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Abstract

A monalithic stationary phase is the continuous unitary porous structure prepared by in situ polymerization or
consolidation inside the column tubing and, if necessary, the surface is functionalized to convert it into a sorbent with the
desired chromatographic binding properties [J. Chromatogr. A 855 (1999) 273]. Monalithic stationary phases have attracted
considerable attention in liquid chromatography and capillary electrochromatography in recent years due to their simple
preparation procedure, unique properties and excellent performance, especialy for separation of biopolymers. This review
summarizes the preparation, characterization and applications of the monolithic stationary phases. In addition, the
disadvantages and limitations of the monolithic stationary phases are also briefly discussed. O 2002 Elsevier Science BV.
All rights reserved.
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1. Introduction

In the past years, comprehensive attention was
paid to liquid chromatography and capillary electro-
chromatography due to the need for rapid develop-
ment in life sciences, environmental sciences and
pharmaceutical industry. However, conventional
commercial columns packed with beads in HPLC
possess some inherent limitations such as the slow
diffusional mass transfer and the large void volume
between the packed particles, which lead to the
efficiency of conventional commercial columns lin-
gering in the range of 10000 to 30000 plates/
column in the past two decades [1,2]. Although some
new stationary phases such as the non-porous beads
[3,4] and perfusion chromatography packings [5,6]
are designed to resolve these problems, these limita-
tions cannot be overcome in essence. In recent years
a novel type, the monolithic stationary phase, has
attracted increasing attention in liquid chromatog-
raphy because of its easy preparation, excellent
properties and high performance compared to con-
ventional columns packed with particles for the
separation of biopolymers. A monolithic stationary
phase is the continuous unitary porous structure
prepared by in situ polymerization or consolidation
inside the column tubing and, if necessary, the
surface is functionalized to convert it into a sorbent
with the desired chromatographic binding properties
[7]. The pioneer preparations of this type of *‘single-
piece’ separation medium can be dated back to the
late 1960s and early 1970s. Kubin et al. [8], prepared
a swollen poly(2-hydroxyethyl methacrylate) poly-
mer for size-exclusion chromatography to separate

proteins under low pressure in 1967, but permeabili-
ty was too low to be used in practice. Ross and
co-workers [9,10] also prepared another monolithic
open-pore polyurethane foam for both high-perform-
ance liquid and gas chromatography. Despite the
excellent permeability, they were found to suffer
from excessive swelling and softening in some
solvents, which prevented their further use. Other
approaches towards continuous media emerged in the
late 1980s, including stacked membranes [11], rolled
cellulose sheets [12], and rolled woven matrices [13],
compressed soft poly(acrylamide) gels [14], and
macroporous disks [15]. The compressed soft gels
called *‘ continuous beds”’ developed by Hjertén et al.
[14] in 1989 are the onset when continuous media
were successfully used in chromatographic sepa-
ration. In the early 1990s, Svec and Fréchet [16]
introduced an entirely new class of continuous media
based on rigid macroporous polymer monoliths
produced by avery simple ““molding’’ process. Their
unique properties allow these materials to be used in
a broad variety of applications and gradually became
the mainstream of the research of continuous media
family. Inorganic silica-based monoliths were later
reported by severa groups starting in 1996 [17,18].

Capillary electrochromatography (CEC) is a hovel
microcolumn separation technique that combines
features of both HPLC and CZE. In CEC, €lectro-
osmotic flow (EOF) is used to drive mobile phase
instead of hydrodynamic flow. Because of the flat
plug-like profile of the EOF, CEC offers greatly
enhanced separation efficiencies relative to HPLC.
The predominant class of column in CEC is the
packed column. According to the structures of the
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packed materials, packed CEC column can aso be
classified into two categories: (1) columns packed
with particulate material, and (2) monolithic col-
umns. By far, the most often used columns in CEC
are of the first type—columns packed with suitable
chromatographic particulates. Two frits need to be
fabricated to retain the particle material in place in
this type of column. There are several drawbacks to
using frits in CEC. These include the extreme
difficulty in their preparation, their lack of repro-
ducibility, their tendency to act as a catalyst for
bubbles, their unpredictable influence upon electro-
osmotic flow and band-spreading [19,20]. Recently,
monolithic columns containing a wall-supported
continuous porous bed have shown great potential
for CEC due to being fritless, thereby eliminating the
drawbacks listed above. Various columns with or-
ganic and inorganic polymer monoliths, and particle-
fixed monoliths, have been reported [20].

Actualy, the monolithic stationary phases have
become a rapidly burgeoning field in preparation of
chromatographic stationary phases in recent years
and even some of these have been commercialized
[21]. Some chromatography researchers consider
them as the fourth-generation chromatography sor-
bents [22]. This review summarizes the preparation,
characterization and applications of the monolithic
stationary phases, and the disadvantages and limita-
tions of monolithic stationary phases are aso dis-
cussed.

2. Preparation of monalithic stationary phases

2.1. Preparation of monalithic stationary phases in
HPLC

2.1.1. Preparation of silica monoliths

Although the continuous silica supports from
silicate-surfactant solutions had been aready re-
ported at the end of the 1970s [23], useful silica
monoliths for chromatographic applications had only
emerged in 1996. So far, two methods have been
developed for preparation of the silica monoliths.
One of the methods was introduced by Fields in
1996 [17], which was similar to that used to cast
column end frits in fused-silica tubing for packing

capillary HPLC. A fused-silica column was filled
with a potassium silicate solution and heated at
100°C for 1 h. The column was then washed and
dried with helium for 24 h at 120 °C and then filled
with a 10% solution of dimethyloctadecyl-
chlorosilane (ODS) in dry toluene and heated at
70°C for 5 h. After the reaction was finished, the
column was washed and was used for reversed-phase
HPLC. Although the method can produce a continu-
ous silica xerogel with mean pore diameter on the
order of 2 pm, the morphology of the material was
heterogeneous.

Another method, i.e. the sol—-gel approach, was
introduced by Minakuchi et a. [18] in the same year,
by which a more uniform structure of monolith could
be constructed. In this method, a porous silica rod
was prepared by hydrolytic polycondensation of
alkoxysilane accompanied by phase separation in the
presence of water-soluble organic polymers. The
process of gelation, ageing and drying was involved
in the preparation procedure. In a typical procedure,
tetramethoxysilane (TMOS) was added to a solution
of poly(ethylene oxide) (PEO) in water and a
suitable catalyst, such as acetic acid, was also added.
The mixture was stirred at 0°C for 30 min. The
resultant homogeneous solution was poured into a
cylindrical polycarbonate mould and allowed to react
at 40°C. The gelation occurred within 2 h and the
gelled sample was subsequently aged at the same
temperature for 1 day. The formed wet silicarod was
washed with distilled water and then immersed in an
agueous ammonium hydroxide solution in order to
tailor the mesopore structure. Evaporation drying and
heat treatment were successively performed, which
led to the decomposition of organic constituents and
stabilization of the surface of the hydrophilic silica
gel. Since the gel shrunk in the ageing and drying,
the resultant silica gel had to be encased in heat-
shrinking poly(tetrafluoroethylene) (PTFE) tubing
and compressed with external pressure to ensure that
there was absolutely no void space between the silica
rod and tube. The rod could be subsequently
octadecylsilyated to C,; phase by an on-column
reaction. With this method, silica rods with 1-2 pm
through-pore size and 5-25 p.m mesopore size could
be prepared and the surface area of silica rods
reached 300-400 m*/g [24,25].
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2.1.2. Preparation of organic polymer monoliths

The preparation of a polymer monolithic rod is
relatively simple and straightforward compared to
that of a silica rod. A mixture consisting of the
monomers, cross-linker and initiator in the presence
of at least one, usualy two porogenic solvents was
poured into a mold, typically a tube, which was
sedled at one end, and then sealed at the other end.
The polymerization was then triggered frequently by
heating in a bath at a temperature of 55—-80 °C or by
UV light. The seals were replaced with the fittings
and attached to a chromatographic pump, and a
solvent was pumped through the column to remove
the porogens and other soluble compounds that
remained in the polymer rod after the polymerization
was completed. After the monolithic support was
prepared, the column could be subsequently deriva-
tized for diverse chromatographic modes. So far, the
monoliths based on polystyrenes, polymethacrylates
and polyacrylamides are the most commonly re-
ported.

2.1.2.1. Monoalithic rods based on polystyrenes
The monomers usualy used to prepare the poly-
styrene monolithic rod are styrene and 4-(chloro-
methyl)styrene and the cross-linker is frequently
divinylbenzene (DVB). Since the styrene monomer
is hydrophobic, the poly(styrene—co-divinylbenzene)
monolithic rod can be directly used in reversed-phase
and precipitation—redissolution chromatography [26—
28]. The monomer of 4-(chloromethyl)styrene can
afford reactive groups relative to styrene for further
derivatization. A hydrophilic monolithic rod had
been prepared by two-step modification on the
poly(chloromethyl)styrene monoliths, firstly with
ethylenediamine then with y-gluconolactone, which
introduces a highly hydrophilic surface on a hydro-
phobic polymeric skeleton [29]. It can also react with
ethylenediamine followed with chloroacetic acid for
a weak cation-exchange column [30] or activated by
grafting 4-vinyl-2,2-dimethylazactone to its pore
surface for scavenging of excess amines from re-
action mixtures [31]. Some chromatographic modes
such as affinity, ion-exchange, chirality, adsorption,
etc., rely on intimate contact with a surface that
supports the active sites. To obtain a large surface
area, a large number of smaller pores should be

incorporated into the polymer. A monolith with a
specific surface area as high as 400 m?/g yet sill
permeable to liquids at a reasonable back pressure
had been prepared by Svec and co-workers [32,33]
using high-grade divinylbenzene and suitable
porogenic solvent. Furthermore, a novel TEMPO
(2,2,6,6-tetramethylpiperidyl-1-oxy)-mediated  **liv-
ing” radical polymerization was aso developed for
preparing monoliths with high specific surface areas
(>300 m?/g), in which a significantly larger propor-
tion of pores smaler than 50 nm could be obtained
[33-35].

2.1.2.2. Monoalithic rods based on polymethacrylates

In the preparation of monalithic rods, poly-
(glycidyl methacrylate—co-ethylene dimethacrylate)
is the most frequently used support which affords the
reactive epoxide groups for easy derivatization. Svec
and Fréchet [36,37] introduced the amino group on
the poly(glycidyl methacrylate—co-ethylene dimeth-
acrylate) monoliths by reaction with diethylamine for
weak anion-exchange chromatography. It can also
react with ethylenediamine followed with chloro-
acetic acid or directly with iminodiacetic acid (IDA)
for a weak cation-exchange column [38,39]. Viklund
et al. [40] aso introduced the sulfonic acid group for
strong cation-exchange chromatography by grafting
poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
onto the internal surface of hydrolyzed poly(glycidyl
methacrylate—co-ethylene dimethacrylate) monoliths.
Furthermore, Peters et a. [41] prepared thermally
responsive polymer monoliths for temperature-con-
trolled hydrophobic interaction chromatography by a
two-step grafting procedure, which involved the
vinylization of the pore surface by reaction with
alylamine and a subsequent in situ radical poly-
merization of N-isopropylacrylamide (NIPAAmM)
within these pores. The properties of this polymer
can change in response to external temperature. In
addition, it can also be used to immobilize enzymes
for bioreactors by reaction with ethylenediamine and
glutaraldehyde [42].

Although the preparation of polymer monoliths on
a small scale is easy, the preparation of large size
monoliths is quite difficult. The unstirred nature of
the polymerization within the confines of a mold
leads to a decreased capacity to effectively dissipate
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the heat of polymerization and the occurrence of
exotherms and radial temperature gradient across the
contents of the mold also result in the creation of
inhomogeneities in the pore structure. This is the
reason why most of the work reported to date has
been focused on the development of small size
monoliths. Two methods for the preparation of large
size poly(glycidyl methacrylate—co-ethylene dimeth-
acrylate) monoliths by decreasing the rate of poly-
merization and a slow gradual addition of the
polymerization mixture to the reaction vessel had
been reported by Peters et a. [43] for the control of
the evolution of the heat of polymerization. The
latter approach proved especially powerful; a
homogeneously structurally large cylindrical macro-
porous polymer monolith with internal diameters of
up to 50 mm and with length of 200 mm was
obtained. Recently, Podgornik et al. [44] analyzed
the heat release during the polymerization and
derived a mathematical model for prediction of the
maximal thickness of the monolithic annulus having
auniform structure. On the basis of the calculation, a
large volume of poly(glycidyl methacrylate—co-
ethylene dimethacrylate) monolith was prepared for
radial chromatography and the monolith exhibited
flow-independent separation efficiency and dynamic
binding capacity up to flow-rates higher than 100
ml/min.

2.1.2.3 Monoalithic rods based on polyacrylamides
The monomer of acrylamide is very hydrophilic
and is usually used in water phase polymerization for
gel electrophoresis. The preparation of continuous
beds introduced by Hjertén and co-workers [45,46] is
also based on this class of monomer. However, they
are rarely used in preparation of monolithic rods. Xie
et al. [47] prepared a rigid porous poly(acrylamide—
co-butyl  methacrylate—co-N,N’-methylenebisacryl-
amide) monolithic column for hydrophobic inter-
action chromatography of proteins. The hydropho-
bicity of the monolithic column can be easly
controlled by the percentage of hydrophobic mono-
mer of butyl methacrylate in the polymerization
mixture. They also prepared a poly(acrylamide—co-
N,N’-methylenebisacrylamide) monolithic rod for
studying the effect of the polymerization conditions
on the porous properties of monolithic rods [48].

2.1.2.4. Monolithic molecularly imprinted polymers

Molecular imprinting is a technique for preparing
tailor-made artificial synthetic affinity media with
high selectivity toward the substrate molecules (im-
printed molecules). In this method, complexes be-
tween print molecule (template) and functional
monomers are firstly allowed to pre-organise or self-
assemble in solution via covalent or non-covalent
interactions, and subseguently, the three-dimensional
architecture of these complexes is arrested by poly-
merization with a high concentration of cross-linker.
Then the imprinted species are extracted from the
resultant polymer, sites are left in the polymer
complementary in shape and functionality to the
imprinted molecule, and these sites can be allowed to
rebind the print molecule. The resultant molecularly
imprinted polymers (MIPs) have been applied in
numerous fields, such as chromatographic resolution
of racemates, artificial antibodies, chemosensors,
selective catalysts, etc. [49-54]. The conventional
preparation approach is to synthesize by bulk poly-
merization [55], crush, grind the resulting polymer
block into particles and sieve the particles into
desired size ranges. Although the process of bulk
polymerization is simple, the following steps are
tedious and time-consuming. In addition, the re-
sulting particles are polydisperse both in shape and
size, which limits column efficiency and resolution.
Matsui et a. [56] firstly employed the in-situ poly-
merization technique for preparation of the molecu-
larly imprinted monoliths. A template compound and
initiator are dissolved in a mixture of a functional
monomer [methacrylic acid or 2-(trifluoromethyl)-
acrylic acid], a cross-linker (ethylene glycol dimeth-
acrylate) and porogenic solvents (cyclohexanol and
1-dodecanol), then the mixture is degassed and
poured into a stainless steel column. Polymerization
is carried out in Situ in a water bath. After the
polymerization has finished, the template and
porogenic solvents are removed by exhaustive wash-
ing with methanol—acetic acid. The method is very
simple with respect to the conventional protocol and
its macroporous structure offers excellent hydro-
dynamic properties. The capability of the material
for molecular recognition in the separations of
positional isomers of diaminonaphthalene and phen-
ylalanine anilide enantiomers has been demonstrated
[56]. After that, a series of the materials has aso
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been prepared for recognizing the cinchona alkaloid
[57,58], xanthine derivatives [59] and nicotine [60].

2.1.2.5. Preparation conditions affecting the porous
properties of monolithic rods

The prepared monolithic rods possess a bimodal
pore size distribution consisting of both large mi-
crometer-sized through-pores and much smaller
pores in the 10-nm size range. The large pores allow
liquid to flow through these materials under low
pressures even at high flow-rates, and the small pores
are the most substantial contributions to the overall
surface area. Although a number of parametersin the
preparation of the monolithic rod affect the porous
properties, some key variables such as temperature,
composition of the porogenic agents and content of
the cross-linker are frequently used to tune the
average pore size within a broad range spanning at
least two orders of magnitude from tens to thousands
of nanometers. The effects of these key polymeri-
zation conditions on the porous properties of poly-
(styrene—co-divinylbenzene), poly(glycidyl methac-
rylate—co-ethylene dimethacrylate) and poly(acryl-
amide—co-N,N’-methylenebisacrylamide) monolithic
rods have been described in detail [48,61-63]. The
effect of polymerization conditions on the porous
properties of these monolithic rods is essentialy
similar. The polymerization temperature, through its
effects on the kinetics of polymerization, is a par-
ticularly effective means of control, alowing the
preparation of macroporous polymers with different
pore size distributions from a single composition of
the polymerization mixture. As a rule, the higher the
polymerization temperature, the smaller the pores,
which can readily be explained by considering the
number of polymer nuclei formed at different tem-
peratures at constant initiator concentration as well
as the rate of their formation. The choice and
composition of porogenic solvents is another tool
that may be used to control porous properties without
changing the chemical composition of the final
polymer. In general, larger pores are obtained if
poorer solvents are used because of an earlier onset
of polymer phase separation. In addition to the high
aliphatic alcohols usually used as the poor solvents
for forming the large pores, linear polymers [48],
supercritical carbon dioxide [64] and solid granules
[65] can also be used to obtain the larger pores. In

contrast, increasing the proportion of the cross-linker
in the monomer mixture affects the chemical com-
position of the final monoliths, which also leads to a
decrease in average pore size as a result of early
formation of highly cross-linked globules with a
reduced tendency to coalesce. In addition to the
divinyl cross-linking monomers described above, the
trivinyl monomer trimethylolpropane trimethacrylate
(TRIM) is frequently used to provide a higher degree
of cross-linking [66]. The polymerization time af-
fects the conversion of monomers and the use of
shorter reaction times than required for complete
monomer conversion leads to porous objects with
larger flow through channels [62]. The effect of the
concentration of initiator on the porous properties of
the monoliths has also been reported by Xie et al.
[48]. A higher concentration of initiator leads to a
higher number of radicals being formed in the
system and trandlates into a larger number of nuclei
that result in the smaller pores.

2.2. Preparation of monalithic columns in
capillary e ectrochromatography

Various CEC columns with monolithic stationary
phases have been reported. Generaly, they can be
classified into porous polymer monolithic columns
and particle-fixed monolithic columns. The prepara-
tion of porous polymer monolithic columns is similar
to that in HPLC as addressed previously. Monomeric
precursors are introduced into the capillary and
alowed to polymerize in situ, forming a rod-like
structure. However, charged groups should be cou-
pled to the surface of polymer monoliths used in
CEC to generate EOF since EOF is the driving force
for the mobile phase. Accordingly, the composition
of the polymerization mixture and the procedure for
the preparation may be different from that in HPLC.
The polymer monolithic column is prepared in a
capillary without frits which typicaly require the
attachment of polymer to the capillary wall, but such
an attachment is not required in HPLC. The ex-
perience acquired earlier with monolithic columns
for HPLC may not be directly transferable to the
preparation of capillary columns for CEC. Conse-
quently, we will focus on the difference in the
preparation of polymer monolithic columns in CEC
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from that in HPLC in this section. The second type
of monolithic columns, particle-fixed monolithic
columns, is unique in CEC. Severa methods were
developed to prepare this kind of column by fixing
conventional spherical packing materials in a capil-
lary in situ to form a continuous monolith.

2.2.1. Polymer monolithic columns

Both organic and inorganic polymer-based mono-
liths were prepared for CEC columns. The organic
porous polymer columns can be prepared by poly-
merizing organic monomers in the presence of a
porogen. Svec and co-workers [67—69] have pub-
lished several excellent reviews on the in situ
polymerization of synthetic organic polymers as
monolithic stationary phases for CEC. Up to now,
three types of polymers, i.e. polyacrylamides [70—
80], poly(methacrylate esters) [81-89] and poly-
styrenes [90,91], have been used for the preparation
of organic monolithic CEC columns. Whatever type
of polymer is adopted, the procedure for the prepara-
tion is similar. Fig. 1 illustrates schematics for the
preparation of organic monolithic capillary column.
The preparation procedure consists of three major
steps: pretreatment of capillary inner surface, prepa
ration of porous monolithic matrix in capillary and
functionalization of the matrix. The preparation of
the matrix and coupling of chromatographic ligands
may be similar to that in HPLC. However, it can be
seen from Fig. 1 that there are many differences
between the preparation of monoliths in CEC col-
umns and that in HPLC columns. The pretreatment
of the empty capillary, partial filling of the gel in the
capillary and coupling of charged groups to the
matrix are necessary for preparation of CEC mono-
liths, but they are not required in HPLC.

In HPLC, the monalith is blocked by two frits at
the two ends, therefore, chemical attachment of
polymer to the inner wall of the column is not
necessary. However, the monolith polymerized in
capillary column are of no frits, chemical attachment
is required in order to prevent the movement of
monolith during the wash and separation procedure.
Only Svec and co-workers [83,85-88,92] reported
preparation of CEC columns directly in untreated
capillary columns; in order to obtain good physical
stability, most columns are polymerized in silanized

columns. The silanization of the inner wall of the
capillary is similar to that in preparation of coating a
capillary for capillary zone electrophoresis [7,90].
The capillary column was firstly washed with strong
basic solution so that the siloxane groups at the inner
surface of raw fused-silica capillaries is hydrolyzed,
and thereby increase the density of the silanol groups
serving as anchors for the subsequent silanization.
Then the capillary column is filled with a bifunction-
a reagent solution, typically -~y-methacryloyloxy-
propyltrimethoxysilane in acetone, and allowed to be
reacted for a period of time. After such a treatment,
Si—O-Si—C bonds are formed between the capillary
wall and the reactive methacryloyl groups, which are
available for subsequent attachment of the monoalith
to the wall during the polymerization reaction.

The polymerization mixture for the preparation of
a monolithic matrix is similar to that in HPLC.
However, the filling of the mixture into the column
is different from that in HPLC. In HPLC, the column
is fully filled with the polymerization mixture and
the synthesized monolith occupies all the space of
the column. In CEC, on-column detection is con-
ducted, which require transparency of the section of
the detection window. Only a polyacrylamide gel
with low cross-linker ratio is transparent in UV light,
and the detection can be carried out on gel [70,71].
Accordingly, the entire capillary column can be filled
with the polymerization mixture. But other polymers
are al opague; in order to perform on-column
detection, the detection window section should be
without the polymer. Thisis simply accomplished by
filling the monomer solution into the capillary and
stopping the flow after reaching a certain length.
After polymerization, part of the capillary column is
filled with the monolith and part of the capillary is
just empty. The detection window is made in the
open tubular section at the end of the monolith and
detection in free solution is achieved. An alternative
way to prepare a detection window in a capillary
fully filled with opague polymer is reported by
Ericscon et a. [81]. The window was made by
burning off a 1-2 mm section of the polyimide
coating with the aid of an electrically heated tungsten
wire while pumping cold water continuously through
the column. The heat from the wire breaks covalent
bonds at the inner wall and creates a small water-
filled gap. The detection window prepared in this
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Step 1: Pretreatment of
capillary column

Bare capillary

(a) Silanization
A 4

Silanized capillary

mixture

Polymerization

(b) Partially filling

Partially filled capillary

!

Thermal initiation

Step 2: Preparation of

monolithic matrix l

(¢) Polymerization l

UV initiation

v

Mechanical pump

(d) Washing L

Electroosmotic flow

|

l

Capillary filled with monolithic matrix

Step 3: Functionization of
monolithic matrix

(e) Coupling of chromatographic ligand

l (f) Coupling of charged group

Functionalized monolithic CEC column

l (g) Creation of on-column detection window

Monolithic column ready for use

Fig. 1. Schematics for the preparation of monoalithic CEC column.

way was found to have about the same UV transmis-
sion as a window in empty capillary.

After the polymerization, the porogenic solvent
and other agents in the capillary need to be washed
out. The washing procedure is typically achieved by
a mechanical pump as in the preparation of HPLC

monoalithic columns. The disadvantage for washing
columns by pressure is that some soft gels may be
destroyed. Preparation of along column in this way
may also be difficult because ultra high pressure is
required. The strong back pressure generated for
washing a long column may also destroy even some
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rigid gels. Therefore, preparation of a monolithic
column with soft gel or long length in this way is not
desirable. In fact, the washing procedure can also be
carried out by electroosmotic flow in CEC [70—
72,75,77-79]. This can be simply accomplished by
placing the two ends of the capillary into buffer
solution after polymerization and applying voltage
for a period of time. The residue monomers, uncross-
linked polymers, initiator and catalyst will be re-
moved by EOF as well as electrophoresis. After the
current stabilized, the prepared capillary was ready
for use. The preparation of CEC monolithic column
without pressure and driven of mobile phase by EOF
render some very loose and swollen soft gel could be
used in CEC, while this is discouraged in HPLC.
After the monolithic matrix is prepared, the sur-
face of the matrix need to be functionalized to
convert it into a surface suitable to be used as a
stationary phase in CEC. As in HPLC, a chromato-
graphic functional groups such as hydrophobic
groups in reversed-phase chromatography should be
coupled to the matrix. In addition, charged groups
should also be coupled to the matrix in order to
generate EOF in CEC. FEricson et a. [81] have
presented a way with three steps to prepare a
monolithic CEC column. A rigid matrix was first
prepared, then dextran sulfate was immobilized, and
finally C,4 was covalent linked to the continuous
bed. Some authors also reported the preparation of
CEC monolithic columns with two steps [1,84].
Preparation of column with multiple steps is time-
consuming and also difficult to control over the
entire process. In fact, the preparation and func-
tionization of the matrix can typically be combined
in a single step. The polymerization solution is
prepared by mixing the two functional monomers,
one for generation of the chromatographic surface
and another for coupling of charged groups, with the
matrix monomers, then this solution is filled into the
capillary and alowed to be polymerized in situ.
After polymerization, a monolith with chromato-
graphic surface and charged groups will be formed.
For example, a monolithic column used in reversed-
phase CEC was prepared in a single step by co-
polymerization of acrylamide, N,N’-methylenebis-
acrylamide, lauryl acrylate and vinylsulfonic acid
[74]. After polymerization, the incorporated lauryl
groups will retain the solutes by hydrophobic inter-

action and the incorporated sulfonic acid groups will
generate a strong EOF. The preparation of mono-
lithic columns for chiral separations can be achieved
in the same way. For example, a monomer with a
chiral selective group, (+)-tetraallyl 18-crown-6
carboxylate, was copolymerized with acrylamide,
N,N’-methylenebisacrylamide and 2-acrylamido-2-
methylpropane sulfonic acid, and the prepared mono-
lithic column was applied to the enantiomer sepa-
ration of some primary amino compounds [75]. The
polymerization solution can either be prepared by
water or organic solvent. Perhaps the greatest limita-
tion for the agueous-based polymerization is the poor
solubility of a number of polymerizable monomersin
water, i.e. the nonpolar monomers required to
achieve the necessary hydrophobicity for a reversed-
phase CEC bed are typicaly insoluble in water.
These hydrophobic monomers can be soluble in the
agueous monomer mixture by addition of a surfac-
tant. For example, stearyl methacrylate used for the
introduction of hydrophobic ligands was rendered
water-soluble by incorporation into Triton X-100
micelles [82]. In contrast to the fixed solubilizing
properties of water, the wealth of organic solvents
possessing polarities ranging from highly nonpolar to
extremely polar allows the formulation of mixtures
with solvating capabilities that may be tailored over
a very broad range. Therefore, many organic mono-
lithic columns were prepared from polymerization
solution with organic solvents.

The inorganic porous polymer columns, typically
silica-based monolithic columns, are prepared using
a sol—gel process. The procedure is similar to that in
the preparation of organic monolithic column. The
pretreatment of the silica capillary is also necessary
for the sake of effective attachment of silica
skeletons to the wall. The capillary could be treated
with sodium hydroxide [93], hydrochloric acid [94]
or water [95] at a relatively high temperature. After
pretreatment, sol—gel solution is introduced into the
capillary column, and a three-dimensional network
will be created when hydrolysis and polycondensa-
tion reactions of the solution are completed. The
prepared porous monolithic matrix was then deriva-
tized to a reversed-phase by on-column reaction with
silane reagent. The coupling of other charged groups
onto the matrix is not always necessary since a
negatively charged surface will be generated due to
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the ionization of silanol groups on the silica mono-
lith, which results in a cathodic EOF. For example,
Tanaka and co-workers [93,96,97] have fabricated
monolithic silica columns in this way. The macro-
porous silica gel network was prepared by in situ
hydrolysis and polymerization of tetramethoxysilane
and poly(ethylene oxide) inside a 100 pm I.D.
capillary column, then allowed to react overnight.
The monolithic silica thus formed was washed with
water and then treated with aqueous ammonium
hydroxide solution followed by a wash with ethanol.
The column was dried in an oven for 24 h at 330 °C
and then reacted with octadecyldimethyl-N,N-dieth-
ylaminosilane to form reversed-phase chromato-
graphic surface. Suzuki et a. [98] and Fujimoto [94]
have aso followed a similar procedure to fabricate
monolithic columns for CEC. Hayes and Malik [95]
have presented a sol—gel approach to prepare silica
monolith with surface-bonded ligands for chromato-
graphic interaction in a single step, thus reducing the
time and labor associated with column fabrication. In
the presented approach, N-octadecyldimethyl-
[3(trimethoxysilyl)propyl]Jammonium chloride (C,g-
TMS) and tetramethoxysilane (TMOS) were used as
the two sol—gel active precursors. The chemical
structure of C,,-TMS is unique and specifically
suitable to prepare CEC monolithic column. The
structural design of this precursor contains three
important features: (1) the octadecyl moiety capable
of providing chromatographic interactions with the
analytes. (2) Three methoxy groups attached to the
silicon atom that can undergo hydrolysis, followed
by condensation, thereby facilitating the in situ
creation of a chemically bonded monolithic matrix
throughout the entire solution-filled inner capillary
volume. (3) The positively charged quaternary am-
monium moiety that can provide a positive surface
charge within the matrix to support the essential EOF
in CEC. Separation efficiencies of up to 1.75x10°
plates/m were achieved on a 50 cmXx50 pm 1.D.
column using polycyclic aromatic hydrocarbons and
aromatic aldehydes and ketones as the test solutes.

2.2.2. Particle-fixed monolithic columns

In a conventional HPLC column, the packed bed
is typically kept in place by terminating sieves or
frits, that are porous to the liquid but too narrow for

the particles to move through. In a CEC column the
packed bed can also be kept in place by sintered
frits, however frits meet many problems. In order to
inherit the versatility of very well-developed packing
materials and to prepare a CEC column without frits,
a new generation of CEC monolithic columns,
namely particle-fixed monolithic columns, has been
developed. They are prepared by fixing conventional
spherical packing materials in a capillary in situ
using various methods to form a monoalithic struc-
ture. This type of monolithic column is unique in
CEC. According to the different preparation meth-
ods, they can be classified into three categories: (1)
particle-sintered monolithic column [99-101], (2)
particle-entrapped monolithic column [102-110],
and (3) particle-loaded monoalithic column [19,111—
113).

Particle-sintered monolithic columns are prepared
by immobilization of microparticulate silica-based
packing materials by a thermal treatment. As de-
scribed by Asiaie et al. [99], ODS silica particles
were first packed into a fused-silica capillary using a
solvent slurry method, then the packed capillary was
rinsed with 0.1 M NaHCO, followed by water and
acetone. Then, the column was heated at 120 °C,
followed by 360°C for a period of time. After
sintering, the monolithic packing was reocta
decylated in  situ  with  dimethyloctadecyl-
chlorosilane. The prepared column was mechanically
strong and had efficiency similar to the packed
columns with the same particles. Due to the harsh
experimental conditions used in the sintering pro-
cess, the stationary phase was destroyed and, thus,
post deactivation and functionalization of the sin-
tered bed is necessary. Wistuba and Schurig [101]
have reported the preparation of a chiral monolithic
stationary phase by packing a capillary with bare
porous silica and sintering the silica bed at high
temperature, then the resulting silica monolith was
polymer-coated with Chirasil-Dex, a permethylated
B-cyclodextrin covalently linked via an octa
methylene spacer to dimethylpolysiloxane. The
multistep procedure used to fabricate the column is a
drawback of this approach. Adam et a. [100] have
presented a method to prepare particle sintered
monolithic columns in a single step by a hydrother-
mal treatment using water for the immobilization
process. By carefully controlling the immobilization
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temperature and other parameters, the column can be
prepared without damage to the surface of the
reversed-phase silica, and thereby it can be used
directly for separation after sintering. Under optimal
conditions, no remarkable difference in the retention
time and the efficiency was observed before and after
the immobilization.

Particle-entrapped monolithic columns were pre-
pared by introducing the entrapping solution after the
column had been packed. The method developed by
Chirica and Remcho [102] makes use of silicate sol
solutions to fill the pressure packed capillaries with
subsequent heating. After the capillary was packed
with packing materias, it was filled with silicate sol
solutions and subsequently heated for several days.
Then, the column was cured by flushing it with 0.1
M NH,OH followed by drying in an oven. Both
silica-based reversed-phase packing material and
molecular imprinted polymeric packing were en-
trapped by silicate. The reported efficiency of this
column is similar to that of a packed column. But the
retentive characteristics were significantly reduced
due to a combination of masking of the stationary
phase with the entrapping silicate and hydrolysis of
the stationary phase during the NH,OH rinse. The
prepared columns were silanol groups active, which
may lead to peak tailing. An additional drawback of
the preparation procedures is that they are time
consuming.

Lee's group [103-106] reported the development
of sol—gel bonded monoalithic columns for CEC in
which packing materials were first packed into a
fused-silica capillary using a CO,, supercritical pack-
ing technique. Then the packed column was filled
with a specially prepared dilute sol solution formed
by hydrolysis and polycondensation of tetramethoxy-
silane and ethyltrimethoxylsilane precursors. Then
the column was dried using supercritical CO,, at high
temperature after the column was gelled and aged.
The column inertness was improved significantly
using an inert sol—gel bonding matrix and supercriti-
ca CO, drying. The sol—gel bonded monolithic
columns exhibited almost the same properties as
conventional packed columns, but without the need
for end-frits.

However, the surface of the silica-based entrap-
ment matrices renders separation media prone to
nonspecific adsorptive interactions. Chirica and Rem-

cho [107] have presented the immobilization of
reversed-phase sorbents within the walls of fused-
silica capillary tubes using an organic-based entrap-
ment matrix. A mixture of porogenic solvents and
methacrylate-based monomers is pumped through a
packed column to provide, following a polymeri-
zation step, an organic matrix capable of holding the
sorbent particles in place, thus rendering the end frits
unnecessary. The new columns demonstrated excel-
lent chromatographic performance with reduced plate
height varied from 1.1 to 1.5 in CEC, while mini-
mizing secondary interactions encountered when
silica-based entrapment matrices are employed. In
addition to delivering mechanically robust columns,
the methacrylate matrix provides a mechanism for
fine tuning of the EOF velocity when 2-acrylamido-
2-methyl-1-propanesulfonic acid is incorporated into
the polymerization mixture.

The last type of particle-fixed monolithic column
is the particle-loaded one. In fact, particle-loaded
monolithic columns belong to a type of particle-
entrapped columns, however preparation of these
columns combines packing the stationary phase
particles and entrapping these particles in a single
step. In this approach [19,111-113], a sol—gel
solution, typically a mixture containing alkoxysil-
anes, ethanol and hydrochloric acid, is prepared and
the particles are added to form a suspension con-
taining the particles. A capillary is then filled with
the suspension. The sol—gel matrix embeds the
particles after drying, and prevents them from exiting
the column during separation. However, the reported
separation efficiencies of columns prepared by this
approach are not as high as those of traditionally
packed columns. The reason may be the presence of
inhomogeneities in their columns and some inacces-
sibility of analytes to the particles due to steric
blocking by the sol—gel elements.

Besides being used directly as the stationary phase
in CEC, monolithic media can also be fabricated as
the frits in CEC columns packed with particulates.
Recently, Zare and co-workers [114,115] reported
two types of monolithic frits by photopolymerization
based on the preparation methods described above.
The preparation of CEC column frits is simple, rapid
and reproducible and bubble formation was not
observed to occur during any of the chromatographic
runs.
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3. Characterization

Several methods are usually employed for measur-
ing the porous properties of the monoliths. The
porosity data and the pore size distribution profiles of
the monoliths in dry state are usualy obtained by
means of mercury intrusion porosimetry and the
range of pore size determined is from 10 nm to 150
pm. This technique is well suited for the determi-
nation of large pores, but its accuracy for the
measurement of smaller pores is limited due to the
compressibility of the polymeric matrix itself. There-
fore, inverse size-exclusion chromatography (1SEC)
often used for the determination of pores smaller
than about 50 nm. The concept of I1SEC is based on
the measurement of pore volumes that are accessible
to polymer standards of well-defined molecular sizes
[116]. In addition, the specific surface area of
monoliths can be obtained from nitrogen adsorption/
desorption isotherms.

For practical uses, the back pressure of a column
should be as low as possible. The first concern of a
monolithic column is the permeability to mobile
phase, which depends fully on the macropores of the
medium. Many applications of porous material are
usualy dependent on its surface area. To obtain a
large surface area, a large number of micropores,
with diameters smaller than 2 nm, and mesopores
ranging from 2 to 50 nm should be incorporated into
the polymer. And large macropores with diameters
over 50 nm make only an insignificant contribution
to the overall surface area. Therefore, a balance must
be found between the requirements of low flow
resistance and large surface area. The pore size
distributions of the molded monoliths can be careful-
ly controlled through the optimization of the poly-
merization conditions as described above. An exam-
ple of pore size distribution of a molded monoalith is
shown in Fig. 2 [36]. According to mercury intrusion
porosimetry, pores with diameters smaller than 100
pm and larger than 5 wm take about 10 and 15% of
the total pore volume, respectively. The pores with
diameter in the range of 100-5000 nm take more
than 70% of the total pore volume [117].

The morphology of the monolithic rod is closely
related to porous structure, and is also a direct
consequence of the polymerization conditions. The
scanning electron micrograph shown in Fig. 3 re-
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Fig. 2. Pore size distribution curve of the modified poly(glycidyl
methacrylate—co-ethylene dimethacrylate) rod measured by mer-
cury intrusion porosimetry. Reprinted with permission from Ref.
[36].

veals the details of the structure of a molded
monolith of poly(glycidyl methacrylate—co-ethylene
dimethacrylate). The polymer forms a dense network
of polymer bundles that are highly convoluted.
““Molded” monoliths provide broad channels for
liquid flowing through, so very low flow resistance
could be achieved. The back pressure of the continu-
ous rod with 1.D. of 4.0 mm and length of 5 cm is
only about 6.5 MPa when the flow-rate reached 9.0
ml/min. In addition, the dependence of the back
pressure on flow-rate is directly proportional to the
flow-rate of the mobile phase in the range from 1.0
to 9.0 ml/min [117].

Conventiona porous materia has the disadvantage
that the mass transfer between the surface and bulk
liquid phase is restricted by hindered diffusion
through pores. In particular, in the case of macro-
molecules, the dow rate of diffusional mass transfer
limits the overal rate in chromatography. As pre-
sented in the Van Deemter equation the efficiency of
the HPLC separation deteriorates rapidly as the flow-
rate increases (when mass transfer becomes domi-
nant). In contrast to diffusion, for which the con-
centration gradient is the driving force, convection
uses flow to dramatically accelerate the mass transfer
of solutes. However, pore sizes for most convention-
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Fig. 3. Scanning electron micrograph of the inner part of the modified poly(glycidyl methacrylate—co-ethylene dimethacrylate) monalith.

Reprinted with permission from Ref. [117].

a porous materials are too small to allow convec-
tion. A theoretical analysis of conditions affecting
the efficiency of a column in the separation of
macromolecules with molecular mass exceeding 10°
revealed that the optimum size of pores in the
packing medium is about 1 pm [118]. When this size
is reached, the slow diffusion of solutes within the
pores does not restrict the separation quality. Perfu-
sion chromatography, which is based on the use of
packings with very large pores of up to 1 um, was
used to improve the kinetics of the separation
process. Though these macropores alow part of the
mobile phase to flow through the beads, the convec-
tive flow through the pores accounts for less than 5%
of the total [118]. As a result of the convective flow
of the solution through the pores of monolithic
column, the mass transfer resistance is tremendously
reduced. Fig. 4 shows the effect of flow-rate on the
efficiency of a poly(styrene—co-divinylbenzene) rod
for tetrahydrofuran. The plot of plate height against
flow-rate remains relatively flat on a monolithic
column with dimension of 50X8 mm 1.D. through
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Fig. 4. Effect of flow velocity on efficiency of the continuous
poly(styrene—co-divinylbenzene) rod column for benzene (A) and
bradykinin (H). Experimental conditions: column, 50X8 mm I.D.;
mobile phases, tetrahydrofuran for benzene and acetonitrile—water
(50:50) for bradykinin; temperature, 30 °C. Reprinted with per-
mission from Ref. [122].
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the linear velocity range of 200—1000 cm/h. Frontal
analysis, which provides the breakthrough curve,
serves as a useful tool for the evaluation of mass
transport kinetics. In an ideal case, the breakthrough
curve, that shows the solute concentration at the
column outlet versus the total volume passed through
the column, is almost vertical. If the saturation rate
of the separation medium with the solute is slower
than the flow-rate, the curve is less steep. A break-
through curve of chicken egg albumin on the amine-
modified poly(glycidyl methacrylate—co-ethylene di-
methacrylate) monolithic column was measured, and
the obtained breakthrough curve is very sharp, which
confirms the fast mass transport kinetics of the
monolith [36].

Because of the multiple steps involved in the
preparation of a conventional chromatographic col-
umn, some batch-to-batch variation in column per-
formance is expected. Continuous rods are prepared
in situ within the confines of a chromatographic
column or a capillary tube, which leads to very high
column reproducibility. This is a significant advan-
tage as the efficiency of packed bead columns is
known to be affected by packing conditions, includ-
ing the skills of the operator, as well as other
variables [119]. Liao [120] compared the perform-
ance of 23 different batches of the UNO Q column.
The retention time of four solutes including adeno-
sine, AMP, ADP, and ATP were determined under
the same gradient conditions, and the results showed
that the coefficient of variation of the tested solutes
was less than 1.3%.

The physical and chromatographic characteristics
of three monoaliths including CIM-QA disks (BIA
Separation), UNO-Q (Bio-Rad), Sartobind-Q (Sar-
torius, Gottingen, Germany), and a monodisperse
chromatography material, Mono-Q (Pharmacia
Amersham, Uppsala, Sweden) were compared by
Iberer et al. [121]. Two objective parameters, the
porosity and the shape of the breakthrough curve at
different chromatographic linear velocities, were
selected as the evaluation of above four media. The
porosities are approximately 0.7 for the UNO-Q
column, 0.5 for the CIM-QA disk, and 0.4 for the
Sartobind column, which is significantly higher than
that measured with conventional chromatographic
columns—usualy between 0.2 and 0.3. Because
axial dispersion caused by restricted diffusion into

pores is excluded, the breakthrough curves for the
CIM-QA disks and UNO-Q columns at different
velocities exhibit amost identical shape and position
when normalized in respect to the elution volume.
Additional band broadening with increasing velocity
was observed on Sartobind Q because of the high
extra-column volume with increased mixing, lateral
diffusion in the grafted surface, and imperfect stack-
ing of the membrane sheets. The shape of the
breakthrough curve for Mono-Q column changes
with velocity and the onset of the breakthrough
commences earlier and becomes flatter with higher
velocity [121]. Due to the advantages of simple
handling and high-speed operation with high ef-
ficiency, these monolithic chromatographic adsor-
bents are very attractive for bioanalytical, biochemi-
cal, and biotechnological applications.

4. Applications
4.1. LC applications

4.1.1. Reversed-phase chromatography

Svec and co-workers [26,122,123] prepared poly-
(styrene—co-divinylbenzene) continuous rod columns
for the reversed-phase separation of proteins, alkyl-
benzenes, and peptides. The isocratic and gradient
separation of akylbenzenes on continuous poly-
(styrene—co-divinylbenzene) rod column exhibits
about 13 500 plates/m at a low flow velocity, which
is much lower than that of a typical column packed
with small beads. The interactions between the
hydrophobic surface of the molded poly(styrene—co-
divinylbenzene) monolith and alkylbenzenes do not
differ from those observed with beads under similar
chromatographic conditions. The average separation
factor of akylbenzene homologues «(CH,)=1.42,
which reflects the contribution of one methylene
group to the overall retention of a solute, is close to
that reported in the literature for polystyrene-based
beads [124,125].

Peptides are very important compounds produced
by biotechnology processes. Chromatography is a
valuable tool for both in-process control and down-
stream processing. Five peptides, bradykinine,
leucine enkephaline, methionine enkephaline,
physalaemin, and substance P were used for testing
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the separation ability of the monolithic column
[123]. It was observed that the silica-based column
affords the baseline separation of al five peptides in
about 3 min, while both the monolithic and Hamilton
PRP-1 columns do not separate the enkephalines
completely. However, a very good separation of
those five peptides was achieved in less than 50 s on
the monolithic column at a flow-rate of 5 ml/min
(Fig. 5). This is not possible with the Cg; silica
column since the back pressure at a flow-rate of 5
ml/min would exceed the pressure limits [123].
Gradient elution with a monolithic column has
been applied to the separation of ribonuclease,
cytochrome ¢, bovine serum albumin, carbonic anhy-
drase and chicken egg albumin and the comparative
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Fig. 5. Rapid separation of peptides on a poly(styrene—co-di-
vinylbenzene) monolithic column. Experimental conditions: col-
umn, 50X4.6 mm |.D.; mobile phases, gradient elution from 15 to
38% acetonitrile in 0.15% agueous trifluoroacetic acid solution in
1.5 min; flow-rate, 5 ml/min; detection, UV 214 nm. Peaks:
1=bradykinin; 2=enkephalin; 3=methionine enkephalin; 4=
physalaemin; 5=substance P. Reprinted with permission from Ref.
[123].

separations on the columns packed with Poros R2H
and Hamilton PRP-3 beads were carried out, and the
results obtained are shown in Fig. 6. It can be seen
that the monolithic column and Porous R2H beads
packed column have similar separation ability, which
is much higher than that of the column packed with
Hamilton PRP-3 beads [123].

An early study of the separation of styrene oligo-
mers by HPLC on reversed-phase octadecyl silica
columns under gradient elution showed that the
retention depended on both the composition of the
mobile phase and the number of repeat units in the
oligomer [126]. Smaller oligomers are eluted prior to
larger ones, quite unlike SEC for which the large
molecules elute first. Svec and co-workers [27,127]
used molded poly(styrene—co-divinylbenzene) rod
columns in a gradient elution HPLC mode for the
separation of styrene oligomers and polymers. A
comparable separation of a commercial sample of
polystyrene oligomers with average molecular mass
of 630 was achieved in a high-performance SEC
column and the molded column. Both of the chro-
matograms exhibit a number of peaks that can be
assigned to the individua styrene oligomers and
these two chromatograms are almost mirror images
[27]. The separation of a mixture of narrow poly-
styrene standards with molecular masses ranging
from 519 to 2.95x10° in the rod column was also
achieved. All eight standards are well separated in a
50-mm-long molded rod column at different flow-
rates. The molecular mass distribution profiles of a
polystyrene sample obtained by SEC and molded rod
column were determined and the curves matched
quite well. Molded rod column alows use of high
flow-rates and higher sample loads, which makes it a
valuable and fast alternative to SEC. Recently, Janco
et al. [128,129] aso reported excellent results for
separation of polystyrenes, poly(methyl methacryl-
ates), poly(vinyl acetates), and polybutadienes on a
poly(styrene—co-divinylbenzene) monolithic column
by means of precipitation/redissolution.

4.1.2. 1on-exchange chromatography

lon-exchange chromatography (IEC) is probably
the most widely used chromatographic method for
the separation of proteins. Due to the mild elution
conditions used in ion-exchange chromatography,
higher yields of structurally and functionally intact
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Fig. 6. Separation of proteins on different columns. Experimental conditions: (&) monolithic column based on poly(styrene—co-di-
vinylbenzene) (50x4.6 mm 1.D.), (b) Hamilton PRP-3 (10 wm, 150X4.6 mm 1.D.); (c) Porous R2H (10 pum, 50X4.6 mm |.D.). Mobile
phase, gradient elution from 30 to 70% acetonitrile in 0.15% aqueous trifluoroacetic acid solution in 0.5 min for columns (&) and (c) and that
from 20 to 60% acetonitrile in 1.5 min. Peaks: 1=ribonuclease; 2=cytochrome c; 3=bovine serum albumin; 4=carbonic anhydrase;
5=chicken egg albumin. Detection: UV 280 nm. Reprinted with permission from Ref. [123].

proteins could be obtained compared with other
chromatographic techniques. The epoxide groups of
the molded poly(glycidyl methacrylate—co-ethylene
dimethacrylate) readily react with many compounds
to form ion exchangers. The amine-modified mono-
lithic column prepared by Svec and Fréchet [36] was
used even for the preparative-scale separation of
proteins [37]. The reaction with diethylamine affords
the rod columns ionizable functionalities required for
the ion-exchange chromatographic mode. The load-
ings cover more than two orders of magnitude from
0.33 to 62.5 mg while the retention times are almost
identical. A protein mixture consisting of lysozyme,
soybean trypsin inhibitor and conalbumin was sepa-
rated on the ion-exchange column. All of the pro-
teins are baseline separated and the symmetry of the
peaks is very good. Sykora et al. [130] also success-
fully separated the oligonucleotides using this type of
monolithic column. The reaction with iminodiacetic

acid (IDA) and chloroacetic acid provides the
molded poly(glycidyl methacrylate—co-ethylene di-
methacrylate) rod columns carboxymethyl groups
required for cation-exchange chromatography
[38,39]. Four proteins consisting of bovine serum
abumin (BSA) (isoelectric point, pl 4.98), a-chymo-
trypsinogen A (pl 9.5), cytochrome ¢ (pl 10.6), and
lysozyme (pl 11.0) were chromatographed on the
naked IDA column (as shown in Fig. 7). Good
separation of these four proteins was achieved within
10 min. The naked IDA continuous rod column was
also used for the separation of lysozyme from egg
white in a single step process [39]. Grafting can also
be used to provide the ion-exchange groups for the
monolithic columns. A monolithic column grafted
with  poly(2-acrylamido-2-methyl-1-propanesulfonic
acid) chains on poly(glycidyl methacrylate—co-ethyl-
ene dimethacrylate) had been used for the fast ion-
exchange chromatography of proteins [40]. Three
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Fig. 7. Separation of model proteins on a naked IDA monolithic
column. Experimental conditions: column, 50X4 mm |.D. with
monolithic rod of poly(glycidyl methacrylate—co-ethylene dimeth-
acrylate) modified by IDA; mobile phase, gradient elution from O
to 0.5 mol/l NaCl in 20 mmol/l phosphate buffer (pH 7.0) in 6
min; flow-rate, 1.0 ml/min; UV detection at 280 nm. Peaks:
1=bovine serum abumin; 2=trypsin; 3=cytochrome c; 4=
lysozyme. Reprinted with permission from Ref. [39].

proteins were successfully separated in less than 1.5
min.

One of the major perceived limitations of meth-
acrylate-based separation media is the limited stabili-
ty of their ester bonds to the alkaline conditions. To
overcome this drawback, molded poly [4-(chloro-
methyl)styrene—co-divinylbenzene] continuous rod
columns were prepared [30] and a weak cation-
exchange column was obtained after a two-step
modification process involving reaction with ethyl-
enediamine, then with chloroacetic acid. Good sepa-
ration of five standard proteins was achieved on this
monolithic column in a salt gradient elution. And the
hydrophilicity of the rod surface was greatly in-
creased after the chemical modification.

In-situ modification of the rod column is time-
consuming and the amount of functional groups
attached on the rod is limited. Li et a. [131]
prepared a microcolumn for cation-exchange chro-
matography simply by polymerization of an aqueous
solution of appropriate monomers, including the
desired ligand, directly in a fused-silica tube. To
avoid the *wall effect”, the inner wall of the fused-
silica was activated with ~y-methacryloyloxy-
propyltrimethoxysilane. Methoxy groups react with
silanol groups at the surface of the tube wall and free
methacryloyl groups were used for subsequent at-

tachment of the continuous bed to the wall of the
tube by polymerization. Baseline separation of four
standard proteins (Mh, myoglobin from horse; Mw,
myoglobin from whale; cytochrome c; lysozyme)
was achieved on a 100x0.025 mm I.D. column. A
macroporous poly(glycidyl methacrylate—divinylben-
zene—triallyisocyanurate) rod was also recently pre-
pared for direct use in anion-exchange chromatog-

raphy [132].

4.1.3. Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC)
complements the other chromatographic modes such
as ion-exchange, reversed-phase, affinity, and size-
exclusion chromatography for separation of proteins.
Zeng et al. [46] prepared a continuous HIC column
using piperazine diacrylamide, methacrylamide, and
isopropylacrylamide as monomers in a single step.
The retention of proteins depends both on the
hydrophobicity of the protein surfaces, and the
density and type of hydrophobic ligands attached to
the surface of the medium. While the hydrophobicity
of proteins is an intrinsic property that cannot be
changed, the polarity of the separation medium can
be adjusted during its preparation. In their study, the
hydrophobicity of the interacting surface is con-
trolled by the percentage of isopropyl groups in the
polymerization mixture. Xie et al. [47] prepared a
macroporous poly(acrylamide—co-butyl methacryl-
ate—co-N,N’-methylenebisacrylamide) monolithic
column for hydrophobic interaction chromatography
of proteins. Fig. 8 shows a separation of five proteins
on a 10% butyl methacrylate monolithic column
within 10 min. The retention time and selectivities
are only dlightly affected while the loading increased
from 0.36 to 5.84 mg and the recoveries aways
exceed 90%. In addition, a porous poly(glycidyl
methacrylate—co-ethylene dimethacrylate) monolith
grafted with poly(N-isopropylacrylamide—co-methyl-
enebisacrylamide) was also used in hydrophobic
interaction chromatography [41]. The separation of
proteins can be achieved at constant salt concen-
tration using the hydrophobic—hydrophilic transition
of the grafted chains that occurred in response to
changes in temperature. Carbonic anhydrase and
soybean trypsin inhibitor were successfully separated
on the monolithic column.
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Fig. 8. Separation of proteins by hydrophobic interaction chroma-
tography on a molded monolithic column. Experimental con-
ditions: column, 50X8 mm 1.D. with monolithic rod of poly-
(acrylamide—co-butyl  methacrylate—co-N,N’-methylenebisacryl-
amide); Mobile phase, gradient elution from 1.5 to 0.1 mol/I
ammonium sulfate in 0.01 mol /| sodium phosphate buffer, pH 7.0
in (@ 10 min at a flow-rate of 1.0 ml/min and (b) 3.3 min at a
flow-rate of 3.0 ml/min (b). Pesks: 1=cytochrome c; 2=
ribonuclease; 3=carbonic  anhydrase; 4=lysozyme; 5=
chymotrypsinogen. Reprinted with permission from Ref. [47].

4.1.4. Affinity chromatography

Affinity chromatography is a unique method in
separation technology as it is the only technique that
permits the purification of biomolecules based on
biological functions rather than individua physical
or chemical properties. Protein A is a cell wall
protein of Staphylococcus aureus of molecular mass
42 000 with a strong, specific affinity for the Fc
region of immunoglobulins [133,134]. Monolithic
columns with immobilization of protein A on the
continuous rods of poly(glycidyl methacrylate—co-
ethylene dimethacrylate) without or through a spacer
arm were prepared for the fast analysis of human
immunoglobulin G (1gG) recently [117,120]. The
adsorption capacity of human IgG on the latter
column is higher than that of the former one because
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Fig. 9. Chromatographic analysis of human serum on protein A
monolithic rod column. Experimental conditions: column, 50Xx4
mm |.D. with immobilization of protein A on a monolithic rod of
poly(glycidyl methacrylate—co-ethylene dimethacrylate); 20 wl of
the sample solution was injected with loading buffer, and 2 min
after injection of sample solution, the elution buffer was used as
the eluent; flow-rate, 1.0 ml/min; UV detection, 280 nm. Peaks:
1=nonretained solutes, 2=human 1gG. Reprinted with permission
from Ref. [117].

of the steric hindrance occurring between the im-
mobilized ligands and solutes. The protein A column
was used for the determination of human IgG in
human serum. Fig. 9 shows a typical chromatogram
of human serum on the protein A monolithic column.
The analysis could be finished within 3 min at a
flow-rate of 1.0 ml/min, and the peak width at half
height for human 1gG is only 0.1 min. However,
protein A is expensive and unstable in chromato-
graphic systems. To overcome this drawback, a
pseudo-biospecific ligand, histidine, was used as
affinity ligand for the purification of 1gG [135]. A
standard human 1gG sample was separated on
the histidine monolithic column in Tris—HCl and
4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(Hepes) buffers. Almost all human 1gG was retained
on the column in the Hepes buffer, whereas, only a
small part of human IgG was retained in the Tris—
HCI buffer [135].

Immobilized metal ion chelating affinity chroma-
tography (IMAC) is a powerful tool for the sepa-
ration of proteins and peptides at both the analytical
and the preparative scale. It takes advantage of the
selective interaction between immobilized metal ions
and the functional groups of amino acids located at
the surface of biomolecules, such as the imidazole
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group of histidine, the thiol group of cysteine, and
the indolyl group of tryptophan. IDA type adsorbent
was prepared by covalent coupling of IDA to the
monolithic continuous rods of macroporous poly-
(glycidyl methacrylate—co-ethylene dimethacrylate)
[39]. The reaction conditions for coupling of IDA
group to the rods were optimized. Different metal
ions, including Cu®*, Zn** and Ni*", were immobil-
ized on the columns and used for the separation of
proteins. Fig. 10 shows the separation of mixed
proteins on Cu®"—IDA continuous rod columns,
respectively. The four proteins were separated within
10 min. The effect of pH of the equilibration buffer
on the adsorption capacity of BSA on a Cu®"—IDA
rod column was investigated and the optimized pH is
7.5. In addition, dye—ligand affinity chromatography
on continuous beds had also been used for chromato-
graphic purification of dehydrogenases from yeast
enzyme concentrate by Mohammed et al. [136].

4.1.5. Separation of chiral compounds

So far, chiral stationary phases based on proteins,
cyclodextrins, cellulose derivatives and macrocyclic
antibiotics are widely used in the separation of chiral
compounds by liquid chromatography. These chiral
ligands are usually immobilized on silica material.
Unfortunately, similar chira stationary phases based
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Fig. 10. Separation of proteins by IMAC on Cu®"—IDA mono-
lithic column. Experimental conditions. column, 50x4 mm [.D.
with Cu®"—IDA immobilized on a monalithic rod of poly(glycidyl
methacrylate—co-ethylene dimethacrylate); gradient elution from 0
to 50% B in 6 min; eluent A, 20 mmol/l phosphate buffer
containing 1.0 mol /1 NaCl (pH 7.0); eluent B, eluent A containing
100 mmol/l imdazole (pH 7.0). Pesks: 1=trypsin; 2=lysozyme;
3=bovine serum abumin; 4=myoglobin. Reprinted with permis-
sion from Ref. [39].

on monolithic rods have not been reported so far.
The only example of the separation of chiral com-
pounds is in monolithic molecularly imprinted poly-
mers. Enantiomers of phenylalene anilide were re-
solved on the monolithic molecularly imprinted
polymers with the L-form or b-form as template [56].
The L-form imprinted polymer showed a higher
separation factor (1.7) than the o-form (1.4). After
that, the same group prepared a cinchona alkaloid
molecular imprinted polymer rod with methacrylic
acid or 2-(trifluoromethyl)acrylic acid as monomer
[58]. A 5.3 stereoseparation factor was obtained with
the 2-(trifluoromethyl)acrylic acid monomer [58].
The diastereomers of cinchonine and cinchonidine,
quinine and quinidine was successfully separated on
a cinchonine imprinted monolithic column by adopt-
ing stepwise or linear gradient elution [137] (as
shown in Fig. 11), and the peak shape of the later-
eluted compound was greatly improved under the
gradient elution.

4.1.6. High-throughput bioreactors

The immobilization of enzymes onto solid sup-
ports used as bioreactors is beneficia for biocatalytic
processes because the supports can be repeatedly
used and the products can be easily isolated from the
supported enzyme. However, the supports often
exhibit significantly lower apparent activities than
their soluble native counterparts due to the slow
transport of large substrate molecules to the active
sites. The monoliths allow total convection of mobile
phase through their pores and mass transfer is
dramatically increased, which provides an advan-
tageous performance as supports for the immobiliza-
tion of enzymes. This has been demonstrated in
comparative studies by immobilization of trypsin
onto the macroporous GMA—-EDMA beads and onto
the GMA—EDMA monolith [42] and poly(2-vinyl-
4,4-dimethylazlactone— co- acrylamide—co- ethylene
dimethacrylate) monoliths [138,139]. It was observed
that the enzymatic activity of trypsin immobilized on
the monoliths was always higher than that of the
enzyme immobilized on beads, though a relatively
smal size (10 um) of beads had been used to
minimize the diffusional path length. The activity of
the enzyme immobilized on the monolithic 20X 1.0
mm |.D. supports was nearly twice as high as that of
the beads at a linear flow-rate of 25 cm/min; at
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Fig. 11. Chromatogram for separation of cinchonidine and cin-
chonine on imprinted monolithic column. Experimental condi-
tions: column, 150X4 mm |.D. with a monolithic rod of poly-
(methacrylic acid—co-ethylene dimethacrylate); (@) mobile phase,
acetonitrile—acetic acid (98:2, v/v); flow-rate, 0.5 ml/min; (b)
linear gradient elution from acetonitrile—acetic acid (99:1, v/v) to
acetonitrile—acetic acid (90:10, v/v) within 15 min and lasted 20
min with acetonitrile—acetic acid (90:10, v/v); flow-rate, 0.5
ml/min. An eluent of acetonitrile—acetic acid (97:3, v/v) was
used to equilibrate the column before the gradient elution. Peaks:
1=cinchonidine; 2=cinchonine. Reprinted with permission from
Ref. [137].

higher flow-rates (40 cm/min) the monolithic bio-
reactor could still maintain its activity, while the
beads packed bioreactor could not be used due to the
steep increases in column back pressure with increas-
ing flow-rate. The low back pressure together with
the high activity of immobilized trypsin at high
flow-rates contributed to very high throughput. The
superior performance of trypsin in the digestion of
cytochrome ¢ had been demonstrated in studies. The
trypsin/ cytochrome c ratio used for digestion in the
column packed with beads was 2250 times higher
than that in a monolithic column because the diges-
tion rate is limited by diffusion of the large protein
molecules into the pores of beads. Poly(2-vinyl-4,4-
dimethylazlactone—co-acrylamide—co-ethylene  di-
methacrylate) monoliths are more hydrophilic than
methacrylate-based material and the enzyme can be
immobilized in a single step, therefore these mono-
liths are better suited for enzyme-based bioreactors.
A high activity in the hydrolysis of both low- and
high-molecular mass substrates such as L-benzoyl
arginine ethyl ester and casein was achieved and the
catalytic activity of the monolithic bioreactor was
maintained even at a flow-rate of 180 cm/min. The
highest apparent activity of 810 pmol/min per ml
was observed for the immobilized trypsin at a flow-
rate of 102 cm/min and a temperature of 75 °C,
which suggested that a very-high-throughput bio-
reactor could be designed using the monolithic
supports.

4.2. Capillary electrochromatography applications

In most applications to date, CEC with monolithic
columns has been used for the separation of small,
neutral organic molecules under conditions of re-
versed-phase chromatography. Similar to conven-
tional CEC, aromatic neutral compounds are often
used as test solutes to evaluate column performance.
For example, efficiencies up to 398 000 plates/m
were obtained for the separation of a mixture of
alkylphenones in an acrylamide-based monolithic
column [72]. Other smal neutral anaytes, like
herbicides [100], aldehydes and ketones [71,95],
retinyl esters [108], steroids [74], and saccharides
[72] were also successfully separated by CEC with
monolithic columns. In addition to the **classical”
use of monoalithic capillary columns for the sepa-
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ration of small molecules in the reversed-phase
mode, larger styrene oligomers were separated under
isocratic elution conditions [83]. Due to the in-
volvement of an electrophoretic mechanism, the
separation of ionic compounds is more complex than
that in HPLC. The application of RP-CEC to the
separation of ionic compounds will be addressed in
more detail.

Cathodic EOF is generated in conventional RP-
CEC with columns packed with HPLC silica-based
packings due to the ionization of residual silanols.
Acidic compounds tend to migrate against the EOF
and require ion suppression for a successful sepa-
ration [140]. The disadvantage of this method is the
long analysis time because of the poor EOF by
suppression of the ionization of silanols at low pH.

Separation of acidic compounds was also con-
ducted in CEC with monolithic columns [67]. Fig.
12a shows the separation of aromatic acids at pH 2.4
on a monoalithic capillary column. The sulfonic acid
functionalities of the monolithic polymer remain
dissociated under low pH, creating a flow velocity
sufficient to achieve separation in a short period of
time.

Peak tailing of basic compounds typically occurs

in conventional RP-CEC due to the interaction of
these compounds with the silanol groups. In order to
improve the peak symmetry, a competing base was
added to the mobile phase to compete with the
analyte. Negatively charged groups like sulfonic acid
groups and carboxyl groups were often coupled to
the monolith to generate a strong EOF. Poor peak
shape for basic compounds may also occur in CEC
with monolithic columns due to the electrostatic
interaction of analytes with the charged groups. Peak
tailing was found in the separation of some basic
analytes, the anilines, in CEC with monolithic poly-
(styrene—co-divinylbenzene—co-methacrylic acid) as
the stationary phase [90]. Separation of basic com-
pounds on a monolithic CEC column with addition
of competing base was not reported. However, they
can aso be separated with good peak shape in the
ion-suppressed mode due to the excellent stability of
the polymer-based stationary medium over a wide
range of pH values. Fig. 12b shows the separation of
anilines a pH 12 on a polymethacrylate-based
monolithic capillary column [67]. The ionization of
the anilines is suppressed at high pH, and they are in
neutral form. Accordingly, there are no electrostatic
interactions between them and the monolithic sur-
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Fig. 12. Electrochromatographic separation of (8) aromatic acids and (b) anilines on monolithic capillary columns. Experimental conditions:
capillary column, 30 cm (25 cm effective length) <100 wm |.D. with a monolithic rod of poly(butyl methacrylate—ethylene dimethacrylate
containing 0.3% (w/w) 2-acrylamido-2-methyl-1-propanesulfonic acid); (a8) mobile phase, acetonitrile—5 mmol /| phosphate buffer (pH 2.4)
(60:40, v/v). Pesks: 1=3,5 dihydroxybenzoic acid; 2=4-hydroxybenzoic acid; 3=benzoic acid; 4=2-toluic acid; 5=4-chlorobenzoic acid;
6=4-bromobenzoic acid; 7=4-iodobenzoic acid. (b) Mobile phase, acetonitrile—10 mmol/l NaOH (pH 12) (80:20, v/v). Peaks: 1=2-
aminopyridine; 2=1,3,5-collidine; 3=aniline; 4=N-ethylaniline; 5=N-butylaniline. Reprinted with permission from Ref. [67].
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face, and therefore, symmetric peaks were obtained.
It should be noted that such extreme pH conditions
could not be adopted on typical silica-based pack-
ings.

The disadvantage of a CEC column by coupling
charged groups onto the monolithic matrix is that the
charge density and sign of the charge cannot be
conveniently changed during the separation. Wu et al.
[141] have reported that cathodic EOF or anodic
EOF can be generated by dynamical adsorption of
sodium laurylsulfate (SDS) or cetyltrimethylammo-
nium bromide (CTAB) onto a neutral monolithic
rod. It is very convenient to change the magnitude
and direction of the EOF through changing the
concentration of cationic or anionic surfactants in the
mobile phase. Fig. 13 shows the simultaneous sepa-
ration of acidic, basic and neutral compounds on
CEC with a monoalithic column modified by SDS and
CTAB. In the first case, a low-pH mobile phase (pH
2.5) is applied, and baseline separation of 12 com-
pounds including acidic, basic and neutral com-
pounds is achieved. Acidic compounds are sup-
pressed and separated based on the reversed-phase
partition mechanism. However, the basic compounds
of pyridine and quinoline as well as the dipeptides of
Gly—Ala and Tyr—Trp are eluted before the void
time of thiourea, which means that the separation of
those compounds is mainly based on the mechanism
of electrophoresis. In the case of CTAB as the
modifier agent and with an eluent of pH 7, the EOF
is reversed from cathode to anode. Under such
separation conditions the basic compounds are not
ionized, so basic and neutral compounds were sepa-
rated based on the reversed-phase partition mecha-
nism. Whereas the acidic compounds are ionized
under these conditions and eluted before the void
time of thiourea, their separation is mainly based on
electrophorectic migration. Peak symmetry is very
good for al ionic compounds at different separation
conditions, which means that the irreversible ad-
sorption of basic compounds on the capillary wall
and monolithic stationary phase can be neglected.

Almost all CEC separations were conducted with a
mobile phase driven by EOF. Charged groups on the
packing surface were necessary to generate EOF,
however, electrostatic interactions will inevitably
take place. In fact, the migration of ionic compounds
in CEC can be driven with electrophoretic mobility.
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Fig. 13. Electrochromatogram for separation of basic, acidic and
neutral compounds on a monoalithic column in CEC modified with
(@ SDS and (b) CTAB. Experimental conditions: capillary
column, 27 cm (effective length 6.5 cm)x100 pm I.D. with a
monolithic rod of poly(butyl methacrylate—co-ethylene dimeth-
acrylate); (&) mobile phase, 35% acetonitrile in 5 mmol/| phos-
phate buffer (pH 2.5) containing 2.5 mmol/l SDS; Peaks: 1=
pyriding; 2=quinoline; 3=Gly—Ala; 4=Tyr—Trp; 5=thiourea; 6=
benzyl acohol; 7=phenylacetic acid; 8=benzyl ethanol; 9=
benzyl propanol; 10=o-toluic acid; 1l=p-cresol; 12=
benzonitrile. (b) Mobile phase, 35% acetonitrile in 5 mmol/I
phosphate buffer (pH 7.0) containing 2.5 mmol/I CTAB. Peaks:
1=o-toluic acid; 2=phenylacetic acid; 3=thiourea; 4=pyridine;
5=benzyl acohol; 6=benzyl ethanol; 7=quinoline; 8=benzyl
propanol; 9=benzonitrile. Reprinted with permission from Ref.
[141].
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Fujimoto et al. [70] have reported the separation of
dansylated amino acids on a polyacrylamide column
without EOF. Separation of 12 dansylated amino
acids was successfully achieved and all peaks are
relatively symmetric. However, the hydrophobicity
of this column is poor, the separation is based on the
size selectivity of polyacrylamide column and the
differences in electrophoretic mobilities. Recently,
the separation of ionic compounds driven by electro-
phoretic mobility on a neutrally hydrophobic mono-
lithic column was reported [91]. The monolithic
column was prepared from the in situ copolymeriza-
tion of lauryl methacrylate and ethylene dimeth-
acrylate to form a C,, hydrophobic stationary phase.
The peptides at acidic buffer were separated based
on their differences in electrophoretic mobility and
hydrophobic interaction with the stationary phase.
The baseline separation of a peptide mixture was
obtained, and all of the basic peptides containing
amino acids of His and Lys showed very good peak
symmetry.

Peptides and proteins are typically separated at
acidic pH by reversed-phase HPLC. Under these
conditions, they are positively charged and will
migrate electrophoretically to the cathode in CEC. It
seems that fast separation of peptides and proteins
could be obtained in CEC with a cathodic EOF.
However, a negatively charged surface is required to
generate a cathodic EOF, therefore, strong electro-
static interaction will inevitably take place between
the positively charged analytes and the negatively
charged stationary phase surface, which results in
long elution time or even no peak being detected.
Such an interaction can be suppressed by adding salt
to the maobile phase. However, the use of a mobile
phase with high ionic strength will result in serious
Joule heating and bubble formation. In fact, in order
to eliminate the strong electrostatic attraction of the
charged groups on the organic polymer monolith,
separation of peptides and proteins was typically
performed in CEC with *‘counterdirectional mode”
[76,84]. In this CEC system, the peptides and
proteins migrate electrophoretically in a direction
opposite to that of the EOF. For example, the column
filled with the methacrylic monolith bearing tertiary
amino functions and butyl chains was used for the
separation of angiotensin-type peptides at pH 2.5
[84]. Under these conditions, peptides are positively

charged and they tend to electrophoretically migrate
to the cathode. The surface of the monolith is also
positively charged, which results in an anodic EOF.
Because the EOF velocity was greater than the
electrophoretic velocity, these peptides will be eluted
to the anode by the EOF. Since both the peptides and
the surface of the monolith are positively charged,
electrostatic interaction between analytes and the
stationary phase is eliminated. This system was also
successfully applied to the separation of a protein
mixture of ribonuclease A, insulin, «-lactalbumin
and myoglobin.

Ericson and Hjertén [76] also reported the sepa-
ration of positively charged proteins on a column
filled with a continuous bed derivatized with C,g
groups and ammonium groups. Both the proteins and
the EOF generating ligands thus had positive charges
to eiminate electrostatic interactions. Gradient elu-
tion generated by an HPLC instrument was adopted
for the separation of proteins. The gradient and the
sample were introduced at the same end of the
capillary as in conventional (electro)chromatography
or in anew approach, at different ends. In the former
mode (normal-flow gradient), the electroosmotic
velocity must be higher whereas in the latter mode
(counterflow gradient), it must be lower than the
electrophoretic velocity. A protein mixture of ribonu-
clease A, cytochrome c, lysozyme and «-chymo-
trypsinogen was successfully separated by either
normal-flow or counterflow gradient elution.

There were only few papers published on the
separation of compounds on the monolithic columns
with other modes of CEC. The size-exclusion chro-
matography separation of polystyrenes in the CEC
mode using a methacrylate-based monolithic capil-
lary column was reported [83]. Successful separation
of polystyrene standards with molecular masses up to
10° has been achieved [83]. Taurine conjugates,
being strong anions, could not migrate under the
cathodic EOF conditions with a RP-CEC monolithic
column. A normal-phase (amino phase) monolithic
column with a reversed EOF (from cathode to anode)
was prepared to separate these anionic solutes [73].
It was observed that the retention increases with an
increasing number of hydroxyl groups on the steroid
backbone. The elution order indicates the normal-
phase separation mechanism. The apparent efficien-
cies of this separation are very high, up to ~610 000
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theoretical plates per meter. This type of CEC
column provided an outstanding separation of a
mixture of the relatively hydrophilic glycine and
taurine conjugates, but did not separate adequately
the more hydrophobic free bile acids in the same run.

However, CEC separation of chiral compounds on
molecular imprinted monolithic capillary columns
has attracted much attention [142—147]. The primary
advantage of this approach is that a customized
phase with predetermined selectivity for the analyte
of interest can be prepared. Enantiomeric separations
by CEC with charged polyacrylamide gels incor-
porating chiral selectors such as cyclodextrin and
crown ether were reported by Koide and Ueno
[75,77—79]. Resolution of various enantiomers, espe-
cially amino acids, was successfully achieved in this
system. The CEC method with a crown ether-bonded
negatively charged polyacrylamide gel-filled capil-
lary was evaluated for use as an optical purity test
[75]. Fig. 14 shows an electrochromatogram of L-
alanine-2-naphthylamide; 0.1% of the minor enantio-
mer (p-form) is detectable. Svec and co-workers
[85,86,92] aso reported the preparation of a poly-
(methacrylate ester)-based monolithic column for
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Fig. 14. Optica purity test of L-alanine-2-naphthylamide with a
(+)-tetraallyl 18-crown-6 carboxylate-bonded negatively charged
polyacrylamide gel-filled capillary. Experimental conditions:
capillary column, 80 cm (effective length 35 cm)X75 um 1.D,;
mobile phase, [200 mmol/l triethanolamine—=300 mmol/l boric
acid buffer (pH 6.0)]—acetonitrile (80:20, v/v). Sample: L-alanine-
2-naphthylamide spiked with ca 0.2% of bL-alanine-2-naph-
thylamide. Reprinted with permission from Ref. [75].

CEC chiral separation. Chiral selective groups, such
as N-L-valine-3,5-dimethylanilide and quinidine,
were coupled to the matrix in a single step by a
simple copolymerization of mixtures of functional
monomers and matrix monomers. Good enantiosel-
ectivity and excellent efficiencies were observed for
a number of derivatized amino acids. Recently, a
chiral ligand-exchange phase for CEC based on a
monolithic column was reported [80]. Good enantio-
selectivity for a series of test amino acids with
reasonable separation times was achieved.

Particle-fixed monolithic columns were also ap-
plied to chira separation. Enantiomeric separation of
amino acids and non-protein amino acids was
achieved using a particle-loaded monolithic column
[112]. The silica particles were modified with a
chiral selector, (S)-N-3,5-dinitrobenzoyl-1-naphthyl-
glycine or (S)-N-3,5-dinitrophenylaminocarbonyl-
valine. On the basis of resolution the enantiomeric
separation obtained by CEC is judged to be superior
to that obtained previoudly with HPLC. Wistuba and
Schurig [101] have developed a particle-sintered
monolithic column modified with cyclodextrin for
chiral separation in CEC. Various racemates, such as
barbituric acids, benzoin, carprofen and so on, were
successfully resolved. About two to three times
higher efficiency was found in the CEC mode
compared to the LC mode.

5. Disadvantages and limitations

Although the monolithic stationary phases possess
a number of unique properties compared to tradition-
a stationary phases, some disadvantages and limita-
tions are inevitable. For the polymeric monolithic
stationary phases, most of them are known to swell
in organic solvents. This frequently leads to a lack of
stability. Furthermore, the preparation of polymeric
monoliths usually leads to micropores, which nega-
tively affect the efficiency and peak symmetry of the
column. Therefore, it is not easy to obtain high
efficiency for small molecules. The low column
capacity may be another significant disadvantage for
their applications, which may be attributed to their
low specific surface area compared to traditional
packings. Although some attempts have been made
to increase the specific surface area [32—35], most of
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the resulting polymeric monoliths in previous reports
only showed relatively low specific surface aress.
The reason was mainly due to the high proportion of
large pores in the total pore volume. Although
several new methods have been developed [43,44],
the preparation of preparative-scale polymeric mono-
liths was still difficult. The silica monoliths can
provide either micrometer-size through-pores or high
specific surface areas and can be well suited for both
small molecules and biopolymers, but as with other
silica packings, they cannot be used under too high
and low pH.

Monolithic columns with wall-supported continu-
ous porous beds have shown great potential as
aternatives to packed columns in CEC because of
their inherent advantages such as the absence of
end-frits and the stability of the column bed. How-
ever, these columns also have their disadvantages
and limitations. The disadvantage for polymer mono-
lithic column is similar to that in HPLC, swelling of
organic polymer in solvent and inadequate stability
of silica-based monolithic column under extreme pH
conditions. For particle-fixed monolithic columns,
some disadvantage is obvious, such as damage of the
surface of the reversed-phase silica for particle-sin-
tered monolithic columns [99], reduced retentive
characteristics for some particle-entrapped mono-
lithic columns [102] and poor efficiency for particle-
loaded monolithic columns [111-113].

6. Conclusion

The preparation of monolithic supports in HPLC
and CEC has gained significant interest during the
last few years due to a number of unique properties.
Their ease of preparation, high reproducibility, ver-
satile surface chemistry and fast mass transport can
be used to specific advantage in a variety of applica-
tions. A great advantage in the high-speed separation
of biologica and synthetic molecules has been
exhibited. Today, some commercial products have
come into the market. Although they are unlikely to
totally replace particulate supports, they can serve as
an effective complementary option. A number of
studies done so far have confirmed their great
potential as chromatographic stationary phase. The
various chromatographic modes have been developed

in either HPLC or CEC, and high-throughput bio-
reactors and enzyme immobilized affinity chroma-
tography have also been used. Although the per-
formance of monolithic materials in CEC is en-
couraging, the true potential of this technique lies in
its possible application in future miniaturized sepa-
ration systems. The technique can be contribute to
more complex chip-based systems with multiple
applications. Based on their ease of preparation and
high throughput, these materials can aso be designed
as smaller units for sensors for faster diagnostics.
The preparative-scale monolithic column may be
applied in future to industrial separation and purifica-
tion of drugs and proteins. The monolithic molecular
imprinted column for chiral separations may be
another important aspect in future development.
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