techniques can

provide higher separation power and peak capacity, which

has attracted analytical chemists’ great interest in recent

years. A new sweeping with electrokinetic injection precon-

centration scheme coupled with a heart-cutting 2-D MEKC-

CZE separation was developed for the analysis of Leonurus
japonicus [297]. As shown in Fig. 2, the sample was

separated in first dimension by MEKC, and then only

flavonoid fraction (fraction b) of the first-dimensional

separation was transferred into the second-dimensional

capillary by pressure and separated by CZE. The sample was

well cleaned up by the first-dimension MEKC and the

interfering components were not detected [297]. A contin-

uous 2-D open-tubular ion exchange-RP monolithic column

CEC system was also constructed for the analysis of

Gastrodia elata [298]. The first-dimensional separation by

open-tubular ion exchange column could significantly

increase the analysis speed, whereas the second dimension

using monolithic column could provide high peak

capacity to fulfill the requirement of complex sample

analysis [298].

The combination of LC with CE or CEC has also been

reported, mostly in offline mode. Cortex Phellodendri

extract had been analyzed by micro strong cation exchange

LC and RP pressurized capillary electrochromatography

(m-SCXLC/RP-pCEC). The results showed that 2-D chro-

matographic system had higher resolution and larger peak

capacity compared with 1-D LC [295]. Similarly, 2-D LC-CE

had also been employed for the analysis of phenolic

compounds in olive oil [299] and green tea [300].

4 Detection

4.1 UV–vis detection

As a standard detector of many commercial instruments,

UV–vis absorption is currently the most popular detection

for CE and CEC of phytochemicals due to its nearly

universal detection nature (Supporting Information Tables

1–7). Even for non-UV absorbing analytes such as sacchar-

ides, it can be performed after derivatization of analytes
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(A) and (B) electropherogram of flavonoids in the L. japonicus
(adapted from Ref. [297] with permission of American Chemical
Society). Step 1: MEKC separation of sample in the first
dimension; Step 2: elimination of interfering fractions and return
of the fraction of interest (fraction b) to the inlet end of the
capillary; Step 3: CZE separation of the purified sample in the
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hesperetin; 4, apigenin; 5, rutin; 6, hyperoside; 7, quercitrin; 8,
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[137–144, 147]. However, the major deficiency of UV–vis

detection is the limited sensitivity due to the short optical

path length. One strategy to improve sensitivity is to use

extended path length flow cells, such as bubble cell

[301, 302] and Z-shaped cell [302]. But they are seldom

reported in CE and CEC of phytochemicals [61, 258].

4.2 LIF

LIF is one of the most sensitive detections in CE. It allows

extremely sensitive detection of fluorescently labeled

compounds. However, only few compounds have native

fluorescence, and hence derivatization with a suitable

fluorogenic or fluorescent reagent to produce a fluorescent

adduct is necessary. To develop CE-LIF methods for the

analysis of ephedrine and pseudo-ephedrine in Ephedra herb

and its preparations, derivatization was carried out preca-

pillary [190] or in-capillary [191]. Unfortunately, the species

that could be derivatizated are limited, thus indirect LIF may

be an alternative. CE with indirect LIF was developed for the

determination of six coumarins and flavonoids in Sophora
japonica and Sarcandra glabra. The analytes were detected by

displacement of a certain fluorophore, fluorescein sodium,

which is added to BGE and excited when passing through

the detection window to yield a steady fluorescence back-

ground signal [86].

4.3 Chemiluminescence detection

Chemiluminescence (CL) is a highly sensitive detection

method that is based on the production of electromagnetic

radiation (UV, visible, or infrared) by a chemical reaction.

CL has been satisfactorily used for the analysis of a variety of

species that can participate in CL process directly or

indirectly. Luminol CL reaction is one of the most

commonly used methods in CE-CL system. It is based on

the reaction of luminol or its derivative with oxidant in

alkaline medium in the presence of a catalyst, and emits

light in the wavelength range of 425–435 nm [303]. Luminol

CL detection has been used for the analysis of antioxidants

in Astragalus [125] and injection of puerarin [77]. ECL is a

sort of CL, in that a light emission is produced by

a electrochemical reaction, and a Tris-(2,20-bipyridyl)

ruthenium (II) (Ru(bpy)3
21) reaction was usually involved.

Ru(bpy)3
21-based ECL detection was mainly concerned

with the determination of alkaloids containing tertiary

amine group [17, 24, 26, 27, 30, 32, 36] because

tertiary amine has high enhancement effect on Ru(bpy)3
21

ECL [304].

4.4 Electrochemical detection

Electrochemical detection (ECD) is an attractive alternative

to optical detection which is ideal for small dimensions of

capillaries used in CE and it would not be limited by the

short optical path length. The analytes that had no UV–vis

absorption or fluoresce could be detected using ECD

without derivatization. Usually, there are three modes of

ECD, i.e. amperometry, conductimetry, and potentiometry.

Among them, the first two modes were used more

frequently for phytochemical analysis.

Amperometric detection (AD) is the most extensively

reported ECD coupled with CE, which is accomplished by

applying a constant potential to working electrode and

measuring the current as a function of time. The applied

potential facilitates redox reactions of analytes, whereas

current output is proportional to the concentration of

analytes [305]. Usually, an end-column wall-jet configuration

without decoupling is employed using the capillaries of

typically 25 mm id (instead of 75 or 50 mm capillaries used in

optical detection). However, only electroactive compounds

could be detected by amperometric detection, and hence it

was usually applied to the detection of phenolic compounds

such as flavonoids and phenolic acids in herbal medicines to

improve the sensitivity [49, 55, 65, 67, 81, 82, 85, 92, 95–101,

108, 109, 113, 115, 118, 119, 121, 123, 124, 134, 154, 157,

216].

Conductometric detection measures the conductivity

between two inert electrodes. The presence of analytes in

BGE would cause a detectable change in conducted current

[306]. It is not selective and therefore well suited as a

universal detection. Conductometric detection can be

performed in contact and contactless form. The contactless

form, especially capacitively coupled contactless conductivity

detection (C4D), has been obtained more and more attention

in recent years. For C4D, there is no direct contact between

measuring electrodes and solution, and hence interference

of separation field with detector electronics and corrosion or

fouling of the electrodes can be eliminated [307]. C4D was

approximately seven times and two times more sensitive

compared with indirect and direct UV detection, respectively

[79].

4.5 MS detection

Hyphenation of CE and MS is a powerful technique for

chemical identification and confirmation. The analytes are

transferred from liquid phase of CE to gas phase for MS via

interfaces and many online interfaces involving sheath

liquid, sheathless, and liquid junction have been developed.

Although sheath liquid may reduce the sensitivity due to

dilution effect and additional background noise, almost all

CE-MS applications of phytochemicals in recent years

adapted this interface [9, 11, 12, 16, 25, 34, 43, 66, 103,

106, 111, 114, 117, 136, 158, 188, 189, 233] because it

allowed the postcolumn addition of chemicals to improve

ESI characteristics and ionization efficiency.

On the other hand, volatile electrolyte buffer is essential

for CE-MS to reduce background noise and not to suppress

ionization efficiency of analytes in ESI. Therefore, the most
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widely used BGEs for CE-MS are free acetic acid [11, 16, 34,

43], formic acid [11, 136], and their ammonium salts [9, 11,

12, 16, 25, 34, 43, 106, 111, 114, 158]. However, for some

compounds such as flavonoids, these BGEs could not

provide sufficient separation. Hence, boric acid–ammonia

buffer system was also used [66, 103, 117]. Though the use

of nonvolatile surfactant (e.g. SDS) is usually restricted to

MS, some new types of surfactants such as polysodium

N-undecenoxycarbonyl-L-leucinate (poly-L-SUCL) [188, 189]

and lauric acid [233], which are compatible with ESI-MS,

were introduced for MEKC-MS analysis.

5 Concluding remarks

Nowadays, CE and CEC have definitively established a

strong position in phytochemical analysis of herbal medi-

cines due to their high efficiency and great resolution. Many

efforts on preconcentration and more sensitive detection

had been made in order to improve sensitivity, which is one

of the major drawbacks of CE and CEC. Various separation

modes made CE and CEC to be powerful tools for

phytochemical analysis.
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[200] Petr, J., Vı́tková, K., Ranc, V., Znaleziona, J., Maier, V.,
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[227] Ba1kan, S., Daut-Özdemir, A., Günaydin, K., Erim, F. B.,

Talanta 2007, 71, 747–750.

[228] Zheng, C. Y., Liu, S. M., Li, H. T., Niu, W. Y., Ping, W. X.,

Chin. Pharm. J. 2007, 42, 1248–1251.

[229] Ganzera, M., Egger, C., Zidorn, C., Stuppner, H., Anal.

Chim. Acta 2008, 614, 196–200.

[230] Cao, J., Qu, H., Cheng, Y., Electrophoresis 2010, 31,

1689–1696.

[231] Wang, X. K., He, Y. Z., Qian, L. L., Talanta 2007, 74, 1–6.

[232] Verardo, V., Bendini, A., Cerretani, L., Malaguti, D.,
Cozzolino, E., Caboni, M. F., J. Food Qual. 2009, 32,

262–281.

[233] Zeng, Y., Wei, X., Xu, Y., Chem. Bull. 2010, 73,
814–818.

[234] Mi, X., Zhu, R., Chin. J. Chromatogr. 2010, 28, 209–214.

[235] Li, Y. L., Ding, C. X., Wang, H. L., Suo, Y. R., You, J. M.,
Chen, G. C., J. Anal. Chem. 2008, 63, 574–579.

[236] Wang, R., Wang, S. M., Liang, S. W., Xu, G. W., Weng,
Q. F., J. Chin. Med. Mater. 2007, 30, 946–950.

[237] Li, W. L., Chen, J. H., Yin, Y. F., Wu, F. Q., Yang, B. J.,
Yang, H. H., Wang, X. R., Chin. Pharm. J. 2007, 42,
1736–1740.

[238] Cao, J., Li, B., Chang, Y. X., Li, P., Electrophoresis 2009,
30, 1372–1379.

[239] Cao, J., Yi, L., Li, P., Chang, Y. x., J. Chromatogr. A
2009, 1216, 5608–5613.

[240] Ye, S., Wang, S. F., Qu, H. B., Cheng, Y. Y., Chin.
J. Anal. Chem. 2007, 35, 115–118.

[241] Cao, J., Qi, L. W., Chen, J., Li, P., Electrophoresis 2008,
29, 4422–4430.

[242] Du, H., Chen, X., J. Braz. Chem. Soc. 2009, 20,

1268–1274.

[243] Du, H., Chen, X. Q., J. Iran Chem. Soc. 2009, 6, 334–340.

[244] Jiang, T. F., Lva, Z. H., Wanga, Y. H., Yueb, M. E., Peng,
J. H., J. Anal. Chem. 2010, 65, 945–950.
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