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onoliths are separation media

in the format that can be

compared to a single large
“particle” that does not contain interpar-
ticular voids. As a result, all the mobile
phase must flow through the stationary
phase. This convective flow greatly accel-
erates the rate of mass transfer. In con-
trast to diffusion, which is the typical
driving force for mass transfer within the
pores of particulate stationary phases
during chromatographic processes, con-
vective flow through the pores enables a
substantial increase in the speed of the
separation of large molecules such as pro-
teins, nucleic acids, or synthetic poly-
mers. A thorough theoretical treatment
of the mass transfer within monolithic
materials has been developed by Liapis
(1) and Tallarek (2).

Although a few approaches to mono-
lithic stationary phases have been sug-
gested in the past, they were not success-
ful and
monolithic formats has started only in the
late 1980s. The focused work of several
groups led to a family of useful monoliths

research  concerning  the

comprising compressed hydrophilic gels,
macroporous polymer disks, columns,
tubes, and, eventually, silica rods. Several

monolithic stationary phases are now
commercialized and some of their fea-
tures are summarized in Table I. A very
detailed account of these materials can be
found in a monograph (3) and several
excellent review articles (4-9).

Macroporous Monolithic Disks

The disk format is one of the first useful
monolithic stationary phases originally
designed for the rapid separation of pro-
teins (10). In the mid 1980s, Belenkii
and coworkers (11) studied chromatog-
raphy of proteins in gradient elution
mode using stationary phases with a
variety of chemistries and column
geometries and found that only a cer-
tain, often only a very short, distance is
required to achieve good separation.
This finding resulted in the concept of
short separation beds. Because it was
very difficult to create such beds from
particulate sorbents due to irregularities
in packing density and excessive chan-
neling, a new monolithic stationary
phase in disk format has been developed
by Svec and Tennikova (12-14) at the
Institute of Macromolecular Chemistry
in Prague, Czech Republic. This then
enabled the predicted very fast separa-
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Figure 1: CIM (a) disks and (b) tubes

(reproduced by BIA

Separations).
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tions. Typically, the monolithic material
is prepared in a flat or tubular mold, the
sheet or cylinder removed from the

mold, and the porous polymer punched -
Figure 2: Reversed-phase HPLC—ESI-MS-MS analyses of equal amounts of a complex

peptide mixture using monolithic and microparticular columns. (Reproduced with
permission from reference 26, copyright 2005 Wiley VCH.) Conditions: (a) Poly(styrene-
co-divinylbenzene) monolith, 60 mm X 0.1 mm and (b) Pepmap column packed with
octadecyl silica particles, 75 mm X 0.075 mm, gradient for (a) 0-40%, for (b) 5-60%
acetonitrile in water in 5 min, in 0.050% trifluoroacetic acid, flow rate for (a) 0.1, for
(b) 0.5 L/min, 50 °C. Sample: tryptic digest of catalase, cytochrome C, myoglobin, a-
lactalbumin, transferrin, carbonic anhydrase, a-lactoglobulin A, lysozyme, serum
albumin, and ribonuclease A (0.65-270 fmol each).

or sliced to obtain up to 3-mm-thin
disks. These are then placed in a specifi-
cally designed cartridge. In the current
commercial implementation called
CIM-Disks produced by BIA Separa-
tions (Ljubljana, Slovenia), the disk is
embedded in a polyolefin ring that
forms an impermeable sidewall as shown
phy# in which disks with different
chemistries are used simultaneously.
This technique would be difficult to
implement with traditional columns.

in Figure la and its color indicates spe- group is modified subsequently to

cific chemistry of the disk. Although the

monoliths are sufficiently mechanically

afford desired interacting functionali-
ties. These modifications enable exten-
stable to be handled easily, this ring also sion of the separations using disks to a

number of modes such as reversed

serves to reinforce the disks and prevent
fraying of their edges. An additional
benefit is that the flat face of the ring
enables the disk to be sealed firmly
between the bottom and top face of the
cartridge without exercising excessive
force on the porous polymer monolith.
In contrast to the cartridge, the disks are
disposable. The proprietary cartridge is
designed to allow insertion of a single
disk or several disks. This disk-stacking
ability has led to the development of the
multidimensional separation process
called #conjoint liquid chromatogra-

The performance of such a multidisk
system was demonstrated with the rapid
separation of two proteins and IgG in a
single cartridge containing three disks
provided with two different ligands, QE
(strong anion exchange) and Protein G
(affinity), respectively (15).

From the very beginning, monolithic
disks exhibited an excellent perform-
ance in the rapid separations of proteins
and nucleic acids using gradient elution
(16). Most of the generic disks are pre-
pared from reactive monomers such as
glycidyl methacrylate. The epoxide

phase, ion exchange, hydrophobic inter-
action, and bioaffinity chromatography.
For example, Peterka modified the CIM
disk with iminodiacetic acid, loaded it
with Cu(II) ions, and used for the
purification of proteins from crude cell
extracts (17). An excellent dynamic
loading capacity of 18 and 30 mg/mL
for proteins LK-801 and GFP-GHis as
well as a high purity of the separated
products demonstrated the advantages

of the monolithic disks.
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much easier to polymerize liquid precur-
sors and form the stationary phase in situ
within a capillary than packing it effi-
ciently with microparticles. Toll and col-
leagues recently compared separations
achieved using a capillary monolithic
and packed column for the separation of
a complex peptide mixture (26). Figure 2
clearly demonstrates the advantages of
the monolith. Monolithic capillary
columns made of styrene and divinylben-
zene can be purchased from Dionex.
Several methods such as direct copoly-
merization, chemical modification, and
grafting of existing monolith are now
available for the preparation of mono-
lithic stationary phases with desired sur-
face chemistry. For example, directly
polymerized poly(styrene—divinylben-
zene) monoliths proved to be an excel-

Figure 3: Chromatograms illustrating stability of monolithic poly(but
co-ethylene dimethacrylate) capillary column during multiple successi

mixture of proteins. Column: 20 cm X 100 pm prepared by thermally initiated
polymerization; mobile phase A: 2% formic acid in 98:2 water-acetonitrile mixture,

mobile phase B 2% formic acid in acetonitrile; gradient from 100% A

vl methacrylate-  lent stationary phase for the very fast sep-

ve injection of a  aration of peptides and proteins (27).
Similarly, Eeltink and colleagues pre-

£050% B in A in pared alkyl methacrylate-based mono-

4 min; flow rate: 4 pl/min. Peaks: 1 = ribonuclease A (2 pmol), 2 = cytochrome c (1

pmol), 3 = myoglobin (0.3 pmol).

Rigid Macroporous Polymer
Monolithic Columns

In the early 1990s, Svec and Fréchet (18)
introduced new macroporous polymer
monolithic columns formed by a very
simple in situ “molding” process. In con-
trast to disks portrayed previously, these
monoliths are polymerized within a tube
such as a chromatographic column or
capillary in which they remain all the
time after the preparation is completed.
These monolithic columns are available
from Dionex (Sunnyvale, California)

under the trade name SwiftPro in

numerous formats with functional
groups suitable for reversed-phase and
ion-exchange chromatography of pro-
teins and polynucleotides.

In addition to the original stainless
steel and glass analytical size columns,
monolithic columns for high perform-
ance liquid chromatography (HPLC)
also are now available in capillaries
(19-25). This format is readily compati-
ble with mass spectrometry (MS) and

therefore is becoming very popular. It is

lithic columns by direct copolymeriza-
tion in a capillary and used them for the
separation of peptides from protein
digests (28). Another option is the prepa-
ration of a monolith with reactive func-
tionality and its subsequent modification
to afford stationary phases for a variety of
separation modes. In this technique, each
single reactive site affords one new func-
glycidyl
methacrylate-based monoliths have been

tionality. Among others,
used mainly in these applications (29).
Yet another method that enables both
preparation of monoliths and modula-
tion of their surface chemistries relies on
UV-light triggered processes. Using cap-

Table I: List of current commercial monolithic polymer-based stationary phases for HPLC separations

CIM disk Disk
CIM tube Radial flow col-
umn
UNO Column
Monolith Capillary
Swift Pro Column, capillary

BIA Separations,
Ljubljana, Slovenia

BIA Separations,
Ljubljana, Slovenia

BioRad, Richmond,
California

LC Packings, Amsterdam,
The Netherlands

Dionex, Sunnyvale,
California

Functionalized
polymethacrylate or
polystyrene copolymers

Functionalized
polymethacrylate or
polystyrene copolymers

Polyacrylamide based
copolymers

Polystyrene copolymer

Functionalized
polymethacrylate or
polystyrene copolymers

lon exchange, hydrophobic

interaction, reversed phase,
bioaffinity

lon exchange, hydrophobic

interaction, reversed phase,
bioaffinity

lon exchange

Reversed phase

lon exchange, reversed phase
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Figure 4: Base peak chromatogram from the microSPE-nanoLC—-ESI-MS analysis of a 4-
ng tryptic in-gel digest of a single SDS-PAGE cut of M. acetivorans using a 4.2 m X 10
wm monolithic PLOT column. (Reproduced with permission from reference 36,

copyright 2007 American Chemical Society.)

illaries with UV transparent PTFE coat-
ing, the polymerization can be initiated
by irradiation with light and proceeds
faster than its thermally-initiated coun-
terpart (30,31). The chemistries of these
columns are dictated by the choice of
monomers used for their preparation
that have to be UV transparent (32). The
desired then
obtained via grafting reactions initiated
again by UV light (33). One of the major
advantages of grafting is that it affords

surface chemistry s

monoliths in which each surface site pro-
vides for numerous functionalities, thus,

dramatically increasing the column load-
ing capacity.

To observe the effect of time on per-
formance of monolithic capillary
columns, we used a single capillary col-
umn for the model separation of a mix-
ture of proteins consecutively repeated

3500 (34). The chro-

matograms shown in Figure 3 were

over times
recorded during 2500 injections, yet no
changes in retention were observed. This
study has been extended to demonstrate
batch-to-batch and column-to-column

repeatability (34). Three batches each
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including five columns were prepared
using both thermally and photoinitiated
polymerization. Table II presents the
results demonstrating excellent repeatabil-
ity of the process and column properties.

Monolithic Polymer Layer Open
Tubular (PLOT) Capillary
Columns

Although 100-200 pm i.d. capillary
columns offer numerous advantages
compared to analytical size columns,
they are still large if the amount of
sample is very small. Therefore, use of
narrow bore capillaries is desirable to
reduce band dilution and enhance ion-
ization efficiency in electrospray ion-
ization (ESI)-MS. The preparation of
monolith in capillaries with internal
diameters less than 20 pwm requires
specific techniques. Open fused-silica
tubes alone, as the other extreme, do
not provide for desired retention. This
is why two groups recently studied
narrow-bore capillary columns with a
thin monolithic polymer layer cover-
ing the wall of an open tubular col-
(35-37). The
poly(butyl methacrylate-#co#-ethyl-

umn 28-cm-long

ene dimethacrylate) columns were
with (2-
[methacryloyloxy]ethyl)-trimethylam-

grafted

monium chloride and used for the sep-
capillary
electrochromatography (CEC) mode.

arations in pressurized
Despite the very short separation
times of less than 90 s, a high column
efficiency of almost 200,000 plate/m
could be achieved (35). Karger’s group
used 10-pm i.d. capillaries with
porous poly(styrene—divinylbenzene)

Table II: Retention times for three model proteins using 30 different monolithic columns prepared via thermally and photochemically

initiated polymerization. Conditions: monolithic capillary column 20 cm 3 100 mm 1.D.; mobile phase A 2% formic acid in 98:2 water-ace-
tonitrile mixture, mobile phase B 2% formic acid in acetonitrile; gradient from 100% A to 50% B in A in 4 min; flow rate 4 mL/min.

Mean, min
(n = 15) 2.31
Inferior/superior
limit at %5 2.27-2.35
risk, min
Variance. min2 3.010°4

RSD, % (n = 15) 0.8

2.86 3.51 2.39

2.79-2.92 3.40-3.62 2.36-2.43

9.3 104 261073 261074
1.1 1.4 0.7

2.94 3.58

2.89-2.98 3.54-3.62

44104 3.810°4
0.7 0.5
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Table IlIl: Comparison of digestion of bovine serum albumin (BSA) using trypsin in

solution and immobilized on monolithic support

Soluble trypsin

(native BSA) 24h
Soluble trypsin
(denaturated BSA) 24h
Immobilized trypsin 4.3 min

(denaturated BSA)

37 35
37 64
22 44
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Figure 5: MALDI time-of-flight MS spectrum of BSA digest obtained using reactor with
trypsin immobilized on poly(glycidyl methacrylate-co-ethylene dimethacrylate)
monoliths that was hydrolyzed and photografted with 4,4-dimethyl-1-vinylazlactone.
Digestion time: 4.3 min; temperature: 22 °C; sequence coverage: 44%.

layer for the ultrasensitive proteomic
analysis (36,37). The small resistance
to flow allowed them to use capillary
columns as long as 3.2 m and to
achieve an excellent separation of tryp-
tic digest in 50 min with a peak capac-
ity of 400. An even longer column
(4.2 m) was used for the separation of
a microorganism digest, shown in Fig-
ure 4. Over 3000 unique peptides cov-
ering 566 distinct #Methanosarcina
acetivorans# proteins were identified
from a 50-ng in-gel digest.

Tubular Monolithic Columns
with Radial Flow

Large monolithic columns are desirable
for the separations on preparative scale.
However, free radical polymerization
that is used for the preparation of porous
polymer monoliths is an exothermic
process that creates heat. While this does
not appear as a problem in the prepara-
tion of capillaries and analytical scale
monolithic columns, the accurate con-
trol of the polymerization temperature

for larger size monoliths is far more prob-
lematic (38). The unstirred nature of the
polymerization within the confines of a
mold leads to a decreased capacity to dis-
sipate the heat of polymerization effec-
tively. In addition to an overall deviation
from the desired polymerization temper-
ature, the temperature also can vary in
magnitude across the contents of the
mold in the radial direction. In light of
the demonstrated effect of the polymer-
ization temperature on the porosity of
the resulting polymer, any significant
variation in temperature within the mold
leads to monoliths with heterogeneity in
their pore structures and significantly
reduced performance.

This problem was alleviated elegantly
by the preparation of monoliths in an
annular shape shown in Figure 1b (39).
Because the walls of the annulus are thin-
ner than those of a solid cylinder with an
equal outer diameter, control of the tem-
perature is facilitated. This approach also
enables independent variation of both
thickness of the tube wall and its inner

www.chromatographyonline.com

diameter. Thus, while keeping the thick-
ness of the wall constant, a significant
increase in volume can be achieved easily.
Another advantage of this approach
includes the preparation of series of tubes
that fit each in the other. This sort of
“telescopic” format enables construction
of rather large separation devices that
would be very difficult to obtain in a sin-
gle polymerization step. For example,
tubular columns called CIM-Tubes (BIA
Separations) with a volume of up to 8 L
operating in the radial direction at a flow
rate of up to 10 L/min have been com-
mercialized by BIA and used for the
rapid preparative separations of 200 g of
proteins in a single run. These tubes also
were used in a good manufacturing prac-
tice (GMP) certified industrial purifica-
tion of plasmid DNA for therapeutic
applications. The largest unit enables
recovery of 10-50 mg of a pure pDNA
product in a single run.

Monolith for On-Line Sample
Preparation

Analytical processes including complex
matrices such as biological fluids often
require a sample preparation step before
the separation and detection. While this
step frequently is carried out off-line, on-
line solid-phase extraction (SPE) com-
bined with HPLC-MS presents numer-
ous advantages (40). It enables faster and
fully automated analyses, reduces human
contact with contaminated or hazardous
samples, and potentially increases sensi-
tivity because the complete sample can
be injected. Direct injection of biological
fluids such as serum or plasma in
columns packed with conventional chro-
matographic supports often leads to
rapid deterioration of the performance.
In contrast, monolithic supports are suit-
able for preconcentration of compounds
from biological fluids. The first paper
describing polymer-based monoliths
applied to SPE was published by our
group in 1998 (41) and was followed by
numerous other researchers thereafter
(42). The ability to prepare the monolith
in a specific location via the photoiniti-
ated polymerization, facilitates their
broad applications as in-column precon-
centration units in CEC, capillary elec-
trophoresis (CE), and nano-HPLC. For
example, Wei and colleagues (43) used

poly(methacrylic  acid-#co#-ethylene
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dimethacrylate) monolith for microex-
traction, and a field-enhanced sample
injection preconcentration technique
was proposed for sensitive capillary elec-
trophoresis of ephedrine and pseu-
doephedrine in human plasma and
A hydrolyzed poly(glycidyl
methacrylate-#co#-ethylene dimethacry-

urine.

late) monolith in capillary was used for
solid-phase microextraction of polar
compounds such as nitrophenols (44).

Enzyme Immobilization Using
Monolithic Supports

Present proteomics uses two major
approaches: top-down techniques first
involving the separation of proteins fol-
lowed by digestions of specific fractions
using a proteolytic enzyme and mass
spectrometric analysis, and bottom-up
methods characterized by the initial
digestion of all proteins in the sample,
followed by separation of the peptide
fragments and their mass spectrometric
analysis. A subsequent comparison of the
mass distribution profile within an
appropriate database is then used to
identify the original proteins. No matter
what approach is chosen, proteolytic
digestion of the protein to easier-to-
define peptides is always included in the
protocol. Monolithic supports were
found extremely suitable for immobiliza-
tion of proteolitic enzymes and prepara-
tion of highly active enzymatic reactors
(45—48). The major advantage character-
istic of the monolithic support is the out-
standing mass transfer it enables due to
the convective flow through the pores.
This is well documented with the signif-
icantly enhanced rates of tryptic diges-
tion of proteins compared to the reaction
in solution. Table III compares our
results for digestion of bovine serum
albumin with both soluble and immobi-
lized trypsin. While digestion with the
former requires 24 h at 37 °C, the latter
enables a similar degree of digestion to be
achieved in less than 5 min even at a
lower temperature of 22 °C. The typical
sample size in proteomics is very small.
Therefore,

enzyme reactors placed in capillaries or

miniature  immobilized
microfluidic devices are highly suitable
for proteomic studies. An additional
benefit is the option to link the microre-
actor directly to mass spectrometer. Fig-
ure 5 shows our matrix-assisted laser des-

orption ionization (MALDI) MS spec-
trum of BSA digest prepared using
trypsin immobilized on monolith with
grafted poly(4,4-dimethyl-1-vinylazlac-
tone) chains.

Monoliths in Microfluidics
In contrast to columns, the microfabri-
cated devices feature a network of

etched

imprinted in a polymer plate that are

microchannels in glass or
designed to enable much smaller sample
volumes to be analyzed at an increased
speed and permitting a large number of
analyses to be performed simultaneously,
thus, increasing the overall throughput.
Because the surface-to-volume ratio typ-
ical of open channel does not support
high-performance separations, filling the
channel with the monolithic materials
enables the user to place a suitable sta-
tionary phase in the channel. In contrast
to the tedious packing of channels with
particles, monoliths are prepared from
liquid precursors that facilitate filling the
channel. The monolith then can be
placed in an exactly-defined part of the
chip using polymerization photoinitiated
through a mask. Although most of the
reports concern separations in the
reversed-phase mode, affinity chro-
matography and electrochromatography
also have been demonstrated (49).

Conclusion
Despite the ever-growing number of
publications, monolithic columns still
remain Cinderella among current sta-
tionary phases for HPLC. However,
recent achievements presented previ-
ously indicate that there is a lot of space
available for the expansion of this
entirely new class of materials. The large
amount of experimental work increasing
every day, alng with the commercial
availability of monolithic columns, con-
firms the great potential of monoliths
(50,51). The unique properties of
monolithic column, in particular, the
ease of their preparation, the tolerance
to high flow rates, and the unprece-
dented speed of the chromatographic
separations that can be achieved at
acceptable back pressures, make them in
some applications superior to the more
common columns packed with beads.
When the range covered by the

monolithic  technologies will be
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extended and monoliths will success-
fully compete with the well-established
particulate column packings is just a
question of time. What is currently pre-
venting the monolithic columns from
even wider acceptance? Certainly not
poor reproducibility often mentioned
by their critics. Our results shown previ-
ously confirmed that this claim is false.
First of all, they compete with the many
decades old packed columns. The major
“selling” feature, the high-speed separa-
tions, might not be attractive to those
who inject two samples a day. In con-
trast, laboratories such as those in phar-
maceutical or biotechnology industry,
where high-throughput is indispensa-
ble, certainly can appreciate the speed
enabled by monoliths not only in sepa-
rations but also in digestion. However, a
significant problem arises from the lim-
ited number of companies producing
monolithic columns. Industrial labora-
tories do not like sole sources; in partic-
ular, not for validated processes. And
last but not least, the current choice of
sizes and chemistries of monolithic
columns does not match that of the
“classical” packed counterparts. Some
formats such as longer 1-2 mm i.d.
columns are not available commercially
and the only really large-scale mono-
lithic column is the 8-L tubular unit
with axial flow.

This article describes a small number
of applications of porous polymer
monoliths. However, a large promise of
these flow-through materials also can be
seen in other areas such as electrochro-
matography, gas chromatography, het-
erogeneous catalysis, and combinatorial
chemistry (3).
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