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Abstract

In this review the literature on the application of capillary electrochromatography (CEC) for size-based separations of macromolecules
is summarized. Opportunities and limitations of CEC specially related to the size-exclusion mode (SEEC) are indicated. Applications with
synthetic polymer samples as well as with biomacromolecules (polysaccharides, proteins) are shown. The prospects for a further development
and application of SEEC are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the retaining phase is applied as a layer on the capillary wall

é)nly (OT-CEC). Instead of cylindrical capillaries channels
created by micromachining techniques in various substrates
(glass, silica, polymeric materials) can be utilized. Although

In the last decade hundreds of papers have been publishe
every year on the technical and methodological development

of c_apl!lary eIeptrochromgtograp_hy (CEC) gnd onits appli it may be a matter of debate whether this is to be called
cation in chemical and biochemical analysis. CEC is a sep- . : s .
) . . . CEC, such formats will also be discussed in this review.
aration technigque that combines elements of electrophoresis . :
and liquid chromatography (LC). As in chromatograph The various phase systems developed for conventional,
d grapny ) grapny, pressure-driven liquid chromatography (HPLC) can also be

differences in partition of analytes between two phases are' ... . . . )
P y P utilized in CEC separations. Inspection of the recent liter-

th_e pa5|s_ for separations, ?‘”_d’ as in electrophoresis, an eIecéuure shows that in the majority of the applications of CEC
tric field is used as the driving force for such separations.

CEC can be realized in different formats. The separationsa rgversgd-phase system IS applﬁﬂsdl]. “.1 most stg<_j|es a
. - o ) capillary is used packed with silica particles modified with
can be performed in (usually fused-silica) capillaries with a

bulk stationary phase that can be present either as a packegllydmph()b'c groups (g Cre). When monolithic stationary

bed of solid particles or as a monolithic phase synthesized phases are used, these are also usually more hydrophobic

A . . . than the mobile phase, and a reversed-phase mechanism
in situ. Alternatively, in the so-called open-tubular variant, } ; .
determines the separation. lon-exchange materials are also

used, sometimes mixed with reversed-phase particles. How-
* Tel.: +31 20 5256539; fax:+31 20 5255604. ever, the role of the ion-exchange stationary phase material
E-mail address: wkok@science.uva.nl (W.Th. Kok). is often just to generate enough electroosmotic flow (EOF),
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and (neutral) analytes are still separated in a reversed-phas 1
order. When ion-exchange materials are used in CEC for
ionic analytes, the separation mechanism will be a combi-
nation of partitioning and electrophoresis. 08

Affinity CEC is also popular. Many ligands have been
developed showing a specific interaction with a variety of
compounds of biochemical or biological interest. Such ma-
terials are often fairly easily attached to a capillary wall,
opening the possibility for tailor-made CEC separations. w
Enantiomeric separations with chiral phases, attached to
the capillary wall or to a particulate support, are relatively 941
easily obtained using CE[3].

In contrast to the abundance of publications on reversed-
phase and affinity CEC, the number of research papers on g2
CEC in the size-exclusion mode (size-exclusion electrochro-
matography, SEEC) is very limited. Within pressure-driven
chromatography the size-exclusion mode is a common vari- \
ant used for the molecular-size based separation of a variety a 0.25 05 as .
of synthetic and natural macromolecular compound classes. @

As will be shown below, the potential advantages of CEC

over pressure-driven LC may be especially relevant for Fig. 1 E_ffect of the relatiye pore flow velocitw.on thg m‘f"ss'trans_f'?r

the macromolecules typically Separated by size-exclusion contribution t(iothe2 plﬁte height forlgn 2anialyte with a dlffus?ln %o€f£|C|ent

. . of (@) 5x 100*"m*s™+, (b) 1 x 10 *"m*s+, and (c) 1x 10 +"m*s .

mechanisms. In 1998 two research groups independentlyr m ref.[11], with permission.

reported on size-exclusion electrochromatograpyb].

Still, since then only few other groups have explored the

possibilities of this mode of CEC. In this short review, the an electrically driven mobile phase, especially when porous

experimental experiences with SEEC will be summarized particles are used as stationary phase. This improvement of

and future prospects will be discussed. the separation efficiency and speed is strongly related to the
perfusive electrokinetic flow through the pores of the sepa-
ration particles. The existence and importance of the (per-

2. Selectivity and efficiency fusive) pore flow in CEC with porous particles has been sub-
stantiated experimentally by inverse SEC experimé8is

For the development of CEC and its implementation by NMR [9] and recently it could be visualized with con-
in practice several arguments have been given. With CECfocal laser scanning microscojp}0]. This improvement of
higher efficiencies are expected than with the alternative the C-term (mass-transfer) contribution to dispersion would
separation technique, pressure-driven LC. First, the veloc-be of special interest for the compounds typically separated
ity of an electrokinetic liquid flow is in first approximation by a size-exclusion mechanism, i.e., for slowly diffusing
independent of the characteristic dimension (width) of the macromolecules. In a discussion on the effect of pore flow
flow channels. Therefore, the downscaling of the particle on efficiency, the dependency of the C-term improvement
or channel size in CEC does not stop at a pressure limita-on the diffusion coefficient of the analyte has been mod-
tion, as it would in pressure-driven LC. Indeed, with CEC eled[11]. In Fig. 1 the “C-term improvement factor” F is
plate numbers have been generated that are only possibleshown as a function of the relative pore flow veloaityfor
in conventional LC under extreme experimental conditions. compounds with different diffusion coefficient®), Curve
However, in most CEC experiments in practice sizes are a is for a typical low-molecular mass compound wibth=
used that could also have been applied in LC. In such casess x 10-1°m?s~1. Curve b 0 = 1071°m? s~1) could be for
the main argument for CEC is that it gives a higher sep- a M, 30000 polystyrene (PS) in tetrahydrofuran (THF) or a
aration efficiency at a higher speed than HPLC with the M; 20000 protein, and curve c for an ultra-high-molecular
same column. These advantages of CEC over LC are amplymass compoundf = 10~ m? s~1). Clearly, for the sepa-
documented in the literature (see, e[@,7] and references ration of highM, compounds electrochromatography would
cited therein). give the largest gain in separation performance.

The higher efficiency of CEC is brought about by several  However, the pore flow typical for electrochromatogra-
factors. The channel-size-independent velocity of the elec- phy does not only have positive effects on the separation.
trokinetic flow makes imperfections of the packing struc- Size-exclusion separations are based on differences in fluid
ture of the column less noticeable. This leads to a lower velocity in different volume fractions of the mobile phase
A-term contribution to the plate heightin CEC. More impor- in the separation channel. In conventional pressure-driven
tant, however, is the decrease of the C-term obtained with SEC, the liquid flow through the pores inside the stationary

0.6
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Fig. 2. Required increase of the plate number to obtain the same resolution
in SEEC with a relative pore flow velocity as in pressure-driven SEC 1] ' r v g
(w = 0). The different lines are for different relative retention values. -5 -4 3 2 “
From ref.[12], with permission. lag C, {M)
S

) o ) ) _ Fig. 3. Relative pore flow velocity as a function of the ionic strength of
phase particles is virtually zero. This leads to differences in the mobile phase, for particles with a nominal pore size @) &nm,

the average flow velocity between molecules of different size (A) 10nm, (<) 30nm, @) 50nm, or ) 100 nm. From ref[14], with
that can enter a different fraction of the total pore volume. Permission.

A key factor in the selectivity that can be obtained in SEC is

the retention window, the retention time difference between For yltra-highM, compounds, that require large pore sizes,
molecules that are totally excluded from the pores and the SEEC will be less suited.

solvent (measured with the help of a |dw- marker). In In a study described in a recent pafiE5], size-exclusion

pressure-driven SEC, the relative retention time (realtive to effects appear to play a role in non-aqueous capillary gel

the lowMr marker) for a totally excluded compoundyxei  electrophoresis (CGE). Of course, size-based separations

is a function of the interstitialsou) and intraparticle gin) by CGE are common practice, but usually only for charged

porsosities: analytes. For such compounds, the sieving effect of the
Sout gel leads to a decrease of the migration velocity with in-

= 1) : D
Texcl £in + Eout ( creasing molecular masdM() of compounds with fixed

charge-to-size ratio. In the study by Li et al., neutral syn-

When a significant pore flow exists through the particles thetic polymers were made to migrate through a replaceable
in a packed bed, these flow velocity differences will be de- polyethylene gel by the interaction with cationic surfactants
creased. This will lead to a smaller retention window and added to the non-aqueous mobile phase. It was found that
a decreased separation selectivity, as was already discusseghe migration velocity of the polymers tested (polystyrenes,
by Venema et al[12]. When the flow velocity through the  poly(methylmethacrylates) (PMMA)) increased with their
pores is (on average) a fractienof the velocity between  M,. Although definite conclusions could not be drawn
the particles, the retention window will be decreased to:  yet, size-exclusion effects within the gel are a possible
wein + fout explanation.
Texcl = —————— )

&in 1 €out

The improved separation efficiency obtained when the 3. Stationary and mobile phases
mobile phase is driven by an electric field instead of a pres-
sure over the column, will be needed to compensate for In our group we have used mainly capillary columns
the decreased selectivity (SE@. 2). Apparently, to realize  packed with standard bare silica particles for SHEG,11-
the inherent possibilities of SEEC a careful tuning of the 14]. Such particles are well characterized and are avail-
pore-to-interstitial flowrate rati@ will be required[13]. able with various well-defined particle and (average) pore

A key factor for w is the ionic strength of the mobile sizes. In capillary columns packed with these particles the
phase, that determines the extent of double-layer over-interstitial and intraparticle mobile phase volume fractions
lap. Stol et al[14] have measured the influence of the ionic are approximately equal. In the SEEC mode, retention
strength of the dimethylformamide (DMF) mobile phase windows from approximately 0.6 to 1 could be obtained.
on the pore flow velocity in silica particles with different With synthetic and natural polymers in the 10 000-100 000
average pore diameterBig. 3 shows the results obtained molecular-mass range the best results were obtained using
in this study. A conclusion derived from this work could be 5um particles with 10 nm (100 A) nominal pore diameter.
that it is more difficult to suppress pore flow than to gener- For macromolecules larger thah, 100 000 silica particles
ate it, especially with particles with relatively wide pores. with 30 nm pores were used.
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Fig. 5. SEEC separation of polystyrene standards on a methacrylate
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monolithic column material. Mobile phase: THF-2% water. From[dgf.
with permission.

T , , | ration modes (e.g., in reversed-phase or affinity chromatog-
(b) 40 &0 a0 min raphy) a narrow pore-size distribution is expected to be ben-
Fig. 4. Effect of the composition of a mixture of cation-exchange and SEC eficial for the efficiency of th,e separgtlon. In_ SEEC O.n the
particles used as stationary phase on the speed and efficiency of SEECOther hand, a broad pore-size distribution is essential for
Particle ratio: (a) 15:85 and (b) 40:60. Sample: PS standards. From ref. the separation. When polymeric monoliths are to be used in
[16], with permission. SEEC, the stationary phase material should be designed for
this purpose, with preferentially a clear distinction between
macropores and mesopores.

Mistry et al. tested different polymeric HPLC station- Monoliths based on silica, produced by many different
ary phase particles for use in SEET5]. With sulfonated routes and procedures, have also been applied extensively in
polystyrene—divinylbenzene (PSD-VB) particles with a high CEC[18,19] Although so far no attempts have been made to
ion-exchange capacity (PRP x400 particles) a substantialuse this material for SEEC, its structure can be very suitable
electro-osmotic flow was found, but the retention window for the size-exclusion principle. A macroporous structure
was narrow. When non-sulfonated PSD-VB patrticles that is formed during the original production process and after-
were designed for SEC separations (PLGel mixed C) were wards mesopores can be tailor-made by, e.g., heat-treatment
packed in a capillary column, a suitable retention window [20]. Experiments with inverse SEC showed that commer-
was obtained, but a low EOF velocity. The solution to this cially available silica monoliths contain a relatively large
dilemma was to pack columns with a mixture of both parti- volume of mesopores with a proper size (2—-50 nm) for SEC
cle types. The best results were obtained with a 40:60 mix- and SEE(21].
ture of x400 and PLGel C particleBig. 4 shows the SEEC Many of the synthetic and natural polymers for which
separation of a number of polystyrene standards obtainedSEEC would be an appropriate separation technique are not
with such a column, using THF with 2% water as the mobile soluble in water. Therefore, in most of the published work
phase. on SEEC organic solvents have been used for the mobile

In the pioneering work of Peters et 4] a methacrylate-  phase. The electrokinetic flow required in SEEC relies on
based monolithic column was used for the SEEC separationthe presence of a surface charge on the stationary phase.
of polystyrenes. Using THF—2% water as the mobile phase, Therefore, solvents with a low permittivity (dielectric con-

a suitable EOF velocity was obtained. The retention win- stant) are not suitable. In solvents such as hydrocarbons
dow, however, was fairly narrow with this column material or chlorinated hydrocarbons the ionization of the stationary
(seeFig. 5. It should be noted that the monolith material phase surface is negligible. Suitable organic solvents include
was not specially designed for size-exclusion separations. InN-methylformamide (NMF), dimethylformamide, acetoni-
fact, the optimization strategy in the synthesis of monolithic trile, acetone, and hexafluoroisopropanol (HFIP). With pure
columns is often directed on producing a material with a THF as the mobile phase no electro-osmotic flow has been
narrow pore-size distribution (see, e[d.7]). In other sepa-  found. However, an appreciable flow could be obtained when



W.Th. Kok/J. Chromatogr. A 1044 (2004) 145-151 149

a small amount (2—3%) of water was added to the THF, both tive retention of 2%. Apparently, a separate calibration curve
with a monolithic column materig¥] as with a particulate  has to be constructed for every column. For polycarbonates
stationary phas§l6]. Noteworthy in these experiments is [poly(bisphenol-A)] the same separation system could be
that the mobile phase did not contain a buffer or other elec- used. Again, the characteristic values obtained for the two
trolyte. For the generation of an EOF bulk conduction of the samples matched very well with the SEC data.
liquid is not a prerequisite. Still, in most modes of electroki- Mistry et al. characterized a number of other polymeric
netic separations a salt has to be added to the liquid-phase tanaterials with the phase system developed for PS: poly-
suppress electromigration dispersion or concentration over-carbonates, a styrene—acrylonitrile copolymer and thermo-
loading. For the neutral macromolecular compounds to be plastic polyurethane. Some typical chromatograms obtained
separated by SEEC such overloading phenomena do nowith their system are shown &3g. 6.
play a role. In the experiments with columns packed with  Ding et al.[22] studied the use of HFIP as the mobile
silica particles suitable salts (lithium or quaternary ammo- phase solvent. HFIP is a effective solvent for a variety of
nium salts) in concentrations of 0.1-1 mM were added to synthetic polymers. The use of HFIP as solvent in conven-
the organic solvents used. The role of the ionic strength of tional SEC is restricted because of its toxicity and high cost.
the mobile phase in the regulation of the pore-to-interstitial On the volume scale of SEEC these disadvantages are less
flow ratio, and with that of the retention window, has been important. When using bare silica particles as the station-
discussed above. ary phase, only a very low EOF could be generated. Better
results were obtained with silica particles chemically mod-
ified with sulfonic acid groups (a strong cation-exchange
4. Separations of synthetic polymers material). Although the EOF velocity obtained with this
stationary phase was still relatively low, and its repeata-
In the first stage of the development of SEEC most ex- bility not very satisfactory, the feasibility of using HFIP
periments have been carried out with polystyrenes. PS canin SEEC could be demonstrated. Some pilot separations
be readily detected by UV absorbance detection, and narromwere shown of samples of poly(methylmethacrylate) stan-
molecular-mass standards are available. Polystyrene samdards (se€ig. 7), poly(ethyleneterephthalate) (PET) and of
ples could be characterized by SEEC with bare silica par- poly(caprolactam) (nylon-6).
ticles as the stationary phase and DMF containing 0.1 mM
LiCl as the mobile phasf?2], and on polymeric particles
with THF-2% water as the mobile phgd&]. The retention 5. Biomacromolecules
window was slightly wider in the first study, with an exclu-
sion limit at a relative retention of 0.62 against 0.65 for the  Mistry et al.[23] showed that the mixed polymeric sta-
second study, but in both cases the exclusion limit was attionary phase (PR400-PLGel C) that had been devel-
approximatelyM; 1 x10° for PS. In both studies the charac- oped before for non-aqueous SEEC of synthetic polymers,
teristic parameters [number-average molecular misgg, ( can also be used in combination with agqueous solvents [Tris
weight-average molecular madd,{) and the polydispersity  buffer—acetonitrile (ACN)]. They used this system for the
P] of different technical samples as obtained by SEEC were separation of pullulan, a natural polysaccharide. Pullulan
compared with the values obtained by conventional SEC, molecular-weight standards that are commercially available
and in both studies a fair agreement was found. were used for calibration. For detection of the (underiva-
Ding et al. studied the repeatability of the SEEC sys- tized) polysaccharides an indirect UV method was used. To
tem. The run-to-run and day-to-day repeatability for the re- the separation buffer 1% dimethyl sulfoxide (DMSO) was
tention times of PS standards within the calibration range added, that was monitored at 220 nm. The elution of polysac-
was in the order of 1-2%; for the relative retention (using charides from the column could be detected as a decrease
toluene as a marker) these repeatabilities were 0.1%. Thein UV absorption. Since the displacement of DMSO was
column-to-column variation was larger, with R.S.D. values merely the result of the bulk hydrodynamic volume of the
for the retention time in the order of 8% and for the rela- analytes, the sensitivity was low.

5K
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Fig. 6. SEEC separation of (a) polystyrene standards, (b) a polydisperse PS sample, and (c) a polycarbonate sample on a column packed with polymeric
particles. Mobile phase: THF-2% water. From rfdf6], with permission.
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the polysaccharide standards available for calibration were
not optimal, the method of universal calibration was applied
with a number of different polymer types. The method de-
veloped was applied for the characterization of celluloses
from paper of different origin, and to study the influence of
(artificial) aging of paper. An additional advantage of the
proposed method over conventional SEC in the present ap-
plication field (studying works of art) was the small sample
amounts required. Multiple analyses could be performed on
a single paper fibre.

An interesting application for SEEC would be in protein
separations. Still, in only few publications this topic has
been addressed. Tellez and Cf#2&] have shown that the
size-exclusion effect can play a role in electrokinetic sepa-
rations of proteins. They studied the preparative separation
of whey proteins and used cm-scale columns packed with
partly hydrolyzed dextran or agarose particles for this. The
mobile phase, an aqueous buffer solution, was driven by a
pressure difference and an applied electric field simultane-
ously. The main separation mechanism was electrophoresis
with “concentration polarization” on the beads. However, a

Fig. 7. Separation of PMMA standards with HFIP as the mobile phase. clear difference in behaviour was observed between proteins

From ref.[22], with permission.

that could enter the pores of the stationary phase and those
that could not. This implies that the separation was at least

Better results (in terms of sensitivity and quantitation pos- partially based on size-exclusion phenomena.
sibilities) were obtained with polysaccharides after deriva-
tization with phenyl isocyanate (PIC). After derivatization flow was also applied by Stahl et §6] for the separation of
the analytes were hydrophobic enough to use the previ- proteins. This so-called pressure-assisted electrochromatog-
ously studied non-aqueous systfrB]. A linear calibration
curve (relative retention versus I6}) was obtained with
derivatized pullulan standards frolf, 738 to 404 000. The
run-to-run repeatability of the relative retention was well be- capillary HPLC. Linear relations were obtained when the
low 0.1%. The method developed could be applied for the elution times of model proteins were plotted againstNbg
M distribution determination of polydisperse pullulan sam-
ples, but also of different amyloses. Typical chromatograms aration of proteins by SEEC on a microchip. The authors

are shown irFig. 8

In an earlier study Stol et aJ24] used the PIC derivati-
zation approach for celluloses. The derivatized compoundssurfactant containing buffer systems, fluorescein isothio-
were separated by SEEC using a column packed with sil- cyanate (FITC) labelled IgGM; 150 000) could be sepa-
ica particles. Several organic solvents were considered forrated from FITC-insulin 1, 5800) in less than 30s, with
use as mobile phase. The best results were obtained withapplied voltages from 300 to 600V. For the insulin peak
acetone with 0.1 mM of a quaternary ammonium salt. Since approximately 120 plates were obtained, which corresponds

40

4K

—=— 40iK

20 30

min

40

The combination of pressure-induced and electrokinetic

raphy (pCEC) method was used with capillary columns
packed with porous silica particles. With pCEC shorter
analysis times and narrower peaks were found than with

In a symposium abstract Jemere efaF] report the sep-

produced very short (2mm) columns in a glass substrate
and packed these with im SEC beads. Using various
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Fig. 8. Separations of PIC-derivatized polysaccharides by SEEC on a column packed with polymeric particles: (a) pullulan standards, (b) @meolydispe
pullulan, and (c) amylose. From rgR3], with permission.
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to 60000 plates/m. The electropherograms were recordedshown that monolith materials can be used for SEEC. Cre-

using fluorescence detection. ating monolithic stationary phases with a suitable pore-size
distribution in micromachined channels may be the next
challenge.

6. Prospects
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