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1 | INTRODUCTION

Pioneering work in the field of continuous stationary phases was car-
ried out by Hjerten,! who prepared gel by polymerization of N,Nt-
methylenebisacrylamide and acrylic acid in the presence of ammonium
sulphate. Inthe next step, synthesized polymers have been compressed
inside the column to form continuous separation media that has been
applied in the separation of proteins. Independently, Tennikova and
Belenkii collaborated with Svec?S on the preparation of monolithic sta-
tionary phases in the format of flat polymer discs based on glycidyl
methacrylate and ethylene dimethacrylate. In the early 1990s, Svec
and Fréchet expanded this technology and introduced the first poly-
mer monolithic chromatographic columns.* Due to their simple prepa-
ration, high permeability and wide pH stability,>® organic polymer

monoliths serve as an excellent alternative to the conventional parti-

Abbreviations: CEC, capillary electrochromatography; CSP, chiral stationary phase;
GMA-co-EDMA, poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate); MOFs,
metal-organic frameworks; MIPs, Molecularly imprinted polymers; MNPs, magnetite
nanoparticles; OT-CEC, open tubular column applicable in CEC; PEGDA, polyethylene glycol
diacrylate; SNW-1, Schiff base network-1; SPME, solid-phase microextraction; VPBA,
4-vinylphenylboronic acid

reactors is mentioned.

This review focuses on the development and applications of organic polymer mono-
liths, with special attention to the literature published in 2021. The latest protocols
in the preparation of polymer monoliths are discussed. In particular, tailored surface
modification using nanomaterials, the development of chiral stationary phases and
development of stationary phases for capillary electrochromatography are reviewed.
Furthermore, the optimization of pore forming solvents composition is also discussed.
Finally, the use of monolithic stationary phases in sample treatment using solid-phase

extraction and enrichment methods, molecularly imprinted polymers and enzymatic

column technology, liquid chromatography, monolith, sample treatment, surface modification

cle columns’8 and, after 30 years of their development, have emerged
as an important part of the family of stationary phases.?

The preparation of polymer monolith is easy and straightforward.
On the other hand, due to the large amount of experimental vari-
ables controlling the properties of the polymer (reaction time, temper-
ature and composition of the polymerization mixture), the preparation
of monolithic stationary phases yielding very good separation perfor-
mance, requires a precisely tuned pore structure and chemistry.10:11
The stainless steel column, fused-silica capillary, or microfluidic chan-
nel is filled with a polymerization mixture containing functional and
crosslinking monomers dissolved in porogenic solvents in the presence
of a suitable polymerization reaction initiator.? The reaction is then ini-
tiated by elevated temperature or UV irradiation. Finally, the column
is flushed to remove the unreacted components of the polymerization
mixture.’2 The properties of monolithic stationary phases are easily
controlled by the composition of the polymerization mixture,® poly-

merization temperature and reaction time*13

and post-polymerization
surface modification.'*
This review focuses on current trends and applications of polymer-

based monolithic stationary phases, summarizes the literature
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published in the year of 2021, and follows up to review article from the

previous year.1®

2 | CONTROLLING SURFACE CHEMISTRY AND
MORPHOLOGY OF POLYMER MONOLITHS

The monolithic stationary phases may serve their purpose only if the
surface chemistry corresponds to the desired application. For exam-
ple, for reversed-phase liquid chromatography, hydrophobic groups
are required, ionisable groups must be present for the separation in
ion-exchange chromatography, and/or the presence of chiral selector
in a stationary phase is necessary for chiral separations.!* By care-
fully selecting the individual polymerization mixture components, the
hydrodynamic and separation properties, such as porosity, efficiency,
selectivity or permeability, can be controlled.'®

One possibility of preparing a monolithic stationary phase with the
desired chemistry is direct copolymerization of crosslinking monomer
with a selected functional monomer. Several functional monomers
are available commercially, which significantly increases the diversity
of possible surface chemistries.!” Most of the columns are prepared
using either methacrylate functional and crosslinking monomers!8-20
or styrene-based monomers together with divinylbenzene.?1-23 Yet
another option for how to prepare a monolithic stationary phase with
the required surface chemistry is a post-polymerization chemical mod-
ification based on the reaction of the reactive monolithic surface with
derivative agents. For these modifications, reactive monomers, such as
glycidyl methacrylate or vinylbenzyl chloride, are utilized the most.2*
A preferable way to achieve the required control of the surface chem-
istry of the monolith is grafting method. In this technique, functional
monomer chains are attached to the surface of the generic mono-
lith by radical polymerization initiated by elevated temperature or UV
radiation.l” The main advantage of grafting reaction is spatial control
over the modification process and large variability in selecting func-
tional monomers that might be used to alter the surface chemistry of

a generic monolith.

2.1 | Tailored surface modification

Polymer monolithic stationary phases are well known for separating
large molecules.?2 On the other hand, preparation of polymer-based
monolithic stationary phases providing higher separation power for
small molecules is still rather challenging. Several protocols were intro-
duced to improve column efficiency?® including early termination of

26-28 or post-polymerization surface modifica-

polymerization reaction
tion with hyper-cross-linking reaction.?? Recently, the selectivity and
performance of organic polymer monoliths have been improved by the
incorporation of different materials, such as metal-organic frameworks
(MOFs),%0 covalent organic frameworks,3! or other types of nanostruc-
tured materials.32-2¢ Polymer monoliths prepared by grafting modifi-
cation reaction with MOFs and graphene oxide®” were applied for CO,

capture and adsorption separation.

MOFs are porous materials consisting of the coordination of a metal
ions or their clusters with organic ligand and exhibit unique proper-
ties including uniform pore sizes, large surface area and tunable sur-
face chemistry. In combination with polymer monoliths, they allow
the development of a novel type of composite monolithic stationary
phases with improved chromatographic properties. Many immobiliza-
tion approaches of MOFs onto organic polymer monoliths have been
reported.3® The easiest method how to integrate MOFs into the mono-
lith structure is a direct addition of MOFs crystals in polymerization
mixture,3? where, however, blockage of polymer pores might result
in retention loss and subsequent deterioration of analyte mass trans-
fer. MOFs based on terephthalic acid and Zr(IV) (UiO-66),%C or Cr(ll1)
(MIL-101(Cr)),** were integrated into polymer monoliths structure
and applied as stationary phases in SMPE for determination of peni-
cillin analogues in water with extraction time being only 34 min.*?
Lately, a MIL-53(Al)-methacrylate composite monolithic capillary col-
umn for the reverse phase separation of alkylbenzenes and phenolic
compounds has been developed.*® Although the separation efficiency
of these columns is still rather low, the composite materials provided
improved chromatographic resolution of small aromatics when com-
pared to bare monolith without any MOFs addition.

In chiral recognition of enantiomers, a complex of the analyte
and the chiral stationary phase (CSP) is formed by means of vari-
ous interactions, for example, hydrogen bond, dipole-dipole interac-
tion, the steric effects, or the van der Waals forces. To describe chi-
ral recognition of two enantiomers, “three-point interaction model”
has been introduced.** The incorporation of the NH, group into
the UiO-66 MOF structure enhances the interactions with the chi-
ral molecules and, thus, provides a binding site for the immobi-
lization of the chiral selectors.*> Direct thermal polymerization of
poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) (GMA-
co-EDMA) mixture with UiO-66-NH, provided composite monolith
that has been subsequently modified by the enzyme cellulase to allow
chiral recognition. Poly(GMA-co-EDMA) monolith with cellulase, but
without the presence of UiO-66-NH, was prepared for a compari-
son. While monolith having in the structure both UiO-66-NH, and
the cellulose enzyme separated the racemic mixture of basic drugs
metopropol, atenolol, esmolol, bisopropol and propranolol with reso-
lutions of 1.67, 1.50, 1.52, 0.36, 0.44 in less than 15 min, the mono-
lith prepared without MOF showed less cellulose immobilized onto the
poly(GMA-co-EDMA) monolith and consequently provided poor chiral
resolution.

Another way how to improve separation efficiency for small
molecules is the development of polymer monolithic materials in
combination with nanoparticles.*® Several nanostructures have been
used together with polymer monoliths during the last years includ-
ing carbon nanotubes,324’ iron oxide nanoparticles,*® and gold
nanoparticles.*?>9 As is the case in the modification of polymer sur-
face by MOFs, the incorporation of nanomaterials into polymer mono-
liths improves their separation efficiency. However, due to the low col-
umn efficiency of parent monolith, this improvement is only incremen-
tal and generally happens with higher concentrations of incorporated
nanomaterials.*’48
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Torres-Cartas et al.*® prepared a monolithic micro-column mod-
ified with magnetic nanoparticles and used the column to separate
small phosphorylated compounds. The epoxy group of the generic
GMA monolith was modified with magnetic nanoparticles function-
alized with the amino group. This approach provided a reproducible
layer of nanoparticles on a polymer monolith, as well as robust and
permeable columns with sufficient efficiency for the separation of
small molecules. Alternatively, a polymethacrylate-based monolith
with incorporated fumed silica nanoparticles that were functionalized
with the covalent bond of carbamide moieties has been introduced.>!
A wide range of analytes, including neutral and polar low molecu-
lar weight solutes, nucleobases, nucleosides, organic acids, food addi-
tives, vitamins and biological amines, were well separated under HILIC
conditions on the prepared carbamide-fumed silica nanoparticles-
poly(glyceryl monomethacrylate-co-ethylene glycol dimethacrylate)
monolith.

Chiral separations are a topic of concern in many areas such as
pharmaceutical, agrochemical, environmental and food analysis.>2 %
Hence, the development of CSPs is very important for the successful
resolution of enantiomers. In the last two decades, monolithic CSPs
have received increased attention due to their natural advantages
over traditional particle-based materials such as high permeability and
easy preparation within micro- or nanoformats.'2°>°¢ The monolithic
CSPs can be mainly classified based on the type of chiral selectors
as cyclodextrin-functionalized, polysaccharide-functionalized, protein-
functionalized, antibiotic-functionalized, chiral ligand-exchange and
chiral ion-exchange.”’

Native or derivatised p-cyclodextrine bonded to appropriate
supports have been extensively used as chiral HPLC stationary
phases®®-¢0 for the enantiomeric separation of optical isomers.61:62
Recently, Zhao et al.®3 prepared a chiral monolithic stationary phase
by direct polymerization of functional monomers allyl--cyclodextrin
and methyl methacrylate together with triallyl isocyanurate and
ethylene glycol dimethacrylate as crosslinking monomers. The mono-
lithic stationary phase was prepared in a stainless-steel column with
a diameter of 4.6 mm and a length of 50 mm. The column showed
good permeability and satisfactory efficiency (35,560 plates/m for
naphthalene). The monolithic stationary phase was used to separate
ibuprofen and ephedrine enantiomers with a resolution of 1.89 and
0.98.

Macrocyclic antibiotic daptomycin was used as a chiral selector to
prepare a polymer monolithic stationary phase based on poly(GMA-
co-EDMA\) polymer.6* Two approaches were tested to prepare a chiral
monolithic stationary phase. In the first approach, generic poly(GMA-
co-EDMA) monolith was flushed with 10 mg/mL of daptomycin for 24
and 48 h. The amino group in the structure of daptomycin reacted
with a reactive epoxy group of GMA. In the second approach, dapto-
mycin was added directly to the polymerization mixture. Daptomycin-
based monolithic stationary phases were tested for the enantioselec-
tive nano-HPLC resolution of 50 racemic drugs of different pharma-
cological groups. While the monolith with daptomycin immobilized for
24-h showed no significant separation of tested racemic mixtures, the
monolith with 48-h immobilization provided separation of 14 race-

mates with a resolution greater than 1. Finally, the monolith with
encapsulated daptomycin provided enantioseparation of most tested
compounds.

Trypsin is a proteolytic enzyme®® that is generally immobilized
on the surface of polymer monoliths to form a microfluidic enzy-
matic reactor. However, due to many chiral centres, trypsin can also
act as a chiral selector.?® Amalia et al.t” prepared a poly(GMA-
co-trimethylolpropane trimethacrylate) monolithic stationary phase
with immobilized trypsin and used it to separate R/S citronel-
lal enantiomers. Although baseline resolution was not achieved, it
was possible to identify split peaks with different retention times.
Hence, after a proper optimization, trypsin-immobilized poly(GMA-co-
trimethylolpropane trimethacrylate) monoliths show the potential to
be applied in chiral separation of citronellal enantiomers.

Besides the pressure-driven applications in liquid chromatography,
polymer monoliths have also been applied in capillary electrochro-
matography (CEC) where the mobile phase is driven through the chro-
matographic bed by an electric field.®® Neequaye et al.®? prepared
poly(carboxy ethyl acrylate-co-ethylene glycol dimethacrylate) mono-
lithic stationary phase and n-octadecyl (C18) ligands were subse-
quently bonded onto the surface by post-polymerization functional-
ization. The resulting monolithic column exhibited a very low electro-
osmotic flow which required the addition of a small amount of 2-
acrylamido-2-methylpropane sulfonic acid in the polymerization mix-
ture. The final nonpolar C18 monolithic column separated nonpolar
and slightly polar compounds (e.g., alkylbenzenes, polyaromatic hydro-
carbons and phenols) by reversed-phase CEC. The highest efficiency
was achieved for alkylbenzenes (57,800 plates/m), while the lowest
column efficiency (15,590 plates/m) was observed for alkyl phenol
ketones.

A novel open tubular column applicable in CEC (OT-CEC) with a
stable two-layer copolymer as the stationary phase was prepared for
peptides separation and provided a very high separation efficiency.”®
At first, a very thin monolithic monolayer of vinylbenzyl chloride and
divinylbenzene has been grafted onto the inner capillary wall. Then,
the second copolymer layer was formed on this thin monolithic mono-
layer by reversible addition-fragmentation transfer polymerization of
N-phenylacrylamide and styrene. The resulting OT-CEC columns, with
an effective length of 1.1 m and a thickness of the polymer layer of
about 2 um provided 2.4 million theoretical plates per column for the
mixture of six synthetic peptides. The high separation power of pre-
pared capillary can be attributed to the formed double layer as elec-
trophoretic separations performed on bare capillary and monolayer-
modified capillary provided either unsatisfactory resolution (bare cap-
illary) or low separation efficiency (monolayer-modified capillary) as
shows in Figure 1.

A monolithic capillary column modified with benzoic acid’! was
developed to separate polar compounds by capillary electrochro-
matography with a high content of water in the mobile phase. 4-
Vinylbenzoic acid was used as a functional monomer, where the ben-
zene ring provides a strong hydrophobic interaction for retention, and
carboxyl groups can be used as an electro-osmotic flow generator. The
column was prepared by direct polymerization of 4-vinylbenzoic acid
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60 hendi r Hildebrand’s and Hansen’s solubility theories. In Hildebrand’s theory,
50 - Dioc(??:::::ll::‘: | applicable in the description of nonpolar solvents behaviour, the solu-
I —— o bility parameter is the square root of the cohesive energy density of the
z 40+ Fhenol NT— i compound. In Hansen’s theory, the Hildebrand’s total solubility param-
E 30 - /)’ioml phthalate E eter is further subdivided into three terms: dispersion force, hydro-
r gen bonding and polar parameter. Several polymer monoliths combin-
o ;:::?;iw 92 ” — ing various monomer-porogenic solvents systems have been prepared
10 oo g A - by both thermally- and UV-initiated polymerizations and determined
0 mml"'“" | _ average pore sizes were compared with values predicted by both theo-
0 i ;; i é i 1'2 ) 1'6 i 2'0 i 24 ries. Authors concluded that while Hildebrand's theory cannot be used
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FIGURE 1 The chromatograms obtained with the OT-CEC
column: the acetone (A), bare capillary (B), monolayer deposited
column (C) and two-layer deposited column (D); mobile phase: 60:40
v/v ACN/20 mM ammonium formate at pH 6.0. Reprinted with
permission from Ref. [70]

together with acryloyloxy-3-(methacryloyloxy)-2-propanol as a cross-
linking monomer. After a thorough optimization of the composition of
the polymerization mixture, the column was characterized using scan-
ning electron microscopy. The monolithic column showed good stabil-
ity and repeatability and was used for the separation of analytes differ-
ing in polarity including short peptides and nucleoside bases. The high-

est column efficiency was determined for adenine (2,15,000 plates/m).

2.2 | Porous properties of polymer monoliths

Porogenic solvents are a crucial part of the polymerization mix-
ture, defining the porous properties of monolithic stationary phases
such as monolith morphology, surface area, pore volume and per-
meability. Porogenic solvents control the porous properties of the
monolith by solvation of polymer chains during the initial phases
of the polymerization reaction and by the phase separation of the
polymers formed within the polymerization mixture.>’2 Solvents
like methanol,”3>74 1-propanol,”> 1,4-butanediol,”®’7 hexane,’87?
cyclohexanol, 8281 decanol,8283 dodecanol,8485 and toluene,818¢ have
been extensively used in monolith preparations.

Several works have introduced new materials that could be used as
porogenic solvents including solid porogens,° gaseous porogens,®”-8?
or supercritical fluids.8” Despite efforts to introduce new materials,
liquid porogens are still dominantly used. In recent years, several new
types of liquid porogenic solvents have been tested such as polymers,”©
jonic fluids,®* and non-ionic surfactants.?192

The main factor affecting porous properties of polymer monoliths,
including average pore size, porosity and specific surface area, is the
rate of phase separation in the polymerization process. The phase sep-
aration (process of macro-porous structure formation) is controlled by
(i) compatibility of the porogens and emerging polymer, (ii) volume of

porogenic solvents, (iii) rate of the polymerization and (iv) the amount

is helpful in the selection of porogenic solvents for the same system of
monomers and the fixed monomers/porogens ratio. However, for the
precise prediction of the average pore size, also additional factors, such
as viscosity of the polymerization mixture, must be considered.

Mansour et al.?* focused on the addition of various types of non-
ionic surfactants in polyethylene glycol diacrylate (PEGDA)-based
monoliths. They tested the hypothesis that the addition of surfactants
canform a “universal” porogen solvents system. The authors tried eight
different surfactants that differed in physical properties, chemical
structures and molecular weights. The prepared monolithic columns
were characterized by scanning electron microscopy (Figure 2). Only
four of the used surfactants provided permeable monoliths that were
further chromatographically tested with a mixture of alkylbenzenes in
the acetonitrile/water mobile phase (20:80, v/v). The highest efficiency,
17,280 plates/m and methylene selectivity of 1.46 were observed
when the porogenic mixture contained 30% Tween 40, 20% decan, 15%
decanol and 15% dodecanol. A selected porogenic mixture was fur-
ther used in the preparation of a series of monolithic columns with var-
ious methacrylate- and styrene-based monomers. Columns prepared
by copolymerization of PEGDA with lauryl methacrylate and butyl
methacrylate and the above-mentioned porogenic system showed the
best efficiencies, 30,500 and 27,700 plates/m.

Based on these results, the same group explored an effect of chain
length, degree of substitution and saturation of Tween surfactant
(Tween 20, 40, 60, 80, 85) on the morphology of PEGDA columns and
the chromatographic efficiency for small molecules.”® After a compre-
hensive study combining scanning electron microscopy, surface area,
elemental analysis and infrared spectrometry, they found that column
with the addition of 30% w/w of Tween 60 showed the best perfor-
mance with column efficiency of 23,960 plates/m. Moreover, when
PEGDA concentration increased while keeping Tween 60 concentra-
tion constant, the column efficiency also increased at the expense of
the lower column permeability. Finally, the optimized column prepared
with 30% PEGDA, 30% Tween 60, 16% decanol and 12% dodecanol
in the polymerization mixture provided the highest column efficiency
(60,000 plates/m).

These results demonstrate that column efficiency of polymer
monoliths can be easily tuned and controlled by the composition of the
polymerization mixture. However, obtained efficiencies are far below

efficiency of currently available columns packed with superficially
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FIGURE 2 Scanning electron microscope images of the monolith
prepared from poly(ethylene glycol) diacrylate together with different
non-ionic surfactants: C1-polyoxyethylene (4) lauryl ether (Brij L4),
C2-sorbitan monooleate (SPAN 80), C3-polyoxyethylene (5)
nonylphenylether (IGEPAL CO-520), C4-polyoxyethylene (9)
1-pentyloctylether (Tergitol 1559), C5-2,4,7,9-tetramethyl-
5-decyne-4,7-diol ethoxylate (TMDDE),C6-polyoxyethylenesorbitan
monopalmitate (Tween 40), Cé6-octylphenol ethoxylate (Triton
X-405), C7-ethylenediamine tetrakis(propoxylate-block-ethoxylate)
tetrol (Tetronic 701). Reprinted with permission from Ref. [74]

porous and sub-2 um particles.” On the other hand, almost unlimited
variability in the preparation of polymer monoliths provides no limits
in further development and makes them very versatile separation

materials.

3 | MONOLITHIC MATERIALS FOR SAMPLE
PREPARATION

3.1 | Enrichment and solid-phase extraction

Besides the main application of polymer monoliths in liquid chromatog-

raphy separations, they can also be applied in the field of sample

preparation,’® where solid-phase microextraction (SPME) is one of the

most preferred techniques with high efficiency, speed and low solvent
consumption.?’

Hu et al.” were the first who coupled online in-tube SPME with
mass spectrometry, where monolithic SPME capillary served as the
electrospray emitter. The scheme of the developed device is shown in
Figure 3. The ionic liquid-based monolithic SPME capillary was pre-
pared by copolymerization of 1-allyl-methylimidazolium chloride and
ethylene glycol dimethacrylate. Highly porous organic polymer pro-
vided excellent extraction efficiency toward hydrophobic and anionic
compounds and the formation of smaller electrospray droplets also
increased the ionization efficiency and stability. An online in-tube
SPME mass spectrometry system was applied to quantify two non-
steroid anti-inflammatory drugs in plasma and urine with signifi-
cant pre-concentration ability and improved efficiency of electrospray
ionization. Recoveries ranges for ketoprofen and flurbiprofen deter-
mined by spiking of the plasma and urine samples were 86.0-118.5%
and 92.4—109.5%, respectively. The values of recoveries significantly
exceeding 100% can be-at least to some extent-explained by possible
nonspecific sorption or by inhomogeneity in electrospray formation, as
they increased at higher concentration of added analyte during spiking
analysis.

As is the case in liquid chromatography-based separations, modi-
fication of polymer monoliths with nanoparticles is also important in
the development of materials for sample preparation methods. Wang
et al.?? described the preparation of a new monolithic column with the
incorporation of Schiff base network-1 (SNW-1) nanoparticles for the
extraction of antiepileptic drugs. The column was prepared by direct
thermal copolymerization of the SNW-1 nanoparticles together with
GMA and EDMA in the presence of porogenic solvents and initiator.
Subsequently, the monolithic column was coupled to the HPLC system
for an online extraction and detection of antiepileptic drugs. The online
method provided good linearity, low limits of detection (0.2 ng/mL) and
good repeatability for the determination of three antiepileptic drugs
in an aqueous solution. The developed method was also successfully
applied to determine antiepileptic drugs in human plasma. Recoveries
determined by spiking of the plasma sample with the analyte were in
the range 88.6-106.1%. Zhang et al.1° developed a monolithic capil-
lary column for highly selective recognition of patulin mycotoxin. They
prepared a poly(GMA-co-PEGDA) monolith modified by gold nanopar-
ticles. Subsequently, the column was filled with patulin aptamer, and
the column was incubated for 10 h at 37°C. The prepared column was
used to determine patulin in food samples (e.g., apple, orange and pear
juice) and provided sensitive and selective determination of patulin
with method recoveries of 85.4-106%, determined by spiking of the
sample with patulin.

Protein glycosylation and phosphorylation are some of the
most important protein post-translational modifications. Sev-
eral approaches have been developed for the enrichment of
glycoproteins'®® or phosphoproteins.’%2 Recently, preparation of
amicrobore monolithic column modified with magnetite nanoparticles
(MNPs) was successfully applied to enrich phosphopeptides from a
tryptic digest of S-casein.*® The column was prepared by the covalent
attachment of amino-modified MNPs to the polymer surface of generic
GMA monolith. As shown in Figure 4, the direct analysis of §-casein
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FIGURE 3 Diagram of the online in-tube SPME-MS system. The sample solution was injected by a sampling pump, and the washing solution of
water was infused by the sampling pump using different syringes. The desorption solution was pumped by the other valve. Reprinted with

permission from Ref. [78]
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FIGURE 4 MALDI-TOF mass spectra of tryptic digest of -casein
without (A) and with phosphopeptide enrichment using the hybrid
monolithic column (B). Reprinted with permission from Ref. [46]

digest provided detection of only one phosphopeptide while the
signals of non-phosphorylated peptides substantially decreased after
enrichment and resulted in the detection of five phosphopeptides in
the MS spectra.

Ali et al.193 used attachment of 5-boronoisophthalic acid to the
GMA-based polymer surface as a novel affinity ligand allowing the
selective capture and release of glycoproteins. Boronic acid functional-
ity covalently bonds to cis-diol containing biomolecules in dependence

on pH. In an alkaline environment, boronic acid forms an ester ring

with cis-diol compounds, while in acidic pH, this bond dissociates.'%*
The resulting affinity material was packed in a micropipette tip and
applied to selectively enrich glycoproteins, especially lactoferrin, from
the human milk.

Using the same reaction of boronic acid functionality, the synthe-
sis of a bi-functional polymer monolithic column allowing the specific
capture of both glycoproteins and phosphopeptides was described by
Huang et al.19%> The column was prepared by direct polymerization
of 4-vinylphenylboronic acid (VPBA) and vinylphosphonic acid with
EDMA cross-linker. Boronate affinity moieties (VPBA) provided spe-
cific recognition towards cis-diol containing glycoproteins in alkaline
conditions. To recognize molecules containing phosphate groups, the
column was first flushed with ZrCl, to form Zr**-phosphate coordi-
nation. When zirconium ion was immobilized on the monoliths, the
biomolecules containing phosphate groups were selectively captured
on immobilized metal affinity chromatography in acidic conditions.

3.2 | Molecularly imprinted polymers

Molecularly imprinted polymers (MIPs) are highly selective materials
applicable in chromatographic or electrophoretic separations and/or
sample preparation. MIPs are synthetic polymers prepared by copoly-
merization of functional and crosslinking monomers in the presence
of a template molecule. After polymerization, the template molecule is
removed, causing the formation of selective recognition sites that can
subsequently bind the targeted molecules.'%¢ The preparation proce-
dures for MIPs in different formats and application fields were widely

107

reviewed last year with a particular focus on chiral MIPs,**/ sensors for

cancer biomarkers,1%8 and determination of DNA,°? analysis of pro-
tein biomarkers,119 and their applications in food safety.!!

One of the efforts in current analytical chemistry is the miniaturiza-
tion of analytical systems and integration of individual steps combining
sample preparation, separation, and detection. MIPs can be advanta-
geously integrated into miniaturized SPE devices, 12115 where mono-

lithic imprinted polymers can be synthesized directly into capillaries or
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[122]

chip microchannels.}'2 Recently, the preparation of MIPs in miniatur-
ized devices''? has also been reviewed.

Bouvarel et al.l'® prepared miniaturized monolithic MIPs in a
capillary with an internal diameter of 100 um for selective capture
of benzoylecgonine, the primary urinary metabolite of cocaine. The
monolithic MIP was prepared by photopolymerizing methacrylic acid,
trimethylolpropane trimethacrylate, isooctane and cocaine as a tem-
plate molecule. After washing out the template, the capillary MIP was
online coupled to UV detection. Optimization of experimental condi-
tions (e.g., column length and extraction conditions) allowed successful
extraction of benzoylecgonine from human urine with limits of detec-
tion and quantification of 56.4 and 188.0 ng/mL, respectively.

A MIP in a capillary with an internal diameter of 100 um was
also used for extraction and online detection of ochratoxin A in the
beer sample.!'” The MIPs were prepared by the radical polymeriza-
tion reaction of acrylamide-2-methylpropanesulfonic acid, methacry-
late substituted polyhedral oligomeric silsesquioxanes, ethylene glycol
dimethacrylate and ochratoxin A as a template molecule. The recovery
rate of MIP for ochratoxin A was determined to be 84.8%, while non-

imprinted polymer provided only 4.5%.

3.3 | Enzymatic reactors
Due to the easy preparation, simple surface modification and
favourable highly porous internal structure, polymer-based mono-
lithic stationary phases successfully serve as a support for enzyme
immobilization.1'® Recently, several reviews dealing with the prepa-
ration of enzymatic reactors based on polymer monoliths have been
published.119-121

Trypsin-immobilized poly (GMA-co-EDMA) monolithic micro reac-
tor for online digestion of 5-casein was prepared by Amalia et al.” The
effect of the digestion flow rate and the temperature of digestion were

investigated to obtain the optimum interaction between the protein
and the immobilized trypsin. The number of appeared peaks, as well as
the peak intensities at the digestion flow rate of 1 uL/min (residence
time 80 min) was higher than that in a flow rate of 5 uL/min (residence
time 16 min) and 10 uL/min (residence time 8 min). It was also found
that the digestion temperature of 45-50°C provided better conver-
sion of the proteins into peptides than the temperature of 37°C, indi-
cated by higher peak intensities as well as a higher number of identified
peaks. A higher digestion temperature is probably advantageous due to
the formed temperature gradient in between the interior of the reactor
and the outside environment.

A microfluidic platform (Figure 5) reported by Wei et al.122 inte-
grated online protein fractionation, denaturation, digestion and pep-
tide enrichment in a single microfluidic device. The protein sample
was first reduced by dithiothreitol and then alkylated by the iodoac-
etamide in a microfluidic platform, and the denatured sample was then
transferred to an enzymatic reactor with trypsin immobilized into the
skeleton of the polytrimethylolpropane trimethacrylate monolith to
ensure protein digestion of MCF-7 cells. The immobilized trypsin reac-
tor based on polytrimethylolpropane trimethacrylate monolith proved
to be very stable with maintaining more than 86% of enzyme activity

when stored at 4°C for 2 months.

4 | SUMMARY AND OUTLOOK

This review highlights current trends and the newest approaches in
preparing and utilizing organic polymer monolithic materials for the
year 2021. Monoliths are often used as prepared by direct copolymer-
ization; however, the tailored modification of their surface usually pro-
vides materials with new properties. In recent years, the selectivity and
efficiency of polymer monoliths have been improved by the introduc-
tion of MOFs or nanoparticles with large surface area, high porosity
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and easy functionalization, leading to composite materials applicable
as stationary phases. Thanks to their simple preparation and surface
modification, the monolithic stationary phases were also prepared as
CSPs, even at micro- or nanoscale.

In addition to the selection of monomers in the polymerization mix-
ture, the properties of monoliths can be controlled by the composition
of the porogenic solvents. Although proven systems of the liquid poro-
genic solvent system still prevail, new combinations that change the
porous properties of monoliths, such as morphology, surface area and
permeability, have also appeared recently.

The application of monolithic stationary phases is dominant in lig-
uid chromatography-based separations. However, they can also be suc-
cessfully applied in the field of sample preparation as demonstrated
in this review. For example, the in-tube SPME capillary was used
directly as an electrospray emitter for connection with mass spectrom-
etry. Monolithic materials also allow the immobilization of enzymes
and, thus, facilitate the preparation of enzymatic reactors for pro-
teomic analysis. The ultimate advantage of monoliths is their easy
miniaturization, providing the preparation of integrated systems that
allow multiple-step sample treatment in one device, which dramatically
reduces the consumption of chemicals and the time required for sam-
ple preparation.
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