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Stationary phases for capillary electrophoresis and
capillary electrochromatography

An overview of the most recent developments in column technology employed in capil-
lary electrophoresis (CE) and capillary electrochromatography (CEC), mainly for the

separation of small molecules and ions, is presented. Particular emphasis is laid on
permanent coating. The wall modification methods in CE include covalent modification,
adsorbed coatings and polymeric coatings, while those in CEC include packed col-
umns, open-tubular columns and fritless columns. A short discussion on the characteri-
zation and selectivity of the bonded phases is also given.
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1 Introduction

Capillary electrophoresis (CE) is now acknowledged as a
fast, powerful, efficient, cost-effective and high-resolution
separation technique. It has been mainly employed in the
field of analyzing biological macromolecules such as pro-
teins, peptides and nucleic acids. Recently, however, CE
has been increasingly applied to low molecular mass mol-
ecules and is being recognized as a powerful method for
the separation and simultaneous determination of small
molecules and ions [1—-11].

Capillary electrochromatography (CEC), a separation
technique that potentially combines the separation effi-
ciency of CE with the selectivity and sample capacity of
liquid chromatography (LC) has recently generated enor-
mous interest. The hybrid method was originally proposed
by Pretorius et al. [12] in 1974. However, CEC did not
attract much attention until it was demonstrated by Jor-
genson and Lukacs [13] using a packed capillary in 1981,
and when Knox and Grant [14—17] developed the theory
in the late 1980s and early 1990s. This interest is predom-
inantly generated as a result of the mobile phase trans-
port mechanism through the chromatographic stationary
phase in CEC, which is electrodriven instead of pressure-
driven and thus theoretically offers a number of important
advantages which are often realized through increased
efficiency values and improved resolution. It is now recog-
nized, however, that a number of significant advances
have to be made before CEC can fulfill its potential and
ensure a continued interest [18].

The selectivity of CE and CEC is based on three main
principles, namely chemical parameters, instrumental
parameters, and the capillary column itself. In the present
review, we provide a survey of various aspects of column
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technology both in CE and CEC with special emphasis
given to small molecules and ions. Considerable attention
is paid to developments in the last five years.

2 Capillary electrophoresis

The increase in selectivity is an important goal in all ana-
lytical techniques. The manipulation of the electroosmotic
flow (EOF) in order to optimize the efficiency N, the speed
of analyses, and the resolution R is one of the aims of
procedures of chemical surface modification. Capillaries
can be internally coated to alter selectivity, reverse EOF
or to reduce EOF. These coatings can be either perma-
nent (chemically bonded) or temporary (use of electrolyte
additives). The latter methods include dynamic coatings.
To rapidly separate anions by CZE, cationic surfactants
are often added to reverse the EOF. In choosing a surfac-
tant, the detection mode and detection wavelength are
important variables. The additives added may change the
buffer properties and are likely to result in poorer detec-
tion limits [19]. For example, benzyltrimethylammonium
bromide is UV active and would interfere with the analyte
signal with indirect UV detection. Also, the surfactant
counterion can interfere in the separation. It has been
shown that the system peak induced by the bromide pres-
ent in tetradecyltrimethylammonium bromide interferes
with thiosulfate determination, whereas the same surfac-
tant in the hydroxide form does not interfere [20].

Precipitation of surfactants with certain background elec-
trolytes (BGEs) at given pH values has been noted [21].
The work by Corr and Anacleto [22] showed that bonding
a capillary with strong anion-exchange sites is advanta-
geous when mass spectrometry (MS) is used for the
detection of inorganic anions, as current EOF modifiers
increase background noise and mass spectral complexity.
In other words, this approach of permanent coating was
very important for CE-MS work to prevent the large mole-
cules of polymeric modifiers from entering interfaces and
ion sources. Improvements in column technology have
therefore been one of the main trends in the development
of CE over the past few years.

For such an approach, the tubing material should have a
defined surface with regard to the concentration of sila-
nols. The presence or absence of contaminants of the
silica may change the EOF and the adsorptivity of differ-
ent types of charged or uncharged small and large polar
molecules. Therefore, many applications require a pre-
liminary step of etching or rinsing with strongly acidic or
basic aqueous solutions to which the coverage of the sur-
face by silanol groups is changed or made uniform in
order to achieve reproducible conditions of the EOF in dif-
ferent capillaries.
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2.1 Permanent coating

Bonded and packed capillaries are being used increas-
ingly in CZE, because permanent coatings are not usually
destroyed by rinsing with any of the aggressive rinsing so-
lutions that might be applied for regeneration of the capil-
lary surfaces. Any effect on selectivity will depend on the
nature of the bonded phase. Treated capillaries can offer
a wider accessible pH range, high selectivity and the need
for EOF reversal. Various types of coating layers can be
generated either by silanization of the SiOH as anchor
groups for the fixation of polar, neutral or ionic small and
larger oligomers or by multipoint adsorption of neutral and
charged polymers that can be cross-linked. lonic interac-
tion of cationic polymers or surfactant molecules with the
negatively charged surface may also be involved for fixa-
tion [23]. At present, different permanently coated CE ca-
pillaries with reproducible properties have become com-
mercially available, with either hydrophobic (alkylpolysi-
loxane) or hydrophilic (poly(ethylene glycol) and poly(vinyl
alcohol)) coatings and also charged coatings that are
fixed by covalent bonding or by strong adsorption and
cross-linking of polymeric layers. Several modification
techniques in the literature will be described in the follow-
ing sections.

2.1.1 Covalent modification

Permanent coatings are usually achieved by derivatiza-
tion of the capillary wall silanols followed by a covalent
binding of a material. From literature dealing with the
preparation of chromatographic stationary phases, both
halo and alkoxy silanes may be coupled to surface sila-
nols through one or more siloxane (Si-O-Si) bonds as
seen in the following reaction [24]:

| LHs
(|:H3 SiOH SiO-Si—(CH)X
Y—Sli—(CHz)s—X + — “CH;
CH, SiOH _CHs
Si0—Si—(CH,)sx
CH,
(i) with monofunctional silane
Y
_ SiOH SiO~|
(V)=Si~CH):—X + — Si—CH2s+X
SiOH Sio”

(i) with polyfunctional silane
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where Y is a halo or alkoxy group and X is either a glycid-
oxy [25] or amino group [26]. Neither glycidoxy- nor amine-
derivatized capillaries are used directly for electrophore-
sis. In the literature, many glycidoxy-derivatized capillar-
ies have been either converted to the glyceryl derivative
or substituted with another hydrophilic substance accord-
ing to the reaction

of BF;- ET,0
-O-CH,CH-CH, + HO-R —————- — -0-CH,CH-CHOH-CH,-O-R

where R may be -H, -CH,CHOHCH,OH (glycerol), or
-(OCH.CH,),,OH (polyoxyethylene).

Liu and co-workers [27] have used 3-glycidyloxypropyltri-
methoxysilane to produce capillaries containing 24-mem-
bered macrocyclic polyamines, [24]ane-Ng, for the sepa-
ration of inorganic and organic anions, geometric isomers,
polycarboxylates and polyphosphates. With the same
strategy, capillaries containing 28-membered macrocyclic
polyamines, [28]ane-NgO,, have also been prepared for
the separation of metallocyanide, inorganic and organic
anions, as well as metal speciation [28-30]. The column
preparation is shown in Fig. 1. 3-Glycidyloxypropyltrime-
thoxysilane was also used by Lee and co-workers [31] to
produce diol-bonded capillaries at room temperature for
CZE. A variety of standard reference compounds and
authentic biological samples including ribonucleo-tides,
peptides and proteins were used to test the columns. It
was found that a greatly suppressed EOF was measured
over a pH range of 3—10.

Several other simple silanes, such as octadecylsilane [32]
have also been examined. Maltose and pentafluoroben-
zoic acid were coupled to y-aminopropylsilane derivatiza-
tion capillaries [33]. The limitation of the simple silane
coatings is the limited hydrolytic stability above pH 8.
Anchor groups, e.g., silanol groups, may also be used to
bond molecules which contain functional groups for vari-
ous types of chemical bonding.

2.1.2 Adsorbed coatings

Adsorbed coatings can be formed either through electro-
static interactions or hydrogen bonding. When the surface
of silica is derivatized with an alkyl silane, it is possible to
adsorb substances through hydrophobic interactions.
Questions that must be considered are whether the
chemical and physical properties are compatible with the
separation process. Although low-molecular-weight addi-
tives can be used as an adsorbed coating, adsorbed coat-
ings are generally oligomers or polymers. Usually high
concentration and high molecular weight produce thicker
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layers. Thicker coatings probably reduce both EOF and
shield the surface more effectively than thin coatings [34,
35].

Neutral and hydrophilic methylcellulose was one of the
first adsorbed polymers used in CE. Adsorbed methylcel-
lulose coatings have been used effectively in both CZE
and isoelectric focusing [35]. In addition, various molecu-
lar sizes of polyvinyl alcohol, and polyvinyl pyrrolidone
have been also used to create adsorbed, hydrophilic coat-
ings [36]. Thin-film coatings of cellulose acetate on the
surface of fused-silica capillaries were tested for the sep-
aration of proteins by CZE. But the coating is destroyed
above pH 7.5 and, therefore, cannot be recommended for
CZE at alkaline pH or for isoelectric focusing [37].

When polyamine is added to the running buffers and the
solution is forced through a capillary, the adsorbed polya-
mine causes the surface of the column to acquire a posi-
tive charge and the EOF is reversed. A polyethyleneimine
(PEI) coating on the inner surface of fused-silica capillar-
ies for CE separation of proteins and peptides is reported
by Bedia Erim et al. [38]. Four polycationic polymers,
including polyethyleneimine 1,5-dimethyl-1,5-diazaunde-
camethylene polymethobromide (Polybrene), poly(meth-
oxyethoxyethyl)ethyleneimine and poly(diallyldimethylam-
monium chloride) were examined by Cordova et al. [39]
as noncovalent coatings for capillaries in CE separation
of proteins to limit the adsorption of proteins on the walls
of fused-silica capillaries.

Cationic polyelectrolytes employed for EOF reversal also
include polyarginine [40], chitosan [41], poly(diallyldi-
methylammonium chloride) [42], and PEI [43]. However,
it has been documented that the electroosmotic mobility
deteriorates during use. Huber and co-workers [44] re-
ported CE separation of peptides and proteins in fused-
silica capillaries coated with derivatized polystyrene nano-
particles. Recently, a successive multiple ionic-polymer
layer coating was provided by Katayama et al. [45]. An
anionic polymer was tightly fixed to the capillary wall by
the successive multiple ionic polymer layer (SMIL) coat-
ing, in which a cationic polymer was sandwiched between
the anionic polymer and the uncoated fused silica capil-
lary by noncovalent bonding. The coating procedures are
shown in Fig. 2.

The coated capillary showed a long lifetime for the CE
separation of proteins and mixtures of cationic, anionic
and neutral amino acids. With this coating, the separation
of cresol isomers was also achieved by micellar electroki-
netic chromatography. Katayama et al. [46] further modi-
fied the SMIL coating and developed a stable cation-
modified capillary in order to extend its application to the
basic analytes. Triple layers of the ionic polymers were



Electrophoresis 2001, 22, 612—-628

Stationary phases for CE and CEC 615

(a) m TsCl.ETN ,S—\Q @ Te=CHiCeH.SO,
CH,Cl,. 40°C *Ms = CH,SO
H sz%rw FeS0
CICH.LH,0CH,CH,0H
ET,N in DMF, 110°C
NaH| 25°C
nDMF | 05hr

Ts
(D <’ ‘Q av
TsNNa  NaNTs

MsCI n <:H,Ct2
ET,N 18T, 2hr

c”?%\

COMS MlO

in DMF, 110G, 20 v

Ts

PhOH

—_—
33%HBr /AcOH
U WC. 14hr

110°C, 3 hr SiO~
{0

® e

[28}aneNgO,

OH l\‘
120°C. 10 hr t:‘o\s,(cH,‘,)SOCHZCHCHz N @
Hj

iO’b

s.(c|-4,)3ocr42<§|-&::-a2
(CHao)ss.(Cszocr-izéa\:Hz CHa

Figure 1. Procedure for covalent
surface modification of the fused-
silica capillary column. (a) Synthe-
sis of 4, 8, 12, 18, 22, 26-hexaaza-

% O & O

1,15-dioxacyclooctaeicosane ([28]ane-
NeOy). (b) Surface modification of
the fused-silica capillary column.

L+ fused silica (75 um id)

formed by attaching Polybrene as a third layer to which
an anionic polymer such as dextran sulfate, alginic acid,
or hyaruronic acid, was worked as an adhesion material
for Polybrene. Graul and Schlenoff [47] also showed that
multilayer-coated columns exhibit many desirable fea-
tures in addition to ease of construction and reproducible
control of EOF. The multiplayer coatings consisted of 6.5
layer pairs, where the first 3.5 layer pairs were deposited
with no salt and the last 3 with 0.5 m NaCl. A layer pair
means a layer of cationic polymer, (poly(diallyldimethyl-

Reprinted from [28], with permis-
sion.

ammonium chloride)) plus a layer of anionic polymer,
(poly(styrene sulfonate)).

2.1.3 Polymeric coatings

The polymer coating procedure can be applied to surfa-
ces on which chemical bonding cannot be achieved,
when performed by cross-linking of suitable presynthe-
sized oligomers containing in variable concentrations
those functional groups which are important for the chro-
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Figure 2. Successive multiple ionic polymer layer coat-
ing procedure. (a) Activation of the silanol groups. (b)
First layer coating. (c) Second layer coating. Reprinted
from [45], with permission.

matographic process [23]. This is achieved by cross-link-
ing of prepolymers or by polymerization of monomers in
situ on the nonporous or porous surface. Polymers con-
taining functional groups which may undergo additional
chemical bonding to the surface are also known and may
be suitable to form polymeric stationary phase coatings
which are more stable than those which are cross-linked
only [48].

Some polymers can be chemically bound to the inner wall
of the capillary to give a permanent positive charge on the
surface. Such a surface modification leads to the anodic
direction of the EOF without the use of modifiers. Burt
and co-workers [49] have separated inorganic anions by
CZE with capillaries coated by an azetidinium ion-based
reactive polyamide resin using a buffer also containing
triethanolamine. The chemistry of the reactive resin is
shown in Fig. 3. Polyamines adsorbed to a silica surface
may also be cross-linked into a permanent coating [43].
This coating behaves as an anion exchanger.

Silica-containing surfaces, such as the inner wall of a
quartz or fused-silica capillary used in CE, are activated
by a suitable linking agent which combines with the silanol
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Figure 3. The chemistry of the reactive polyamide resin.
Reprinted from [49], with permission.

groups on the surface to form Si-O-Si linkages leaving
vinyl or acryl groups on the linking agent to form a poly-
meric coating over the surface. Thermal polymerization of
the N-carboxyanhydride of glutamic acid-5-methyl ester
was used to coat microparticulate silica and the surface of
capillaries with poly(methylglutamate) [50].

Lee and co-workers [51] presented a simple method for
polymer-coating of fused-silica capillary columns for elec-
trophoresis. In the static coating technique used in GC,
the coating solution contains a polymer, a surface deriva-
tization reagent and a cross-linking reagent dissolved in a
suitable low-boiling solvent. After coating, the column is
subjected to heat treatment to immobilize the polymer
film. Nakatani et al. [52] prepared a fused-silica capillary
deactivated by coating with linear polyacrylamide through
Si-C linkages and showed that it was more stable even
under alkaline conditions and markedly reduced EOF
than linear polyacrylamide through siloxane linkages. In
transferring coating procedures from silica liquid chroma-
tographic phases to capillary surfaces, it was possible
to prepare stable polymeric coatings. Bonded cation ex-
changers prepared in this way exhibited a pH-independ-
ent flow property, while using bonded anion exchangers,
reversal of EOF is possible [53].

Among the bonded material in the literature, polyacryl-
amide is one of the most popular and successful for a-
chieving good protein separation. However, at high pH
the amindo bonds in polyacrylamide can hydrolyze, lead-
ing to degradation of the attached polymer and a loss of
column performance [54]. CE separations of high effi-
ciency and resolution were obtained using poly(acryloyla-
minoethoxyethanol)-coated capillaries. The polymer was
covalently attached to a silica surface previously modified
with a 3-methacryloyloxypropyl functionality. The lifetime
of the new type coating used at pH 8.5 was more than
twice that of conventional polyacrylamide [55]. The high
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stability can be attributed to N-substituted ethoxy or etha-
nol acrylamide and carbon silicon bond which both pro-
vide resistance to hydrolysis. The same coated capillary
was also used for DNA fragment analysis [56]. Chiari
et al. [57] reported that poly(N-(acroylaminoethoxy)ethyl-
B-b-glucopyranose was demonstrated to be even more
stable.

Epoxy resins, combined with a cross-linker, were coated
on organosilane-modified fused-silica capillaries. After
cross-linking, a tough three-dimensional network was at-
tached to the capillary surface via Si-O-Si-C bonds. The
most effective coating consisted of epoxy resins cross-
linked with diaminophenylmethane, which was stable over
the pH range 2-12 and suppressed protein adsorption
effectively [48]. Poly(methacryloyloxypropylhydrosilane)
was developed and used as both a deactivating layer and
an intermediate layer for stable coating of an uncharged
polymer on fused silica capillaries in CE separation of pro-
teins [568]. Van Tassel et al. [59] presented a method of
controlling protein adsorption during CE which involves
the placement of a thermally treated monolayer of ad-
sorbed fibrinogen on the internal surface of the fused-
silica capillary. The protein-coated capillaries exhibit an
electroosmotic mobility that was 30% smaller than those
of bare capillaries and stable over several measurements.
The protein-coated capillaries will probably be useful in
bio-separations. Poly(2-aminoethylmethacrylate hydro-
chloride) was chemically bound onto the fused-silica cap-
illary inner wall for the CE separation of basic proteins
and drugs [60]. Organic polymer capillaries, polybutylene-
terephthalate, ethylene/ vinylacetate, polymethylmetha-
crylate and nylon were tested by Bayer and Engelhard
[61] for their suitability as column material in CE for the
separation of protein/peptide. Shao et al. [62] reported
the preparation of columns including cationic, neutral and
anionic polymeric-coated columns for the separation of
biomolecules. It was found that separations of multivalent
biomolecules were difficult using charged-surface col-
umns because of either strong adsorption or high electro-
phoretic mobilities.

3 Capillary electrochromatography

The high efficiency of CE can be combined with the high
selectivity of micro-HPLC and the end result is a hybrid
technique known as capillary electrochromatography (CEC).
This technique utilizes columns that are similar to those
used in micro-HPLC but the mobile phase is driven by an
electric potential as in CE. CEC is considered to be com-
plementary to other electroseparation techniques such as
capillary electrophoresis, capillary gel electrophoresis
and capillary micellar electrochromatography [17]. CEC
has been applied for separating a wide range of com-
pounds with high-resolution power as summarized in
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some reviews [53, 63—70]. In 1991, Knox and Grant [16]
reported a tentative preparation of reversed-phase col-
umns by chemical modification of drawn packed capillar-
ies. This pioneering work has encouraged scientists to
explore the possibility of preparing high-quality, laborato-
ry-made columns of variously modified stationary phases.

Applications performed by CEC in all its modes, namely
packed-column CEC, open-tubular CEC and pressure-
assisted CEC, were reviewed recently by Colon et al.
[66], Cikalo et al. [68], as well as by Dermaux and Sandra
[72]. Recently, a review by Pursch and Sander [73] sum-
marized the variety of stationary phases that have been
employed for CEC separations. About 70% of CEC
research utilizes C18 stationary phases designed for
HPLC, but an increasing number of new materials, e.g.,
ion-exchange phases, sol-gel approaches, organic poly-
mer continuous beds, are under development for use in
CEC. Novel aspects of these different materials including
the ability to promote EOF, phase selectivity and activity
for basic solutes are also discussed. Since the stationary
phase is the heart of this technique, improvements in col-
umn technology will be of prime importance for the contin-
ued growth and development of CEC.

3.1 Packed capillaries

3.1.1 Basic developments

In packed columns, a stationary phase is chemically
bonded to a support particle that is then packed into a
fused-silica tube of dimensions similar to those used in
CE. Most of the reported work relating to CEC separa-
tions has been focused on the use of reversed phases
[73-80]. However, materials which are suitable for HPLC
may not in all cases be suitable for CEC [66]. In liquid
chromatography the remaining silanol functions are not
favorable for separating basic compounds due to unde-
sired ionic and/or hydrophobic interactions, hence they
are usually endcapped by trimethylsilylation. However,
such end capping is undesirable in CEC, since the
decrease of the density of the silanol group causes reduc-
tion of the velocity of EOF due to the decrease of negativ-
ity on the particle surface. Some manufacturers (Waters,
Hewlett-Packard, Supelco and others) are now providing
chromatographic material that has been specifically
designed for CEC. Several groups have reported separa-
tions on ion-exchange column packing material [80-93],
on size-exclusion stationary phases [94], and on chiral
stationary phases [95-97]. Djordjevic et al. [90] prepared
mixed bed stationary phases by blending bare silica and
reversed phase. They also studied the retention behavior
of neutral compounds in CEC.

Mixed packing CEC with the stationary phase comprising
a mixture of strong cation exchanger (SCX) and octade-
cylsilane (ODS) phase was developed by Zhang et al.
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[91]. With the existence of a sulfonic acid group on the
surface of SCX, not only could the EOF remain high at
low pH, but also the hydrophilicity of the stationary phase
was increased greatly, leading to broad adaptable ranges
of both pH and organic modifier concentration in the
mobile phase. At the same time, with the coexistence of
C4g on the surface of ODS, both the retention and the res-
olution of samples were improved. The columns were
used for the analysis of strong polar solutes as well as for
the high-speed separation of acidic, basic and neutral
compounds in a single run. Recently, Ye et al. [92] re-
ported the preparation of a column packed with an SCX
packing material and dynamically modified with cetyltri-
methylammonium bromide (CTAB), which was added to
the mobile phase. CTAB was adsorbed onto the surface
of the SCX packing material, and the resulting hydropho-
bic layer on this packing was used as the stationary
phase for the separation of neutral solutes. A mixture con-
taining the acidic, basic, and neutral compounds was also
separated in this mode with a low-pH mobile phase; how-
ever, peak tailing for basic compounds was observed.

Hoffman and Dovletoglou [98] reported the transition
metal-mediated separation of isomeric pneumocandins
by CEC using capillaries packed or coated with ODS par-
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ticles (C18) or with glycerol bound to silica through a car-
bon chain linker. They found that the separation achieved
with the glyerol-coated capillary was much better than the
separation achieved with the C18 coated or C18 packed
capillaries. Suzuki et al. [99] prepared chemically bonded
silica gels by pumping an ethanolic solution of a silylating
reagent, such as octadecyltrimethoxysilane, 3-aminopro-
pyltrimethoxysilane and dimethyloctadecyltrimethoxysilyl-
propylammonium chloride into a heated capillary packed
with bare silica particles. The silylation reactions were
completed in a short time and columns so prepared
showed high column efficiency and high reproducibility.
Examples are shown for the separation of 1-phenyl-3-
methyl-5-pyrazolone (PMP) derivatives of aldopentoses
on a 3-aminopropylated silica column (Fig. 4) and ben-
zoate homologues as well as PMP derivatives of the com-
ponent monosaccharides of glycoproteins on an octade-
cylammonium column (Fig. 5). The advantage of in-
column derivatization is simultaneous introduction of ionic
groups to both packing materials and capillary inner wall.
In this paper, the authors fixed the bed of modified silica
gel particles to the capillary inner wall by a cross-linking
technique to solve the drawback of frit making. The sepa-
ration of dimethylphthalate and thiourea was rather good
as compared to that on a column with frits.
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Figure 4. Comparison of the separation of 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatives of
aldopentose isomer on various columns. Columns prepared (a) by in-column 3-aminopropylation of
Nucleosil silica gel; (b) by packing a commercial sample of amino silica, Develosil NH,, in an APTMS-
treated capillary; (c) by packing Develosil-NH, in an uncoated capillary. Eluent, (25 mm HEPES-
NaOH, pH 6.0)-acetonitrile (2:1 v/v); sample concentration, 50 nmol in 100 uL of eluent; injection,
-2 kV for 3 s (from the cathodic end); applied voltage, —20 kV; detection, UV absorption at 245 nm.
Peaks: Ara, p-arabinose; Xyl, b-xylose; Rib, p-ribose; Lyx, p-lyxose, all as PMP derivatives. Reprinted

from [99], with permission.
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Silica particles coated with a mixture of sulfonic acid
groups or amino groups and alkyl chain moieties were
also reported [85, 100]. The alkyl chains with sulfonic acid
groups at low pH will give cathodal EOF, while those with
amino groups at low pH will give anodal EOF. Huang et
al. [100] used a mixed-mode packing and voltage tuning
for peptide mixture separation in pressurized CEC
(PCEC) with an ion trap storage/reflection time-of-flight
mass spectrometer detector. PCEC is a novel analytical
method in which both pressure and electric field are
applied to a packed capillary to achieve separation of
analytes [101]. PCEC combines various aspects of CEC
and LC. In PCEC, an EOF caused by the voltage is
superimposed on a pressure-induced hydrodynamic flow.
Therefore, the separation efficiency is intermediate be-
tween that of pure CEC and LC. The major advantages
over pure CEC include the stability of the mobile phase
flow due to bubble suppression, the increased speed of
separation, and the enhanced selectivity for charged par-
ticles. The macrocyclic antibiotics vancomycin and teico-
planin, widely used as chiral selectors in HPLC, have also
been employed in packed CEC [102—-104].

3.1.2 Packing methods

Several protocols have been reported for the fabrication
of packed capillary columns for CEC. Colon et al. [105]
reported that one can still consider column fabrication in
CEC as an art. As in HPLC, variables affecting column
packing include quality of packing material, slurry compo-
sition, packing procedure, velocity at which particles

octadecyltrimethoxysilylpropy-
lammonium chloride. Reprin-
ted from [99], with permission.

arrive to the accumulating bed, and the characteristics of
the tube to be packed. A reliable and reproducible column
performance depends on the column fabrication. The fab-
rication of a typical packed column for CEC is schemati-
cally presented in Fig. 6 [105].

Columns that have been packed poorly can lead to low
efficiency, poor resolution and asymmetric peak shapes.
Packing CEC columns is really a skill that requires experi-
ence. Five different packing methods are discussed by
Colon and co-workers [105] to deliver packing material
into the capillary column: slurry pressure packing, packing
with supercritical CO,, electrokinetic packing, using cen-
tripetal forces, and packing by gravity. Entrapment of par-
ticulate material by sintering and sol-gel technology is
also mentioned. The efficiency of columns packed by the
different procedures mentioned above varies considera-
bly. Colon et al. [105] reported that electrokinetic packing
is the simplest and easiest method to implement and use.
In general, the preference of which method to use seems
to depend on the familiarity of a particular procedure in a
given laboratory.

The performance of bed-retention frits in CEC is likely the
most important experimental parameter influencing bub-
ble formation. A variety of approaches to frit preparation
have been reported [67, 73, 106, 107]. However, good
quality frits can be difficult to achieve, especially when
small particles (i.e. < 3 um particle size) are used.
Recently, Cassidy and co-workers [106] reported the
preparation of porous silica frits via spot-heating of a sili-
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cate solution, and the effects of several experimental
parameters on their performance. Zare and co-workers
[107] reported that macroporous polymer frits can be fab-
ricated in fused-silica capillaries by the UV photopolymeri-
zation of a solution of glycidyl methacrylate and trimethyl-
olpropane trimethacrylate. This in situ preparation is a
simple, rapid, and reproducible process.

3.2 Open-tubular capillaries

There are some fundamental problems in using packed
columns. The first is the difficult fabrication of the frits
used to hold the packing materials in place. Another draw-
back is the tendency to form bubbles around the packing
material or at the frit during the electrochromatographic
run. These would result in an unstable baseline, nonre-
producible migration times or the interruption of current in
the system. Therefore, several alternatives have been
developed such as the solvent can be thoroughly de-
gassed and pressure applied to one or both buffer vials
[108, 109], with low concentrations of electrolytes and/or
a high proportion of organic solvent in the buffer [16, 110],
with zwitterionic species buffer [111] or the addition of
surfactants to the buffer [112]. An alternative approach to
packed columns has been developed in order to over-
come these problems. The simplest solution would be to
bond the appropriate moiety to the wall of the capillary
and utilize solute/bonded phase interactions in a manner
similar to open-tubular GC [113—-117]. However, the first
approach to open-tubular CEC was reported by Tsuda
et al. [118]. The column used was fabricated by drawing

st

delection window

Electrophoresis 2001, 22, 612—-628

Figure 6. Representation of the
steps involved in the column
fabrication processes. (A) Tap-
ping empty column into a con-
tainer with wet silica material.
(B) The silica material in place
ready to fabricate a temporary
frit. (C) Formation of the tempo-
rary frit with a heating element.
(D) Flushing out the excess of
silica material in the column
after temporary frit is formed.
(E) Packed capillary pressurized
with water to form the retaining
frits with a heating element.
(F) A fabricated column with frits
and detection window in place.
Reprinted from [105], with per-
mission.

— %

Pressure
(H20)

large bore soda-lime tubes, treating the inner surface with
NaOH, and attaching the stationary phase (i.e., ODS) at
the inner surface through silane chemistry. A series of
hydrocarbons was separated in this way using acetoni-
trile/water as the mobile phase and applying 13 kV as the
separation voltage.

Mayer and Schurig [119, 120] reported the use of a cyclo-
dextrin-coated capillary to resolve the enantiomers of
binaphthyl derivatives and 1-phenylethanol using a phos-
phate-borate buffer at pH 7.0. Recently, Schurig and co-
workers [121] have also performed an efficient enan-
tiomer separation by pressure-assisted, micropacked
CEC which was carried out using a permethyl--cyclodex-
trin-modified silica. Liu and co-workers [122] demon-
strated that a bonded phase capillary column containing
hydroxamate functional groups could be used for the sep-
aration of transition metal ions. Macrocyclic polyamine-
bonded phases have also been prepared and evaluated
for their use in the electrophoretic separation of organic
and inorganic anions and metal ion speciation [27-30]. A
highly selective property can be attributed to anion com-
plexation, anion exchange and reversal of the EOF pro-
vided by the wall-bonded functional groups. Supercom-
plex formation resulting from the second-sphere inter-
action between metallocyanide and polyamine was also
indicated (Fig. 7) [28].

The effect of macrocycles on the separation of aromatic
acids is shown by the electropherograms in Fig. 8 [29]. In
the work of CEC separation of metal ion species with on-
line detection by inductively coupled plasma MS, Liu and



Electrophoresis 2001, 22, 612—-628

A
25
Fe(CN),H
P
20 / .
E jo Y FeCyg
£ s
© 15 - £
E { Fe(CN) 4
- "
5 O )
'-g 10 / Fe(CN),*
5 ! aw
= ASKY g =B e,
5 N =
-20 kV
0 T T T T T T 1
4 5 6 7 8 9 10 11
pH

co-workers [30] found that the matrix effect of the estab-
lished system with the macrocyclic polyamine bonded
phase was smaller than that with bare fused silica (Fig.
9). However, one significant drawback of this method is
its low loading capacity since only the inner wall is availa-
ble as a site for coating or bonding a stationary phase;
very low EOF can be another problem, especially for neu-
tral solutes, if the capillary wall is coated or derivatized.

The use of liquid crystals as a separation material in
HPLC is rapidly gaining interest. Recently, two liquid crys-
tal compounds, cholesterol-10-undeceneoate and 4-
cyano-4'-pentoxybiphenyl, attached to the inner wall of a
fused-silica capillary, were reported by Pesek and co-
workers [123] as a separation medium evaluated by elec-
trochromatographic experiments using mixtures of pro-
tein, pyrimidine/purine bases and a nucleoside, benzodia-
zepines, the synthetic and metabolic compounds of
serotonin, and other small basic molecules. Pesek and
Matyska [124] gave a thorough review involving the etch-
ing of the inner wall of the capillary in order to increase
the surface area by a factor estimated to be up to 1000
followed by chemical modification to provide the desired
selectivity. The chemical modification process used for
attaching organic moieties is the silanization/hydrosilation
method through a stable silicon-carbon bond [125].

3.3 Fritless columns

A new generation of columns that holds great potential for
CEC consists of a continuous bed inside the column.
Continuous beds were first prepared by Hjertén et al.

Migration time (min)
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B
. :z“‘ Figure 7. (A) Migration time of
= g metallocyanides as a function of
S = pH. Column, covalent surface mo-
o5

dification with polyamine, [28]ane-
NeO> fused-silica capillary (50 cm
X 75 um ID); background elec-
trolyte, 10 mm phosphate buffer;
sample concentration, [Fe(CN)s>:
10 um; [Fe(CN)e*1: 2 um;
sample injection, electrokinetic
(=10 kV, 10s); detection, direct
UV at 220nm. (B) Separation
of metallocyanides. Conditions
f T T as in (A), except electrolyte
0 5 10 pH of 10.4 and applied voltage
—20 kV. Reprinted from [28],
with permission.

[126] in 1989 for use in LC, later a similar procedure was
applied by Svec et al. [127]. Now a number of reports
have been published describing capillaries prepared by in
situ polymerization of organic monomers [128-138]. This
eliminates the need of frits in the column, and all prob-
lems associated with their preparation. Schmid et al.
[139] reported the preparation of on-column frits in
packed fused-silica capillaries by sol-gel technology. Lee
and co-workers [140] proposed a method for preparing
monolithic capillary columns. A fused-silica capillary
packed with porous ODS particles using CO, slurry was
partially filled with a siliceous sol formed by hydrolysis
and polycondensation of tetramethoxysilane and ethyltri-
methoxysilane. After gelling and aging of the siliceous sol
at room temperature, the column was dried with supercrit-
ical CO,. The scanning electron micrograph of a cross-
section of the capillary column revealed that the ODS par-
ticles were bonded to each other and to the column inner
wall by the sol-gel, forming a monolith. The monolithic col-
umn was evaluated for CEC, using small aromatic com-
pounds and polycyclic aromatic hydrocarbons with Tris
buffer in an aqueous acetonitrile mobile phase.

Recently Lee, and co-workers [141] also reported the
preparation of continuous-bed columns of 200 um inner
diameter containing sol-gel bonded small-pore and large-
pore ODS particles. It is exprected to have high commer-
cial potential or usage as a CEC packing, although it was
employed only for capillary liquid chromatography. Tang
and Lee [142] also prepared the sol-gel bonded packing
materials in continuous-bed columns for CEC. The proce-
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Figure 8. Electrophoretic separation of aromatic acids.
Conditions: column, fused-silica capillary (50 cm X 75 um
ID) with covalent surface modification using macrocyclic
polyamine, [28]ane-NgO», sample injection, 3 mL syringe
for 2 s; background electrolyte, acetate (20 mm, pH 4.5);
applied voltage, —20 kV; detection, at 220 nm; sample
concentration, 10 um for each, except 3-hydroxy-2-naph-
thoic acid which was 5 um. Peaks: 1, pyromellitic acid;
2, trimellitic acid; 3, 2,6-pyridine-dicarboxylic acid; 4, o-
phthalic acid; 5, m-phthalic acid; 6, p-phthalic acid; 7, sali-
cylic acid; 8, mandelic acid; 9, p-sulfanilic acid; 10, ben-
zoic acid; 11, 3-hydroxy-2-naphthoic acid; 12, gallic acid;
18, p-anisic acid; 14, p-hydroxybenzoic acid. Reprinted
from [29], with permission.

dure for preparing sol-gel bonded continuous-bed col-
umns is depicted in Fig. 10. They found that columns con-
taining sol-gel bonded large-pore packing materials gave
significantly higher efficiency but lower retention than
those with small-pore packing materials. Sol-gel bonded
particles with mixed-mode stationary phases generated
stable EOF over a wide pH range and can be used for fast
separations at low pH; however, they demonstrated
strong interaction with basic compounds.

Monolithic materials have quickly become a well-estab-
lished stationary phase format in the field of CEC. Both
the simplicity of their in situ preparation method and the
large variety of readily available chemistries make the
monolithic separation media an attractive alternative to
capillary columns packed with particular materials.
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Recently, a review focus on monolithic capillary columns
prepared from synthetic polymers was presented by Svec
et al. [143, 144]. Various approaches employed for the
preparation of the monoliths are detailed and the material
properties of the resulting monolithic capillary columns
are shown. Their chromatographic performance is dem-
onstrated by numerous separations of different analyte
mixtures in varying modes.

Another continuous polymeric network using molecular im-
printing for the preparation of chiral sorbents was shown
recently. Molecular recognition-based systems have re-
ceived much attention in various fields because of their
high selectivity for target molecules. Molecular imprinting
has been recognized as a promising technique for the de-
velopment of such systems, where the molecule to be
recognized is added to a reaction mixture of cross-link-
er(s), solvent(s), and functional monomer(s) that possess
functional group(s) capable of interacting with the target
molecule. Binding sites in the resultant polymers involve
functional groups originating from the added functional
monomer(s), which can be constructed according to the
shape and chemical properties of the target molecules.
After removal of the target molecules, these molecularly
imprinted complementary binding sites exhibit high selec-
tivity and affinity for the template molecules. The resolu-
tion obtained from CEC seems to be better than the
results of HPLC [145].

Recent developments in CE have been reviewed by
Schweitz et al. [146], Takeuchi and Haginaka [147] as
well as by Remcho and Tan [148]. Schweitz et al. [149]
used an in situ photo-initiated polymerization process to
prepare a molecular imprinting polymer for the separation
of the enantiomers of ropivacaine as well as structural
analogs mepivacaine and bupivacaine. A simple and
quick method for the in situ preparation of monolithic
molecularly imprinted flow-through polymers was also de-
scribed by Schweitz et al. [133]. Enantiomeric resolution
of dansyl amino acids with simultaneous noncovalent mo-
lecular imprinting of two chemically distinct functional
monomers, vinylpyridine and methacrylic acid, was dem-
onstrated in ethylene glycol dimethacrylate-based copoly-
mers [150].

4 Characterization

4.1 Capillary electrophoresis

The characterization of capillaries before and after modifi-
cation is extremely difficult. In GC and LC, numerous
standard tests and test mixtures are available for charac-
terizing stationary phases. Furthermore, especially in LC,
there are many independent physicochemical methods
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such as elemental analysis, FTIR or NMR to obtain defini-
tive information on surface modification. However, the
total length of the CE capillary columns is conventionally
less than 1 m. The corresponding inner surface area is
less than 1072 cm?. Therefore, the change in the EOF
caused by the coating is generally viewed as the major
characteristic property. Moreover, since most coatings
were developed to suppress protein-wall interactions, it is
not surprising that the separation of protein standard mix-
tures serves as an index of the effectiveness of the sur-
face modifications achieved.

Engelhardt and Cunat-Walter [151] used plate numbers
achieved in capillary electrophoretic protein separations
for characterization of capillary coatings. But plate num-
bers for proteins are not a good measure for comparing
the efficiency of surface coatings in CE, and should be
used only when all measurements are made under identi-
cal conditions with the same instrument. Kaupp et al.
[152] reported that it was possible to characterize the
inner surfaces of CE capillaries by scanning electron
microscopy (SEM). However, it is impossible to investi-
gate coated capillaries using SEM. The use of atomic
force microscopy (AFM) is advantageous: grooves were
found that were down to 500 nm deep using this tech-
nique [153]. However, AFM can provide topographical but
not chemical information about the surface. Pesek et al.
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[154] utilized a more sensitive mercury-cadmium-telluride
detector to apply diffuse reflectance infrared Fourier
transform (DRIFT) measurements to the etched chemi-
cally modified capillaries.

4.2 Capillary electrochromatography

Recently, a review article by Pesek and Matyska [124] de-
scribed that an etched inner surface of the fused-silica
tube can be characterized spectroscopically by DRIFT
and EOF measurements. Porous silica-bonded phases
can be characterized by a variety of techniques such as
DRIFT, solid-state cross-polarization magic angle spin-
ning (CP-MAS) NMR, photoelectron spectroscopy
(ESCA) and optical methods such as UV-visible or fluo-
rescence spectroscopy. SEM has been used for the char-
acterization of particle-loaded monolithic sol-gel columns
by Dulay et al. [155] and the fabrication of silicate-en-
trapped columns by Chirica and Remcho [156]. Recently,
Ratnayake et al. [157] reported the preparation of parti-
cle-loaded monolithic sol-gel columns and characterized
the basic construction, electrical properties and specific
permeability of these columns. Pullen et al. [158] reported
the preparation of octadecyl-derivatized fused silica and
characterization the surface property by AFM.

5 Column performance

5.1 Capillary electrophoresis [23]

The efficiency of CE separations can be described by
plate heights H or the number of theoretical plates N as
follows:

_l_ (Meo + Mep) V' /
NiHi 2DL (1)

where e, and e, are the electroosmotic mobility and
electrophoretic mobility, respectively, Vis the applied volt-
age, /is the capillary length to the detector, D is the diffu-
sion coefficient, and L is the total capillary length. The res-
olution R can be described by the equation

i
Heo Hep

where Ay is the mobility difference. These equations indi-
cate what influence changes in the EOF, that occur with
surface modifications for the suppression of analyte-wall
interactions, may also have on the efficiency and resolu-
tion of an electromigration separation with a separation
factor o

(Hep)z (3)

*= (Uep)+
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5.2 Capillary electrochromatography [159]

The van Deemter equation in CE is H = B/u, while that in
CEC is not the same. Because CEC involves the use of a
stationary phase, the principles of band broadening are
similar to those occurring in conventional liquid chroma-
tography. Therefore, the plate height can be expressed
using a modified van Deemter plate height equation:

H= Ady(udy/ D) + Blu+ Cudy? / Dy )

where A, B and C are constants, u is the linear velocity,
Dy, is the particle diameter, and Dy, is the diffusion coeffi-
cient. The A-term in the plate height equation relates to
the diffusion arising from different flow paths that solute
molecules can take through the packed bed. This so-
called “eddy diffusion” is more significant in HPLC where
the mean flow rate will vary from channel to channel, but
in CEC, because the velocities between the channels will
be identical, the contribution to band broadening would be
expected to be significantly lower than in conventional
chromatography for a given particle size of packing. It is
clear from the plate height equation that a reduction in the
particle diameter will lead to more densely packed and
uniform columns and in turn a lower A-term. The B-term
is the contribution to the plate height resulting from longi-
tudinal diffusion and arises from the tendency of the band
to diffuse away from the band center as it moves down a
column and is proportional to the time that the sample
spends in the column and also to its diffusion coefficient
in the mobile phase. The longer a solute spends in the
column, the greater the extent of diffusion and therefore
the B-term only becomes significant at low flow rates. The
C-term reflects band broadening due to slow equilibration
between the mobile and stationary phases and is in-
creased as the mobile phase velocity increases, because
less time is available for equilibration. The contribution to
band broadening from the C-term also can be reduced by
the use of small diameter packing materials. When 1 um
particles are applied to optimum linear velocities, the col-
umn efficiency in CEC approaches that of CZE. Only axial
molecular diffusion is a contributing factor to band broad-
ening and plate height is given by the equation:

2D,
T ou

H

(%)

6 Conclusions

6.1 Capillary electrophoresis

One of the most important choices in chromatographic
method developments is column selection. The capillary
column in CE is in the words of Whatley: “The capillary is
a reagent” [160]. Surface coatings in CE should (i) be able
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to modify or suppress the EOF, (ii) be stable in the pres-
ence of aqueous buffer solutions, and (iii) suppress strong
or even irreversible adsorption of analyte molecules, e.g.,
proteins [161].

6.2 Capillary electrochromatography

Most of the commercial stationary phases employed
today in CEC originate from HPLC. The synthesis of sta-
tionary phases designed for CEC has just started, and the
potential of stationary phases in CEC from reversed
phase to mixed mode and to ion-exchange packings has
not yet been fully exploited. Some manufactures (e.g.,
Waters, Agilent, Metachem, Microsolve and others) are
now offering Cg phases that are optimized for CEC in the
sense that the materials are not endcapped and/or may
have a lower surface coverage of alkyl ligands [73]. If
CEC shows a distinctly different selectivity pattern when
compared with HPLC and CE, and the stability of CEC
columns is drastically improved, CEC might become a
powerful method in automated miniaturized separation
systems. With increasing maturity of CEC column tech-
nology, a greater variety of CEC columns can be ex-
pected. The separation mechanism of the packed column
might be based on adsorption, partition, ion exchange,
chelation (including cation complexation and anion com-
plexation), ligand-exchange, host-guest inclusion, macro-
cyclic effect, etc., besides the true mobility of the analyte.

For CEC work, there are a number of practical considera-
tions that must be taken into account over and above
those for conventional CE [162]. The first is that detection
will be more effective if a small length of the tubing
remains free of packing material, which then functions as
the detection zone. However, in the case of fluorescence
detection which is emission spectrum, the packing mate-
rial may occupy the full length of the capillary [163]. To
date, particles as small as 0.2 um have been investigated
for their potential use in CEC [164]. El Rassi and co-work-
ers [165] reported that the CEC separation of the neutral
glycosphingolipids required a nonporous octadecyl sulfo-
nated silica (ODSS) stationary phase and a mobile phase
of high eluent strength while the CEC separation of the
gangliosides was readily achieved on a porous ODSS
stationary phase with a mobile phase of moderate eluent
strength. Perhaps the development of open-tubular col-
umns and fritless columns, such as the monolithic and en-
trapped structures, will advance the technique in the CEC
area.

Finally, | would like to mention that the accurate determi-
nation of trace elements in complex matrices will continue
to be one of the most challenging areas in analytical
chemistry. While most analytical techniques are readily
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applicable to simple matrices, many may fail when
applied to samples that represent complex matrices. This
is often the case for quantification of trace and ultratrace
elements in sea water, estuarine water, brines, biological
fluids, and acid-decomposed biological, botanical and
geological materials [166]. Fritz [10] has reported in his
review [10] that a high concentration of a sample matrix
ion can be a problem in both ion chromatography (IC) and
CE techniques, but tend to be much more serious in CE.
In CE, a high concentration of a sample ion may form a
broad zone on the capillary column that will overlap with
those of much lower concentrations of other sample ions.
To solve the problem, the preparation of a highly selective
column would be promising in CE and CEC for the analy-
sis of complex matrices samples.
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