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Abstract

Abstract
This work presents a study on the preparation and application of
polymer monoliths for the liquid chromatography of biomolecules with a
focus on the ion‐exchange (IEX) mode.
As one important application of polymer monoliths in bioanalysis,
charge heterogeneity profiling of monoclonal antibodies (mAbs) in
different biopharmaceuticals was performed by developing an elution
approach based on shallow pH gradient, generated using single
component buffer systems as eluents through cation‐exchange (CEX)
monoliths as stationary phases. A useful selection of small molecule
buffer species is described that can be used within very narrow pH
ranges (typically 1 pH unit) defined by their buffering capacity for
producing controlled and smooth pH profiles when used together with
porous polymer monoliths. The results obtained appeared to be
consistent with those obtained by imaged capillary isoelectric focusing
(iCE) in terms of both resolution and separation profile. The retention
mechanism based on the trends observed for proteins at pH values
higher than the electrophoretic pI, as well as the high resolution gains,
were discussed using applicable theories. Very low ionic strength eluents
also enabled direct coupling of the ion‐exchange chromatography (IEC)
to mass spectrometer for further characterisations of mAbs. Although
there are few reports of IEC‐MS technique for small proteins in which the
IEX column is directly interfaced to the mass spectrometer, the
employment of a linear pH gradient elution scheme directly interfaced to
ix

Abstract

mass spectrometer for the analysis of large proteins such as mAbs is also
unique in the present work.
New polymer monoliths were prepared in 100 µm i.d. capillaries
by thermally‐initiated co‐polymerisation of glycidyl methacrylate as
reacting monomer and pentaerythritol triacrylate as a hydrophilic cross‐
linker. The monolith recipe and polymerisation conditions were
optimised to obtain a homogeneous monolith with good mechanical
stability and characteristics suitable for separation of biomacromolecules.
Nevertheless, shrinkage of the material prevented making monoliths in a
column with conventional dimensions. Post‐polymerisation modification
of the monolith was performed via optimised reaction conditions in order
to incorporate weak cation‐exchange (WCX) or strong cation‐exchange
(SCX) functionalities using amine reagents respectively containing
phosphoric acid or sulforic acid groups. Dynamic binding capacities up
to 15.1 mg/mL were measured using lysozyme as a standard probe,
which is comparable or greater from some of the commercially available
columns. Compared to monoliths reported previously for the same
purpose, the developed monoliths also demonstrated negligible
hydrophobicity with separation efficiency of approximately 55,000
plates/m in isocratic separation of sample proteins.
A versatile epoxy‐based monolith was synthesised in 100 µm i.d.
capillaries by polycondensation polymerisation of glycidyl ether 100 with
ethylenediamine using a porogenic system consisting of polyethylene
glycol, MW = 1000, and 1‐decanol. Polymerisation was performed at 80 °C
for 22 h. The resultant monolith possessed hydrophilic properties
x
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originating from the incorporation of hetero‐atoms in the monolith
skeleton which was further strengthened by simple acid hydrolysis of
residual epoxides, resulting in a mixed diol‐amino chemistry. The
modified column was used successfully for hydrophilic interaction liquid
chromatography (HILIC) of small molecule probes, such as nucleic acid
bases and nucleosides, benzoic acid derivatives, as well as for peptides
released from a tryptic digest of cytochrome c. The mixed mode
chemistry allowed both hydrophilic partitioning and IEX interactions to
contribute to the separation, providing flexibility in selectivity control.
Residual epoxide groups were also exploited for incorporating a mixed
IEX chemistry. Alternatively, the surface chemistry of the monolith pore
surface rendered hydrophobic via grafting of a co‐polymerised
hydrophobic hydrogel. The inherent hydrophilicity of the monolith
scaffold also enabled high performance separation of proteins under IEX
and hydrophobic interaction (HIC) modes and in the absence of
nonspecific interactions.
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Chapter 1

Chapter 1
Literature review
1.1 Overview
The developments in molecular and cell biology in the last quarter
of the 20th century led to new technologies for the production of complex
biomolecules being divided into two main categories: proteins and
nucleic acids [1]. Biopharmaceuticals have the potential to assist in
human health care in the areas of diagnostics, prevention and treatment
of diseases. In 1982 the Food and Drug Administration (FDA) approved
human insulin synthesized in Escherichia coli as the first recombinant
therapeutic product in the United States. Advances in biotechnology have
broadly expanded the variety of therapeutics, including hormones,
cytokines, vaccines, and monoclonal antibodies (mAbs). Among these
developing therapeutics, mAbs are particularly attractive as they can be
designed to selectively target tumour cells and elicit a variety of
responses once bound. Until 2005, more than 206 unique therapeutic
mAbs have been studied in clinical trials for a variety of cancer
indications worldwide [2, 3]. These advances of recombinant proteins
were made possible by the development of efficient and reproducible
production and purification systems that permit manufacture of these
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complex molecules in large amounts with consistent quality suitable for
human use [4]. Simultaneous with this growth has been the proliferation
of biotechnology companies. There are about 1300 companies competing
for this market [3]. In 2000, annual sales of biopharmaceuticals in the
United States alone comprised approximately 10% ($8 billion) of all
therapeutic sales in the country [3].
Control of the quality of biopharmaceuticals is crucial not only
during large scale manufacturing but also during the research and
development phases, as impurities and contaminants have to be
characterized and reduced to acceptable levels. Hence, the increased
attention toward biotechnology products in the last three decades has
challenged both the regulatory authorities responsible for approving new
drugs and the biotechnology industries, which must consistently produce
a definable and safe product.
There is an overwhelming interest in the separation of biological
molecules by chromatographic techniques, for example, in
pharmaceuticals or for medical diagnostics. In particular, the application
of high‐performance liquid chromatography (HPLC) to the separation of
both biomacromolecules and their related small molecules has increased
considerably over the last two decades. Whereas reversed‐phase
chromatography (RPLC) is the most commonly used mode of separation
for peptides and small molecules, the three‐dimensional structure of
proteins can be sensitive to the often harsh conditions employed in RPLC.
Preferably, IEC, size‐exclusion chromatography (SEC) and hydrophobic
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interaction chromatography (HIC) are the most commonly used modes
for the separation of bio(macro)molecules when preserving the native
structure of the biomolecule is also of interest [5, 6].

1.2 IEC of biomolecules
IEC is a method of separating proteins based on differences in
their net charge. IEC can be a highly selective chromatographic
technique, being able to resolve, for example, proteins which differ by
only a single charge [7]. Due to the orthogonality of separation
mechanism to RPLC, IEC is often used as the first dimension in two
dimensional (2D) separations. For example, on‐line IEC‐RPLC was
developed for automated shotgun proteome analysis [8]. IEC is
advantageous in providing fast separation of biomolecules with high
recoveries and resolving power. Also, buffer components are non‐
denaturing and IEC can be used as a preconcentration step to recover
proteins from a dilute solution [9]. Compared with HIC, lower salt
concentration is used in IEC, thus precipitation of biomolecules due to
the high salt concentration can be avoided [9].
The disadvantages of IEC are few, but include 1) the sample must
be applied to the IEC column under conditions of low ionic strength and
controlled pH, which sometimes requires an extra step of buffer exchange
to be conducted, 2) chromatographic instrumentation should be resistant
to salt‐induced corrosion, and 3) post‐chromatographic preconcentration
of dilute solutions of recovered proteins can result in high salt
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concentrations (typically more than 1 M), which is unsuitable, for
example, in biological assays unless buffer exchange is carried out [10].
Based on the classical net charge theory the separation process in
IEC relies upon the formation of electrostatic interactions between the
charged groups on biomolecules (typically, amines, carboxylic acids,
sulfonic acids and phosphoric acids), and an ion‐exchange sorbent
carrying the opposite charge. Non‐bound biomolecules (i.e., neutral
molecules which do not carry any electrical charge or molecules carrying
the same charge as the ion‐exchanger) are not retained in the column, and
bound biomolecules are recovered by elution with a buffer of either
higher ionic strength, or altered pH. The basic concepts involved in this
theory imply that 1) at their isoelectric point (pI) proteins will not be
retained because the net charge is zero, 2) proteins will be retained on
positively (negatively) charged anion (cation) exchangers when the pH of
the eluent is greater (lower) than their pI because they have a net negative
(positive) charge, and 3) there is a functional relationship between the net
charge and retention time of proteins [11].
Lesins and Ruckenstein [12] indicated, along with others [13, 14],
that the net charge theory is an over‐simplification of protein adsorption
on charged sorbents. This is because of two reasons: significant retention
in IEC may occur at the pI, where correlation between net charge and
retention is poor [11]. These authors suggested that charge localization on
the protein surface that is quite different from the net charge of the
molecule may occur. Regnier emphasized the importance of
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heterogeneity on the protein surface and its relation to protein adsorption
[15]. Lesins and Ruckenstein [12] indicated that if there is a non‐uniform
charge distribution on the protein surface, it is not necessary for the net
charge of the protein to be opposite to that of the ion‐exchanger for
adsorption due to electrostatic interactions to occur; instead the
occurrence of oppositely charged patches is all that is necessary. These
charged patches and the subsequent heterogeneity in the protein‐ion
exchanger contact region would significantly affect the conformational
changes encountered by proteins during the separation process.
1.2.1 pH gradient elution
In the classic mode of IEC, proteins are eluted using a salt gradient
(most often NaCl) with the eluent pH being nearly constant. While the
resolving power of IEC by this approach is high, the same can be said
regarding the amount of effort required to fully optimise a method. The
design of an optimal IEC process is not straightforward due to the
involvement of numerous interrelated parameters such as, type of
stationary phase, dimension of the column, amount of sample loaded,
loading and eluting buffer (type, concentration and pH), mode of elution
(isocratic, gradient or stepwise), and slope of the gradient elution profile
[16]. Besides, once the method development is completed, a method is
usually product‐specific with very limited robustness; eg., eluent pH has
shown a robustness tolerance as low as ±0.05 pH units around the
optimised value [17]. It has also been shown that complex pH transitions
occur in response to salt gradient [18‐20]. Consequently, the retention and
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separation efficiency are affected by the characteristics of both salt
gradient and eluent pH [21].
Yamamoto and Ishihara observed that the resolution of β‐
lactoglobulin A and B in IEC is highest when the eluent pH is near the pI
of proteins (5.1 and 5.2) [22]. This behaviour was related to the
enhancement of adsorption affinity of these proteins near their isoelectric
points. However, salt gradient IEC is generally operated at a fixed eluent
pH, which cannot be generalised as the optimum pH when several
proteins are being separated [23]. Finally, the chief deficit of salt gradient
IEC is that proteins with the same number of effective charges will be
eluted from the ion exchanger close to each other. This limits significantly
the selectivity of IEC when complex protein mixtures are separated [24].
The situation will be even worse when protein charge variants are to be
resolved. These variants arise from modifications of the amino‐ and
carboxylic‐termini and amino acid side chains [25]. While with small
proteins, such as recombinant human growth hormone, separation of all
charge species is possible, the number of possible charge variants
increases when the size of proteins is increased [26]. As changes in charge
from different modifications may be additive or subtractive, IEC becomes
even more complex and the overall resolution of individual variants is
likely to be lost. This is particularly a matter of concern for important
large proteins, such as mAbs, for which their characterisation poses many
challenges for therapeutic use in humans. For example, Rozhkova
showed that even a 3% change in the pH of eluents or the
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Figure 1.1: The sensitivity of CEX chromatography into the eluent pH (A) and
the eluent concentration (B) in analysis of an mAb sample treated with
Carboxypeptidase B prior to analysis (reprinted with permission from Ref. [21]).

concentration of strong eluent during cation‐exchange (CEX)
chromatography of a recombinant humanised mAb resulted in a
significant shift in retention times (> 5 min) and also loss in resolution, as
a result of co‐elution of some species (see Figure 1.1) [21].
Internal pH‐gradient or chromatofocusing (CF) is an IEC
technique developed by Sluyterman and co‐workers in the late 1970s for
pH‐based separation of proteins [27‐31]. The technique most commonly
utilises the buffering capacity of a weak‐anion exchange (WAX) column
to generate a (preferably) linear pH gradient inside the column. The
column is equilibrated with a high pH buffer (equilibrating buffer),
followed by loading of a protein sample. Retained proteins are then
eluted in the order of their apparent isoelectric points (pIapp), which are in
general close to their actual isoelectric points (pI), upon a step change to a
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second buffer (focusing buffer) of lower pH. To obtain a linear pH
gradient over a wide pH range (and hence larger peak capacity), the
buffers traditionally contain mixtures of polyampholytes with a wide
range of pKa values to produce an even buffering capacity over the
chosen pH range.
As the focusing buffer descends through the column, various
ampholyte components bind differentially to the stationary phase
developing an internally retained pH gradient. Consequently, the protein
is sequentially eluted from the stationary phase when the pH of the
focusing buffer is slightly higher than the protein pI and is retained again
when the buffer pH falls slightly below the pI [30]. This progressive
titration of the stationary phase causes focusing of the protein band and
generally results in high resolution separation of proteins when
compared to salt gradient IEC [32, 33]. This approach, however, suffers
from some limitations. Polyampholyte buffers tend to be expensive and
due to the way they are manufactured, tend to exhibit batch‐to‐batch
irreproducibility in composition [34, 35]. They are difficult to remove
from isolated proteins due to the formation of association complexes, and
also exhibit high UV absorption [32]. These limitations were addressed by
a number of workers who investigated the use of a simple mixture of
buffer species in the focusing buffer. Frey and his co‐workers [23, 34, 36,
37] developed a model to accurately predict the separation in CF using
buffers composed of only simple mixtures of amine buffering species for
covering the desired pH range. Using this model, an optimised buffer
composition was predicted to produce a linear pH gradient over a wide
8

Chapter 1

pH range of 9.5 to 5.5 inside a diethylaminoethyl (DEAE)‐WAX column.
This buffer was composed of 2.4 mM Tris, 1.5 mM imidazole and 11.6
mM piperazine and demonstrated very good agreement between
predicted and experimentally measured pH profiles. The performance of
this buffer system was also demonstrated by CF separation of human
hemoglobins A° and S1 variants, and equine myoglobin [36].
An alternative to CF is the external pH‐gradient approach
proposed by Anderson et al. [33, 35, 38, 39] which utilises pump
proportioning to generate a pH gradient prior to the column with
minimal buffering capacity. Buffers are composed of simple amine
species that have their pKa values evenly distributed over the desired pH
range. Under such conditions, the contribution from the column itself to
the delay of the pH‐gradient is minimal, which allows for easier method
development and optimisation, since the slope and profile of the pH
gradient can be controlled by the pump with less dependence on column
chemistry [17, 32].
pH‐based IEC was employed by some workers for isolation of
antibodies from biological samples. Waldrep and Schulte [40] employed a
step pH gradient and a DEAE column for fractionation of four
immunoglobulin G (IgG) subclasses (IgG1‐4). A descending pH gradient
was established from 9 to 6 using 20 mM Tris‐acetate buffer. Buffers
covering a wider pH range (3.8‐10) were developed by Ahmed et al. [16]
for selective isolation of a mAb from hybridoma cell culture supernatant.
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Buffers were composed of 20 mM each of citric acid, sodium phosphate,
Bicine, and N‐Cyclohexyl‐2‐aminoethanesulfonic acid (CHES).
Profiling the charge‐related heterogeneity of proteins, including
mAbs, is one of the important applications of IEC. MAbs have gained
significant attention as potential therapeutics due to their qualities, such
as high degree of specificity in binding to target antigens, ability to
initiate immune response to the target antigen and long serum
persistence, which reduces the need for frequent dosing [41, 42]. For
biopharmaceutical development, product consistency and long shelf life
are important factors that provide flexibility in manufacturing. During
manufacture, various forms of microheterogeneity in an antibody’s size
or charge can occur due to enzymatic processes or spontaneous
degradation and modifications, including for example, deamidation,
oxidation, isomerisation and fragmentation [43]. Almost all of these
changes can alter the surface charge properties of the antibody either
directly by changing the number of charged groups or indirectly by
introducing structural alterations [42]. These variants need to be
characterised, for example, for quality control purposes or improving
formulations in order to minimise further degradation during storage of
the purified antibody. While conventional salt gradient IEC is generally
product‐specific, i.e., requires several method parameters to be optimised
for each individual antibody [44], recent reports on pH‐based separation
of mAbs have demonstrated the required multi‐productivity, high‐
resolution and robustness against variations in sample matrix salt
concentration and pH [17, 21, 44].
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Figure 1.2: pH gradient CEX chromatography of a mAb sample using Dionex®
particulate packed columns containing WCX or SCX chemistry (reprinted from
Ref. [17]).

Farnan and Moreno [17] demonstrated a high‐resolution
separation of charge heterogeneity in a series of intact mAbs having pI
values from 7.3 to 9.1 using a buffer system that originally was optimised
by Kang and Frey [34] for CF of proteins (see Figure 1.2). Interestingly,
while the buffer composition had been optimised for WAX chemistry
under CF mode, an ascending gradient of buffers mixed externally and
delivered into a ProPac WCX column also demonstrated a pH profile
with the same linearity over a pH range of 6 to 9.5. The method was also
validated following industry standard validation practices and
demonstrated good robustness and precision being independent of
sample matrix and composition [44].
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Due to the large size of antibodies, suitable chromatographic
resolution is usually hard to achieve. Generation of Fab and Fc fragments
by papain digestion has been used to simplify the separation [42].
Regnier and co‐workers used a strong CEX column for purification of Fab
fragments (pI values 5.4, 5.5 and 5.8) generated from the papain digestion
of an anti‐cortisol IgG2B antibody [45]. Protein isoforms were separated
by running a pH gradient from pH 4.5 to 6.4 generated using 10 mM N‐
Cyclohexyl‐2‐aminoethanesulfonic acid (MES). Despite incomplete
resolution of the isoforms, up to 90% purity was determined for the
collected fractions analysed by capillary electrophoresis (CE).
Analysis of individual fragments also allows determination of the
location where heterogeneity has happened in the antibody. Typically,
enzymatic digestion of the antibody followed by analysis of the resulting
peptide fragments by liquid chromatography‐mass spectrometry (LC‐
MS), referred to as peptide mapping, is performed to identify the
modification. MS/MS study can also be performed to identify the precise
position of the modification within the peptide [25, 42, 46]. As an
example, a new form of mAb cysteine‐related heterogeneity in the hinge
region of an IgG2 was discovered by fractionation of an antibody sample
using AEX chromatography followed by enzymatic digestion of fractions
resulting in C‐terminal lysine (Lys‐C) variants [47]. MS/MS experiments
uncovered the replacement of up to two disulfide bridges with a similar
number of trisulfides in the antibody hinge region. AEX chromatography
was performed on a ProPac WAX‐10 column by running a pH gradient
elution with a buffer system consisting of 2.4 mM 3‐(N‐
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morpholino)propanesulfonic acid (MOPS), 1.4 mM imidazole and 11.6
mM piperazine at pH 7 and 5.5 as eluents A and B, respectively.
The external pH gradient approach also benefits from the
flexibility in using a wide spectrum of buffer species. While mostly
amine‐based species are usually used as buffer components, the
feasibility of common inorganic buffer species such as phosphate for pH‐
based separations of proteins has been also demonstrated by some
workers. Different Lys‐C variants generated via various enzymatic
digestion methods in a recombinant mAb (human anti‐tumour necrosis
factor mAb D2E7) were successfully resolved using a ProPac WCX‐10
column and a typical eluent composition used in CEX chromatography of
proteins at different pH [48]. Accordingly, 10 mM phosphate buffer pH
7.5 was used as eluent A and 500 mM NaCl in 10 mM phosphate buffer
pH 5.5 as eluent B. This system actually took advantage of combining
both salt and pH gradient approaches. Capillary isoelectric focusing
(cIEF) and LC‐MS analysis were also performed for further
characterisation of deglycosylated and reduced antibody fractions
collected from CEX chromatography. More recently, Rozhkova
demonstrated that resolving Lys‐C variants with the same column
chemistry is also feasible in the absence of a NaCl gradient [21]. Instead,
the ionic strength of buffers was kept constant by adding 60 mM NaCl to
both eluents (10 mM phosphate) and the pH gradient was established in
a very narrow pH range of 6.7 to 7.5. For comparison, separation was also
carried out under the salt gradient approach. Unlike the pH gradient,
minor changes in phosphate buffer pH (± 0.2 pH unit) or NaCl
13
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concentration in eluent B (± 5 mM) caused catastrophic effects on
separation efficiency and resolution.

1.3 Monolithic columns: preparation and applications
To a great extent, the remarkable success of HPLC in
bioseparations has been achieved as a result of advances in column
technology centred mostly on increasing the separation capacity,
enhancing the detection sensitivity and increasing the analysis
throughput [49]. While particle packed‐columns traditionally represent
the most commonly used media in HPLC, their application for separation
of macromolecules is particularly limited due to the slow diffusional
mass transfer into the mobile phase presented in the pores of beads and
also into the void between the packed particles [50]. Another limitation of
packed‐beads can be seen in high‐throughput macro‐ and nano‐scale
separations [49]. According to Gidding’s theory [51], resolution,
efficiency and throughput of a separation in such scales benefit from sub‐
micrometre sized particles (< 2 μm). However, both preparation and
application of these columns demand extraordinarily high back‐pressures
and necessitate employing costly equipment such as ultra‐high pressure
liquid chromatography (UHPLC) systems. These challenges have been
well‐addressed through recent advances in column technology, such as
core‐shell technology and also the development of a new generation of
HPLC columns, namely monolithic columns (for which their preparation
for bioanalysis is the main focus of the present study).
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Separation using conventional packed columns is inherently slow
due to the diffusional constraints, as they exhibit a rapid reduction in
resolution and separation capacity with increasing eluent velocity [50].
On the other hand, the efficient isolation of labile biomolecules requires a
fast and reliable separation process working under mild conditions in
order to decrease losses due to biomolecule degradation.
Monolithic materials are characterised by their numerous
interconnected cavities (pores) of different sizes and their structural
rigidity which is secured through extensive crosslinking. Although the
contribution of mobile phase in mass transfer (Cm term in the Van
Deemter equation) of small molecules in monoliths is generally larger
than that of packed columns, in the case of large molecules such as
proteins, the Cm would be predominantly convective, rather than
diffusive like particulate sorbents, and therefore prevents loss in
separation efficiency at higher flow‐rates [50, 52‐54]. However, while for
packed columns an increase in efficiency can be achieved by using
particles of smaller size, the efficiency of monolithic stationary phases‐
particularly in separation of small molecules‐can be maximised by
optimising the domain size, i.e., the combined average size of the
macropores and microglobules. The smaller domain size is favourable as
it improves the efficiency by minimising both the C‐term and the Eddy
dispersion (the A term in the Van Deemter equation) [55].
Such a porous structure can be created from inorganic precursors,
resulting in bimodal silica‐based materials. Typical features
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characterising this kind of monolith are a bicontinuous skeleton
comprising flow‐through pores or macropores (typically ~ 2 μm in size),
along with skeletal pores or mesopores (typically 2‐50 nm). Such a pore
distribution provides a typical surface area around 300 m2/g, depending
on the preparation conditions [53]. Silica‐based monoliths have proved to
be well‐suited for the separation of small molecules where their high
surface area provides adequate retention for desired efficiency and
selectivity. While quite successful for small molecule separations, the
application of silica‐based monoliths for efficient separation of large
molecules is limited owing to the restricted diffusion of solutes into the
monolith mesopores [56]. Other issues associated with silica‐based
monoliths include the radial inhomogeneity (comparable to the level seen
in polymer monoliths), their limited pH tolerance, complicated and
sensitive production procedures, and the limited number of monomers
and solvents available for their preparation [53, 57].
Polymeric monoliths are the other main category of monolith
materials developed in the late 1980s and early 1990s [58, 59]. From the
very beginning this type of monoliths has proven to be well suited for the
(fast) separation of proteins [59‐61]. Simple and single step preparation
from a wide variety of monomers also enables application of polymeric
monoliths to be far beyond chromatographic demands in areas, such as
microfluidics, preconcentration and solid‐phase extraction units as well
as catalytic supports [62‐68].
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Polymeric monoliths are usually prepared via a free radical
polymerisation reaction from a mixture of initiator, monomers (including
crosslinking monomer) and pore‐forming solvents (porogens) that are
polymerised in situ in a mould, for example a tube, capillary or the
channels of a microfluidic device. A binary mixture of solvents is
typically used as porogen to allow tuning of porous properties and
morphology of the monolith. The type of initiator is also chosen in
accordance with the fashion that the polymerisation reaction is triggered,
which is usually thermal or photo‐initiation [69].
Since their emergence about two decades ago, monolithic columns
have been extensively investigated by many researchers leading to a
significant impact of this concept on separation science [66]. The vast
variety of methods enabling the preparation of monoliths as well as the
wide spectrum of their applications has been well documented in
numerous reviews, eg. see [53, 57, 66, 69‐72]. Very recently, we also
summarised in a review the recent developments in the preparation of
polymeric monoliths for liquid chromatography of large molecules [73].
Therefore here, one important aspect of polymeric monoliths in
bioseparations that has captured less attention, i.e., biocompatibility, is
discussed with the focus on IEC as one of the most commonly used
HPLC modes for bioseparation.
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1.3.1 Biocompatibility in monoliths for bioseparation
The concept of biocompatibility has been transferred to
chromatographic stationary phases, such as monoliths, by Li and Lee in
2009 [74]. According to their definition “a biocompatible stationary phase
is a material that resists against non‐specific adsorption of biomolecules
(including peptides and proteins) and does not interact with them in a
way that would alter or destroy their structures or biomedical functions.”
The type of non‐specific interactions actually depends on the mode
of chromatography employed. For example, while protein denaturation is
a common issue in RPLC of proteins due to the strong hydrophobic
interactions involved [74], HIC of proteins is based on the same kind of
interactions but with such a low strength that proteins are preserved in
their native conformations. This is achieved by utilising mild eluents
containing a high concentration of salts (in the absence of organic
solvents) and a lower density of bonded ligands (typically 50‐1000 mM)
[75]. On the other hand, hydrophobic interaction is recognised as a non‐
specific interaction in IEC where denaturation is likely to occur once
secondary interactions between hydrophobic patches of the protein and
the stationary phase are stronger than electrostatic interactions involved
in IEC [7]. Nevertheless, the existence of mixed‐mode effects may provide
a wider range of selectivity than that which can be achieved with a single
chemistry [76].
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The removal of non‐specific hydrophobic interactions may be
necessary in order to 1) obtain good mass recovery with preserved
bioactivity, 2) gain predictable elution behaviour for solutes (which
facilitates method optimisation), and 3) avoid slow adsorption‐desorption
kinetics that lead to significant band broadening [74]. Hydrophilicity of
IEC stationary phases is also important from the viewpoint of
multidimensional LC setup. IEC followed by RPLC is the most widely
used 2D LC. For this combination, negligible mixed‐mode interactions
(i.e., IEC and HIC) are desired. Otherwise, the resultant 2D LC is not
strictly orthogonal and the final overall peak capacity will be
compromised [77].
1.3.1.1 Polyacrylamide‐based monoliths
Soft gel materials such as crosslinked dextran, cellulose,
polyacrylamide, agarose and polysaccharides have been historically
known for low non‐specific interactions with peptides and proteins, and
are employed widely in gel electrophoresis and gel permeation
chromatography [74]. However, these inert polymers are too soft to be
used for HPLC.
Acrylamide (AAm) is a moderately hydrophilic monomer which is
typically polymerised with a cross‐linker to reinforce the required
rigidity into the structure of polymer. In fact, co‐polymerization of
hydrophilic functional monomers and cross‐linkers is a seemingly
straightforward approach to obtain biocompatible materials. The most
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common cross‐linker is N,N’‐methylenebisacrylamide (MBAA). This type
of monoliths serves generally as a platform for sample preparation or
affinity chromatography [72, 74]. For instance, poly(AAm‐co‐MBAA)
monolith was prepared by co‐polymerisation for potential use in the
separation of biopolymers, immobilisation of proteins and solid‐phase
extraction [78]. Palm and Novotny prepared a porous polymeric
monolith as a trypsin microreactor for fast peptide mapping by
copolymerisation of AAm, MBAA and N‐acryloxysuccinimide in an
electrolyte buffer containing polyethylene glycol (PEG) as a molecular
template [79]. The monolith featured high permeability and
biocompatibility.
1.3.1.2 Polymethacrylate‐based monoliths
Polyacrylate and polymethacrylate‐based monoliths represent the
largest and the most examined class of polymeric monoliths, due mainly
their suitability for separation of biopolymers, such as proteins and
polynucleotides as well as large particles, such as viruses [74, 80]. While
there are instances of polymethacrylate‐based monoliths for HIC [75, 81]
and SEC [82, 83] of proteins, this type of monoliths have been mostly
developed for RPLC and IEC applications. Recent advances in
polymethacrylate‐based monoliths for IEC of biomolecules are reviewed
below with the emphasis on biocompatibility (hydrophilicity) of
materials.
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Co‐polymerisation of hydrophilic functional monomers and cross‐
linkers is a seemingly straightforward approach to obtain biocompatible
materials. Compared to silica‐based monoliths, polymeric monoliths offer
the advantage that by choosing the right functional monomer, monoliths
for a variety of chromatographic purposes can be designed, such as for
improved biocompatibility. Following their efforts to prepare polymeric
monoliths with negligible non‐specific interactions, Lee’s group recently
prepared CEX monolithic columns containing phosphoric acid
functionality by co‐polymerisation of phosphoric acid 2‐hydroxyethyl
methacrylate (PAHEMA) and bis[2‐(methacryloyloxy)ethyl] phosphate
(BMEP), as functional monomers, with polyethylene glycol diacrylate
(PEGDA) and polyethylene glycol acrylate (PEGA) via photo‐initiated
polymerisation [84]. Monoliths with different extents of hydrophobicity
were obtained. While poly(BMEP‐co‐PEGA) showed the lowest
hydrophobicity in the series of columns prepared, the addition of 20%
(v/v) acetonitrile to the eluents was still required in order to lessen
hydrophobic interactions between natural peptides and the
poly(PAHEMA‐co‐PEGDA) monolith. However, these materials showed
less swelling and better permeability than the sulfonic acid‐containing
monoliths prepared previously by the same group [77, 85].
More promising results were obtained with homopolymerisation
of MAEP where retention times of peptides and peak capacity varied
only slightly with the addition of up to 20% (v/v) acetonitrile to the
eluents, suggesting negligible hydrophobic interaction between peptides
and the monolith [86]. Although using a single monomer makes the
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optimisation of polymerisation conditions easier and improves the
reproducibility of the synthesised monolith, careful selection of the
parameters involved in polymerisation is still required in order to ensure
acceptable rigidity and flow‐through properties of the prepared
materials. For example, it was shown that BMEP percentages lower than
26.8% (w/w) in the polymerisation mixture resulted in non‐rigid
materials, whereas non‐porous materials were obtained for amounts
higher than 31.8%. Also, an increase in UV exposure time from 2 to 5 min
revealed no marked influence on the conversion of BMEP, while a further
increase to 10 min increased the conversion, as indicated by a 33%
increment in dynamic binding capacity (DBC) value to 72.7 mg lysozyme
per mL of column volume [86].
In another study, poly(2‐carboxyethyl acrylate‐co‐poly(ethylene
glycol) diacrylate) was prepared by photo‐initiated polymerisation for
WCX chromatography of peptides and proteins [9]. While eluent pH has
a negligible effect on the ionisation of strong ion‐exchangers, it affects the
extent of ionisation of weak ion‐exchange functionalities, thus providing
more opportunities to control selectivity and separation efficiency. Using
the prepared column, baseline separation of a mixture of protein
standards was obtained without the addition of organic solvents to the
eluent. However, a further increase in the content of ethylether as a
macropore‐forming porogen caused an increase in the hydrophobicity of
the monolith obtained. The authors also aimed to introduce more
carboxylic acid groups on the surface of the monolith by increasing the
ratio of functional monomer to cross‐linker, while keeping the porogen
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composition constant in the optimised recipe. Although a 50% increase in
DBC was measured by this change, substantial hydrophobic interactions
were again demonstrated by co‐elution of proteins and significant tailing
of the lysozyme peak. Interestingly, the opposite trends were observed in
their earlier report [84] where an approximately tenfold decrease in DBC
was measured by increasing the percentage of the functional monomer,
BMEP, in the monomer mixture from 30 to 70%. This confirms again that
the functionality obtained at the surface of monoliths synthesised by co‐
polymerisation is difficult to predict and careful characterisation of the
materials is necessary [87].
1.3.1.2.1 Post‐polymerisation modification
Post‐polymerisation modification is another approach to obtaining
functional monoliths for IEC. In contrast to the co‐polymerisation
method, the porous properties of a generic monolith can be optimised
independently from the modification of surface chemistry, thereby
enabling the preparation of numerous chemistries from the same support
monolith [88]. Among others, glycidyl methacrylate (GMA)‐based
monoliths have been widely used for incorporating different
functionalities through the epoxy group, which reacts readily with
various reagents containing, for example, amine [89, 90] or thiol groups
[91]. While there are several reports (see, eg. [60]) on the synthesis of
WAX columns via reaction of surface epoxy groups with amines like
diethylamide (DEA), less effort has been made to prepare the SAX ones.
In one report, quaternary amine functionalities were incorporated into a
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poly(GMA‐co‐DVB) monolith in a two‐step reaction involving the ring‐
opening of the epoxy group with DEA followed by the alkylation of the
resultant tertiary amine with diethyl sulfate [92]. Recently, a systematic
study on the parameters affecting the modification reaction of
poly(GMA‐co‐EDMA) monolith with DEA and triethylamine (TEA) was
conducted by Bruchet et al. [93]. Their results indicated that while 96% of
the epoxy groups were converted to tertiary amine functionality after an
8 h reaction in pure DEA at 65 °C, conversion efficiency did not exceed
more than 68%, even at 85 °C for the reaction with pure TEA.
Subsequently, a significant improvement in reaction efficiency was
obtained by the addition of a protic solvent to the reaction. Over 90%
transformation to quaternary amine was finally achieved using TEA
dissolved in 50% (v/v) aqueous ethanol after 4 h reaction at 85°C.
Increasing the reaction time from 4 to 8 h and the amine concentration in
aqueous ethanol from 10 to 50% (v/v) showed no further enhancement in
the reaction yield. The loading capacity of 10.9 ng/cm was also measured
for the SAX capillary column obtained using the breakthrough curves of
DNA in a salmon sperm solution (100 ng/μL).
Post‐polymerisation modification also enables tailoring the
hydrophilicity of the materials. For example, a fairly good transformation
of surface chemistry from highly hydrophobic into hydrophilic in
styrenic‐based materials, such as poly(chloromethylstyrene)‐co‐
divinylbenzene was successfully performed through a two‐step
modification process comprising of a reaction with ethylenediamine
followed by γ‐gluconolactone [61]. The modified column exhibited
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comparable hydrophilicity to a poly(GMA‐co‐EDMA) bead after
complete hydrolysis of its epoxy groups to diols. To achieve an increase
in hydrophilicity, Ott et al. [63] modified the surface of their epoxy‐based
monolith with a hydrophilic poly(ethyleneglycol) diamine (2k Da) via a
multi‐step approach. The remaining epoxy groups of the generic
monolith were first acid‐hydrolysed to hydroxyl groups prior to the
reaction with 3‐glycidyloxypropyltrimethoxysilane. The silanisation
reaction was conducted for 1 h at room temperature. The column was
then filled with the polymer and incubated at 55 °C overnight in order to
afford a hydrophilic coating.
Svec’s group developed a UV‐initiated photografting approach for
the surface hydrophilisation of their classic poly(GMA‐co‐EDMA)
monolith, which exhibits significant non‐specific interactions with
proteins even after a complete hydrolysis of residual epoxide groups to
2,3‐dihydroxypropyl functionalities [94]. This undesired adsorption was
largely avoided by photografting of a hydrophilic monomer,
poly(ethylene glycol) methacrylate (PEGMA, 6 ethylene glycol units),
onto the pore surface of poly(2,3‐dihydroxypropyl methacrylate‐co‐
ethylene dimethacrylate).
1.3.1.2.2 Surface functionalisation with nanoparticles
Introduced by Hilder et al. in 2004 [95], functionalisation of the
pore surface with nanoparticles is the latest technique for tailoring the
surface characteristics of monoliths. Nanoparticles can offer numerous
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advantages; for example, their large surface‐to‐volume ratio can
potentially enhance separation efficiency [96]. Very efficient separations
were also reported with agglomerated latex ion‐exchangers, owing to the
existence of short diffusional paths, which leads to enhanced mass
transfer [97]. This was the rationale behind Thayer et al. work who used a
ProSwiftTM SCX‐1S (4.6 mm × 50 mm) monolith column for surface
modification [98]. A dilute aqueous solution of pellicular AEX nanobeads
(DNAPac PA200) was pumped through the column until break through
was observed. The nanobead‐coated monolith exhibited a further
increase in monolith capacity and mass transfer, along with
chromatographic behaviour typical of pellicular phases. The nanobead
coating improved separation selectivity and helped control tailing and
band broadening associated with hydrophobic interactions when
compared to porous bead phases. In addition, the monolith showed
separation of derivatized oligonucleotides from their unlabeled parents,
and the ability to resolve several isobaric RNA linkage isomers, as well as
phosphorothioate diastereoisomers in DNA and RNA.
By taking advantage of the well‐known affinity of gold toward the
amino and thiol functionalities, Svec’s group has recently utilised gold
nanoparticles (GNPs) for the modification of poly(GMA‐co‐EDMA)
monoliths. In one study they modified the surface of a monolithic
capillary column with cystamine followed by immobilisation of GNPs to
incorporate a new chemistry for the selective isolation of peptides
containing cysteine [99]. The GNPs were held firmly onto the surface of
the monolith by stable multivalent linkages that prevented them from
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being washed out from the column, even when the eluent contains
competing thiol‐containing compounds.
In an extension of this surface modification the dynamic nature of
the bond between gold and thiol groups has been exploited to tailor the
surface chemistry through the binding of a variety of “exchangeable” thiol‐
containing moieties, introducing the concept of monoliths with
exchangeable chemistries [90]. Surface modification of the monolith was
conducted by pumping a 2.5 mol/L cysteamine solution through the
capillary column at a flow‐rate of 1 μL/min for 30 min at room
temperature, affording a monolith with 1.05 mmol/g thiol groups. Two
approaches were examined for incorporation of GNPs: 1) in situ
preparation via reduction of chloroauric acid using sodium citrate, which
resulted in 15.37 atom % of gold with 40‐50 nm in size, 2) modification via
pumping a solution (1.4 × 1012 particles/mL) of commercially available
preformed nanoparticles (15 nm) on to the thiol rich pore surface of the
modified monolith. Although slower than the in situ formation of GNPs,
this approach was simpler and provided a much higher content of GNPs.
Capillary columns with reversed‐phase and ion‐exchange functionalities
were then obtained by flushing the GNP‐containing monoliths with 1‐
octadecanethiol and sodium‐2‐mercaptoethanesulfonate, respectively,
and examined for the rapid separation of a standard protein mixture.
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1.3.1.3 Epoxy‐based monoliths
It is well accepted that free‐radical cross‐linking
(co)polymerisations inherently lead to heterogeneous polymers [53, 100,
101], given that the cross‐linker has at least two vinyl groups. By
assuming equal vinyl group reactivity, it is reasonable to expect the rate
of consumption of the cross‐linker is twice than that of the monovinyl
monomer [53, 102]. Consequently, the cross‐linker molecules are
incorporated into the growing copolymer chains much more rapidly than
the monomer molecules forming highly cross‐linked nuclei in the early
stages of the polymerisation reactions [103]. The high degree of cross‐
linking in the nuclei leads to a rapid phase separation of the polymer
formed in poor porogenic solvents and a gradual coarsening of the
monolith structure which results in some degree of structural
heterogeneity [53, 104].
While free radical polymerisation utilising vinyl or (meth)acrylate
monomers is the most commonly used method for the preparation of
monoliths, some attempts have also been made to investigate other
polymerisation systems, such as polycondensation. Unlike chain growth
polymerisation methods, such as free radical polymerisation,
polycondensation is a step growth polymerisation and features repeated
activation of the chain end, thus allowing for homogenous growth of all
polymer chains in the system no matter how long they are [66]. Typically
in this approach, highly ordered 3D structures are created homogenously
via phase separation polymerisation of epoxy monomers and amine
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Figure 1.3: HIC separation of protein standards using a polyNIPAAm‐grafted E‐
51 epoxy‐based monolith (4.6 mm ×100 mm i.d.; reprinted from Ref. [105]).

curing agents in PEG as pore‐forming solvent [104, 106]. Also, oxygen is
not detrimental to these reactions, so careful de‐aeration of the
polymerisation solution is not necessary. The morphology of monoliths
can be tailored by the mole ratio of epoxy to curing agent, the percentage
and molecular weight (MW) of (polymeric) porogen and the
polymerisation temperature. Of special interest is that monoliths
derivedfrom this approach possess inherent hydrophilicity arising from
the incorporation of heteroatoms into the main polymer chains [107, 108].
These materials also afford the possibility of modifications through
surface hydroxyl and amino groups generated after curing, as well as
residual epoxy groups. The applicability of surface modification of
epoxy‐based monoliths through hydroxyl groups was demonstrated by
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Xin et al. [105]. The support monolith was prepared in a 100 mm × 4.6 mm
i.d. stainless steel column by polycondensation of E‐51 epoxy resin with
4,4ʹ‐methylene‐bis‐cyclohexylamine (NIPAAm) dissolved in a porogen
system comprising DMF/PEG‐200 (1/9 w/w). Polymerisation was
performed at 80 °C for 12 h. The resultant monolith possessed
hydrophobic properties stemming from aromatic moieties of epoxy resin
as well as the hydrocarbon skeleton of the amine. Intended to be used for
HIC of proteins (see Figure 1.3), a “grafting from” approach was then
carried out in order to reinforce even further hydrophobicity into the
monolith via surface‐initiated atom transfer radical polymerisation
(ATRP) of N‐isopropylacrylamide.
The synthesis of epoxy‐based monolithic capillary columns having
weak ion‐exchange functionality from polycondensation of tris(2,3‐
epoxypropyl)isocyanurate (TEPIC, 18%) and tris(2‐aminoethyl)amine
(2%) dissolved in PEG‐200 (80%) has been reported recently and used for
profiling of intact glycoprotein isoforms [109]. The polymerisation
reaction was conducted at 80 °C for 12 h. The monolith exhibited
relatively large through‐pores of about 3‐6 μm and a specific surface area
of 4.1 m2/g, which like other epoxy‐based monoliths indicated the
nonporous skeleton of materials in the dry state [66]. The ion‐exchange
functionality of the synthesised monolith originated from the residual
primary amine groups present and the amine functionality introduced by
the ring opening reaction of the residual epoxy groups. The post‐
modification reaction was conducted by pumping an aqueous solution of
ammonia (50% v/v) through the capillary column at 60 °C for 48 h. The
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ion‐exchange capacity measured by frontal analysis of bovine serum
albumin was only 1.3 mg/mL. The authors ascribed such a limited
capacity to the low specific surface area of the material as well as the
short spacer arm between the amine functionalities and the support
monolith. The performance of the monolithic column prepared for
resolving glycoprotein isoforms was also compared with a CE method.
While CE exhibited superior resolution, more isoforms were detected in
IEC.
While hydrophilicity of epoxy‐based monoliths has made them
suitable for separation of biomolecules with minimal non‐specific
interactions, the homogeneity of their structure, which has a root in their
method of polymerisation, can be exploited for addressing the limitations
associated with polymeric monoliths for the separation of small
molecules. Such a limitation is raised from the structural heterogeneity of
polymer monoliths prepared with conventional free‐radical cross‐linking
polymerisations and is associated with the less cross‐linked layer
generated on the top of the first layer (highly cross‐linked layer)
possessing pore sizes of 2‐4 nm in the swollen state [53]. While these
pores are inaccessible for proteins with nanometres in size, small
molecules permeate the gel porosity region and, depending on their size,
have different penetration depths in the polymer gel structure,
suggesting the mass transport to be diffusive rather than convective [53].
One immediate consequence of such phenomena is chromatographic
dispersion of solutes in the gel structure, thereby reducing separation
efficiency of small molecules [53, 110].
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The suitability of epoxy‐based monoliths for the separation of
small molecules was demonstrated by Hosoya et al. utilising capillary
columns prepared from the polycondensation of tris‐(2,3‐epoxypropyl)
isocyanurate [104], or alternatively, 1,3‐bis(N, N’‐diglycidylaminomethyl)
cyclohexane [111] as the epoxide‐containing monomer with 4‐[(4‐
aminocyclohexyl)methyl] cyclohexylamine (BACM) as the amine curing
agent. Depending on the content of acetonitrile (ACN) in the aqueous
mobile phase, columns were operated in both HILIC and RPLC modes,
respectively for the separation of nucleic acid bases and nucleosides, and
alkylbenzenes. These columns exhibited high permeability and up to
133,000 theoretical plates per metre (N/m) for alkylbenzenes.
1.3.2 Polymeric monolithic columns in proteomics research
Proteomics research aiming to investigate proteins released from
gene expression in a cell, tissue or body fluids is of great importance, yet
extraordinarily challenging due to the great dynamic range in the
abundance of proteins [49].
Top‐down and bottom‐up are two common strategies applied in
proteomics study. In the top‐down strategy, proteins are separated by
two‐dimensional electrophoresis (2DE), followed by identification with
tandem mass spectrometry (MS/MS). Although 2DE has great capacity
for protein separation and is known as the most frequently used
technique for protein quantification in clinical samples [112], it suffers
from inherent limitations in the separation and detection of low
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abundance proteins, membrane proteins, and proteins with extreme pI
values and MW [49, 112]. Alternatively in recent years, more attention
has been focused on the bottom‐up proteomic strategy in which proteins
are generally digested into peptides. Separation of peptides by one or 2D
macro‐ or nano‐LC is then followed by on‐line MS/MS analysis and data
processing [112]. This combination, when performed by employing
capillary columns packed with sub‐micrometre sized particles (< 2 μm),
offers advantages to the analysis, such as high resolution and sensitivity
as well as high peak capacity and throughput, but also with
commensurate increase in the column back‐pressure necessitating the
employment of UHPLC technologies.
As an example, theoretical peak capacities (Cp) of up to 1,000 were
reported by Shen et al. [113] using a 87 cm long capillary column (14.9–
74.5 μm i.d.) packed with 3 μm C18‐bonded porous silica particles under a
pressure of 18,000 psi. The column was successfully coupled to a hybrid
quadrupole time‐of‐flight (Q‐TOF) MS via a nano‐electrospray ionisation
(nano‐ESI) interface for the analysis of proteolytic polypeptide mixtures.
In order to further increase the peak capacity, Tao et al. [114] connected
several short micro‐columns in series by using zero dead‐volume unions,
and identified 1,692 proteins in a protein digest extracted from a rat
brain, but through a long analysis time of 6.8 h.
Although typical bottom‐up LC techniques with particulate
columns appear to be well‐suited for the current demands on separation
efficiency, further improvements in the resolving power in a reasonable
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analysis time with the current technology might appear as a real
challenge in the near future. According to Giddings’ theory [115], to
achieve Cps over 1,500 with a 200 cm column packed with 3 μm particles,
the predicted separation time should be about 2,000 min, which is
practically unreasonable to achieve. The packing of capillary columns is
also not easy and requires a highly skilled worker because of the small
particle sizes and small internal diameter of capillaries. Additional
drawbacks include the need for retaining frits and specially designed
pumps and accessories for delivering ultra‐high pressures.
In the meantime, many efforts in column technology in recent
years have also been devoted to developing monolith materials and this
continues as an active area of research. By offering features, such as faster
mass transfer (for large molecules, such as proteins), lower back‐pressure,
and easy preparation, employing monolith materials for routine
applications has already come to play. Miniaturisation has also appeared
as one area in which technologies based on particulate materials have
started to fall behind their monolithic counterparts [72]. Along with the
distinct advantages of the capillary column format, including the low
consumption of both sample and solvents and a reduction in the peak
broadening resulting from radial diffusion, an additional reduction in the
size of capillary columns is particularly attractive for further
improvement in the sensitivity of MS detection as sensitivity increases
with the inverse square of the column diameter [116]. Such sensitivity
improvements become more and more important for the separation and
identification of complex samples, particularly in areas, such as
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proteomics. While the current generation of commercial packed capillary
columns generally has inner diameters in the range of 75 to 100 μm,
packing smaller capillaries appears as a significant challenge [117].
In situ preparation of polymer‐based monolithic stationary phases
from liquid precursors provides a viable alternative to address this
challenge as well. As a very good example, Karger and co‐workers
prepared a 20 μm i.d. poly(styrene‐co‐divinylbenzene) (PS‐co‐DVB)
monolithic capillary columns to improve the detection sensitivity in LC‐
MS/MS analysis of peptides in a tryptic digest mixture [118]. Efficiencies
(N/m) over 100,000 were achieved with optimised polymerisation and
separation conditions. High mass sensitivity (~ 10 amol of peptides) in the
MS and MS/MS modes using an ion trap MS was found with a factor of
up to 20‐fold improvement over a 75 μm column. As an extension of this
work, large digested peptide fragments up to 10 kDa (e.g., from lysyl
endopeptidase digestion) with or without modifications were well
separated using 20 and 50 μm i.d. columns [119]. Importantly, the
macroporous structure of the monolithic columns facilitated mass
transport of large peptides with improved recovery relative to small pore
size RP packings. High sequence coverage (>95%), including
identification of phosphorylated and glycosylated particles, was achieved
for β‐casein using the 20 μm i.d. monolithic column. For peptides with
greater ionization efficiency, detection limits as low as 400 zmol was
obtained. Also their system demonstrated a typical peak capacity of ~ 200
for a 10 cm column.

35

Chapter 1

Among all polymer monoliths, styrenic and methacrylate‐based
monoliths are more frequently used for proteomics applications. In one
recent review Rozenbrand and van Bennekom summarised some recent
applications of polymer monoliths, together with silica‐based monoliths,
in proteomics [52]. Along with PS‐co‐DVB monoliths which represent the
most commonly used polymer monoliths for RP applications,
methacrylate‐based monoliths with RP chemistry can also be prepared,
for example, by alkylation of the well‐established poly(GMA‐co‐EDMA)
monoliths [120], or alternatively by co‐polymerisation of hydrophobic
monomers , such as lauryl methacrylate (LMA) with a cross‐linker. In one
study, Moravcova et al. [121] prepared a very short (3 cm × 320 μm i.d.)
poly(LMA‐co‐EDMA) capillary column for desalination,
preconcentration, and separation of peptides from a bovine serum
albumin (BSA) digest and an in‐gel digest of Hordeum vulgare. Fractions
were collected on MALDI target spots and analysed using TOF‐MS. The
sequence coverage for BSA increased from 17%, when no separation was
performed, to 63%; and for H. vulgare, the 14 kDa spot revealed 16
proteins, approximately four times higher in comparison to the analysis
without separation.
Polymer monoliths with chemistries other than RP have also been
developed for proteomics applications, particularly in multidimensional
(MD) separations. Given that the peak capacity of a MD system is
theoretically the product of the peak capacity of each orthogonal
dimension [115], combining two or even more orthogonal (multimodal)
separation procedures will dramatically improve the overall separation
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power and result in a much larger number of identified peptides [122]. In
one report, a 150 μm i.d. capillary monolithic column with a SCX
chemistry was prepared by co‐polymerization of ethylene glycol
methacrylate phosphate and bisacrylamide in a ternary porogenic solvent
consisting of dimethylsulfoxide, dodecanol, and N,Nʹ‐
dimethylformamide [123]. The column exhibited higher DBC, faster
kinetic adsorption of peptides, and more than 10 times higher
permeability than the column packed with commercially available SCX
particles. The column then served as a trap column prior to an RP column
in a nano‐flow LC‐MS/MS system for automated sample injection and on‐
line MD separation. Analysis of 19 μg of the tryptic digest of yeast
proteins enabled identification of 1522 distinct proteins from 5608 unique
peptides (total of 54,780 peptides) at a false positive rate of only 0.46%.
Zou and co‐workers [112] developed a fully automated 2D system
with integration of a RP‐SCX biphasic trap column inserted prior to a
packed C18 column (12 cm × 75 μm i.d.). Their work was an extension of
so called multidimensional protein identification technology, originally
proposed by Yates and co‐workers [124], based on packing particles with
different chemistries in tandem in a single capillary, and is used widely
in proteome analysis. A polymeric monolith with SCX chemistry was
primarily prepared in a 7 cm long segment of the biphasic trap (14 cm ×
200 μm i.d.) column by in situ co‐polymerisation of ethylene glycol
methacrylate phosphate and methylene bis‐acrylamid, followed by
packing the other 7 cm long segment with C18 particles. Next, tryptic
digests of the protein samples extracted from hepatocellular carcinoma
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and normal liver tissues were loaded onto the RP segment of the biphasic
trap column and labelled with different types of isotope dimethyl
reagents in sequence. All the enriched peptides were then transferred to
the SCX segment of the biphasic column, followed by on‐line MD
separation via stepwise salt eluting of the peptides to a 15 cm‐long RP
separation column using a binary gradient for the μLC‐MS/MS analysis.
Comparing to conventional manual isotope labelling and off‐line
fractionation technologies, this system was fully automated and time‐
saving. Integration of a phosphate SCX monolith into the biphasic trap
column also allowed employing higher flow‐rates for more throughputs.
This system enabled quantification of over 1000 proteins through a 29 h
proteome analysis, with the possibility of increasing to 1700 proteins once
analysis time was extended to 63 h. After three replicate runs, 94
significantly up‐regulated and 249 significantly down‐regulated proteins
were successfully observed.
Introduced by Alpert in 1990 [125], HILIC is recognised as a
variant of normal‐phase LC (NPLC) in which a column with hydrophilic
chemistry is eluted with a mobile phase which is only 10 to 40% (v/v)
aqueous [126]. HILIC has been successfully applied for the separation of
a wide variety of polar solutes, including pharmaceuticals [127, 128],
carbohydrates [129], peptides and proteins [122, 125, 126, 130, 131] as well
as for the selective enrichment of glycopeptides and phosphopeptides in
proteomics applications [132, 133]. In HILIC, an increase in retention is
observed with increasing polarity or hydrophilicity of solutes, which is
opposite to the trend observed in RPLC. As a result, HILIC has good
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separation orthogonality to RPLC, enabling their integration into the MD
separation of complex mixtures.
In one study, Gilar et al. [134] analysed a mixture of approximately
200 peptides using different stationary phases, including SEC, HILIC,
SCX and RP at pH 2.6 and pH 10. HILIC was shown to have a separation
power superior to both SCX and SEC. The orthogonality of the stationary
phases was also determined by plotting the peptide retention times in
two dimensions against each other. Although this study was not
performed 2‐dimensionally, it was still able to exhibit more orthogonality
to RP for HILIC compared to SCX. This conclusion was further supported
by another study where an off‐line 2D HILIC‐RP system was designed
for separation of peptide mixtures [135]. A column with zwitterionic
chemistry was chosen for the first dimension. Analysis of data revealed a
dual‐mode separation mechanism based on both hydrophilic partitioning
of solutes within the aqueous sub‐layer and electrostatic interactions with
the stationary phase. These electrostatic interactions ensure that HILIC
separation is more than merely the reverse of RP, while the presence of
hydrophilic interactions caused similarly charged peptides to be eluted
over a wider retention window. It was further noted that the
orthogonality of HILIC with RP is dependent on the buffer pH, where a
higher orthogonality was seen at pH 3, providing more flexibility in
selectivity control.
HILIC is proving to be an attractive choice among the range of
separation methods available for the proteomics researcher. Although the
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combinations chosen so far for 2D LC–MS have been limited to HILIC–
RP, the versatility of the polymeric monoliths is predicted to enable other
combinations, such as SCX–HILIC and even MD approaches. On the
other hand, the higher content of organic solvent utilised in HILIC
compared to RP offers additional benefits, such as more compatibility of
the mobile phase with ESI‐MS and increased detection sensitivity, which
may suggest HILIC to be an interesting candidate for the second
dimension [131, 134].

1.4 Project aims
Developing monolithic columns, particularly based on polymeric
monoliths, continue to be an active area of research in column technology
due to the large potential of these materials, especially in bioseparations.
However, in comparison to their silica‐based counterparts, favourable
features of polymeric monoliths, such as ease of preparation and more
available monomers, reagents and methods enabling their preparation,
also make them attractive to be explored for separation of small
molecules.
Therefore, the general aim of this project has been to develop new
polymeric monolithic columns for bioseparations with more emphasis on
hydrophilicity of the materials, as one generally ignored criterion in
previous studies. The suitability of some of the developed monoliths for
separation of small molecules has also been considered. The specific aims
of the project were:
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To explore the feasibility of resolving charge heterogeneity
in mAbs using a pH gradient IEC approach and
commercially available polymeric monolithic columns.



To prepare new methacrylate‐based polymer monoliths for
IEC of proteins by focusing on hydrophilicity of the
materials.



To explore suitability of other polymerisation methods than
free‐radical polymerisation for preparing new polymeric
monoliths to be used for separation of both small and large
biomolecules.



To evaluate the performance of the prepared columns for
separation and characterisation of peptides under capillary
HILIC mode and to investigate their applicability for
proteomics studies.
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Chapter 2
Experimental
Unless otherwise specified in particular chapters, this section
summarises chemicals, instrumentation and procedures used throughout
this research.

2.1 Chemicals and reagents
Unless specified otherwise, the chemicals used were of analytical
reagent (AR) grade as follows.
Table 2.1: Chemicals used for buffer preparation
Chemical
Acetic acid
Formic acid
Trifluroacetic acid
Hydrochloric acid
Phosphoric acid
Disodium hydrogen phosphate
Sodium dihydrogen phosphate
Ammonium Acetate
Sodium bicarbonate
Disodium carbonate
Ammonium formate
Tris(hydroxymethyl)aminomethane
hydrochloride (Tris)
Sodium hydroxide (99%)
Ethanolamine
Diethanolamine
Triethanolamine
Ammonium hydroxide (28%
aqueous NH3)
Ammonium sulfate

Formula
CH3COOH
HCOOH
CF3COOH
HCl
H3PO4
Na2HPO4.2H2O
NaH2PO4.H2O
CH3CO2NH4
NaHCO3
Na2CO3
HCOONH4
NH2C(CH2OH)3.HCl

Supplier
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
Merck
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
AnalaR
Sigma‐Aldrich
Sigma‐Aldrich

NaOH
NH2(CH2)2OH
NH(CH2CH2OH)2
N(CH2CH2OH)3
NH4OH

Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
BDH Chemicals
Fluka

(NH4)2SO4

Sigma‐Aldrich
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Table 2.2: Chemicals used for monolith preparation and modifications
Chemical
(3‐
Glycidyloxypropyl)trimeth
oxysilane
1‐Decanol
1‐Dodecanol
2,2’‐Azobisisobutyronitrile
(AIBN)
2‐Aminoethyl hydrogen
sulfate (SEA)
2‐Methoxyethanol
3‐(Trimethoxysilyl)propyl
methacrylate (γ‐MAPS)
Acetone
Allylamine
Diethylamine
Ethanol
Ethylenediamine (EDA)
Glycerol glycidyl ether
(GE‐100)
Glycidyl methacrylate
(GMA)
Iminodiacetic acid (IDA)
Isopropanol
Methanol
N,N′‐
Methylenebisacrylamide
(BIS)
N‐Isopropylacrylamide
(NIPAm)
O‐
Phosphorylethanolamine
(PEA)
Pentaerythritol triacrylate
(PETA)

Formula
C9H20O5Si

Supplier
Sigma‐Aldrich

CH3(CH2)9OH
CH3(CH2)11OH
(CH3)2C(CN)N=NC(CH3)2CN

Sigma‐Aldrich
Sigma‐Aldrich
MP
Biomedicals
Sigma‐Aldrich

NH2(CH2)2OSO3H
CH3O(CH2)2OH
H2C=C(CH3)CO2(CH2)3Si(OCH3
)3
CH3COCH3
CH2=CHCH2NH2
NH(CH2CH3)2
CH3CH2OH
NH2(CH2)2NH2
Mixture of C12H20O6 and
C9H16O4
C7H10O3

Sigma‐Aldrich

HN(CH2COOH)2
(CH3)2CHOH
CH3OH
(CH2=CHCONH)2CH2

BDH Chemicals
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich

H2C=CHCONHCH(CH3)2

Sigma‐Aldrich

NH2(CH2)2OPO3H2

Sigma‐Aldrich

(H2C=CHCO2CH2)3CCH2OH

Sigma‐Aldrich

Poly(ethylene glycol) (PEG) H(OCH2CH2)nOH
Tetrahydrofuran
C4H8O
Toluene
C6H5CH3

Sigma‐Aldrich
Sigma‐Aldrich
Merck
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
Raschig GmbH

Sigma‐Aldrich
Sigma‐Aldrich
Sigma‐Aldrich
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Table 2.3: Protein standards1
Protein
Trypsin inhibitor

MW (kDa)
20.1

Ovalbumin

42.8

β‐Lactoglobulin a & b
Serum albumin
Transferrin
Myoglobin
α‐Chymotrypsinogen A
Trypsinogen
Ribonuclease A
Cytochrome c
Trypsin
Lysozyme

~18.4
66.0
77.1
17.0
25.6
23.9
13.7
11.7
23.8
14.3

1
2

Source
Glycine max
(soybean)
Chicken egg
white
Bovine milk
Bovine
Human
Equine heart
Bovine pancreas
Bovine pancreas
Bovine pancreas
Equine heart
Bovine pancreas
Chicken egg
white

Experimental pI2
4.6
4.9
~ 5.1
5.5
~ 5.5
7.2
9.0
9.3
9.4
10.0
10.3
11.2

Supplied from Sigma‐Aldrich.
from Ahmed et al. [136].

Table 2.4: Nucleobases and nucleosides1
Chemical
Adenine
Adenosine
Cytidine
Cytosine
Deoxyguanosine
Guanosine
Thymine
Uracil
Uridine
1 Supplied from Fluka.

Formula
C5H5N5
C10H13N5O4
C9H13N3O5
C4H5N3O
C10H13N5O4
C10H13N5O5
C5H6N2O2
C4H4N2O2
C9H12N2O6

CAS Number
73‐24‐5
58‐61‐7
65‐46‐3
71‐30‐7
3608‐58‐0
118‐00‐3
65‐71‐4
66‐22‐8
58‐96‐8
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Table 2.5: Benzoic acid derivatives1
Chemical
Benzoic acid (BA)
4‐Propylbenzoic acid (4PBA)
4‐Hydroxybenzoic acid (4HBA)
4‐Aminobenzoic acid (PABA)
2,3‐Dihydroxybenzoic acid (2,3DHBA)
2,4‐Dihydroxybenzoic acid (2,3DHBA)
2,5‐Dihydroxybenzoic acid (2,3DHBA)
1 Supplied from Sigma‐Aldrich.
2 Obtained from [137].

Formula
C6H5COOH
CH3(CH2)2C6H4CO2H
HOC6H4CO2H
H2NC6H4CO2H
(HO)2C6H4CO2H
(HO)2C6H4CO2H
(HO)2C6H4CO2H

pKa12
4.2
4.4
4.6
4.9
3.0
3.3
3.0

2.2 Instruments
Conventional LC was performed using a Dionex DX‐500 Liquid
Chromatograph (Thermo Fisher Scientific, Lane Cove, Australia)
consisting of a GP50 Gradient Pump, AD25 UV/Vis Absorbance Detector,
AS50 Thermal Compartment and AS50 Autosampler. Detection was
performed at 214 and 280 nm. Flow‐rate was 1 mL/min, the injection
volume was 10 μL and the column compartment temperature was set at
30 °C. Instrument control and data acquisition were performed using
Dionex Chromeleon software, version 6.80 SR5.
Capillary LC separations were performed on a Dionex UltiMate™
3000 HPLC System equipped with a DGP‐3600M gradient pump,
including a membrane degasser unit, a FLM‐3300 column compartment
including a capillary flow‐splitter (split ratio 100:1), a VWD‐3400 UV
detector equipped with a 45 nL flow cell and a WPS‐3000 autosampler
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fitted with a 100 nL sample loop. Chromeleon® software (Ver. 6.80) was
used for system control and data processing (data collection rate 2.5 Hz).
Electrospray ionization time of flight (ESI‐TOF) mass spectrometry
was performed on a micrOTOF‐Q mass spectrometer (Bruker Daltonics,
Melbourne, Australia) equipped with an Agilent G1385A microflow
nebuliser (Agilent technologies, Melbourne, Australia). Argon was used
as a nebulising gas and nitrogen as a dry gas. The instrument was tuned
and calibrated using an Agilent ES Tuning Mix (catalogue no. G2431A) in
enhanced quadratic mode. All system control and data acquisitions were
conducted with Bruker Daltonics software. The deconvolution of ESI
mass spectra was performed using a maximum entropy algorithm
(Bruker Daltonics).
iCE was performed using an iCE280 analyser (Toronto, ON,
Canada) with operational software from Convergent Bioscience,
equipped with an Alcott 719 AL autosampler.
Pore size distribution profiles of the dried monoliths were
determined using a Micromeritics Autopore IV 9500 mercury intrusion
porosimeter (Norcross, GA, USA). BET specific surface area
measurements were performed on a Micromeritics TriStar II 3020 based
on nitrogen adsorption‐desorption isotherms.
Scanning electron microscopy (SEM) images of the capillary
monolithic columns were captured using a Hitachi SU‐70 field emission
scanning electron microscope (Tokyo, Japan), after coating the samples (~
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5mm length capillary columns) with a conducting platinum layer (~ 4 nm
thickness). SEM experiments for normal bore columns were performed
using a FEI Quanta 600 MLA environmental scanning electron
microscope (Hillsboro, OR, USA).
2.2.1 Other instruments
pH was measured using a pH meter model labCHEM‐CP from
TPS (Springwood, QLD, Australia). Water was purified via a Milli‐Q
water purification system (Millipore, Bedford, MA) and filtered through
a 0.2 μm nylon filter prior to use. A vacuum oven (max. ‐100 kPa) model
V30D from SEM (Magill, SA, Australia) was used. Syringe pump model
PHD 2000 was from Harvard Apparatus (Holliston, MA, USA). Vortex
mixer was model VM1 from Ratek Instruments (Boronia, VIC, Australia).
The thermostated water bath used was model 8102 from PolyScience (PA,
USA) and the GC oven was Hewlett Packard model 5890 (Agilent
Technologies, CA, USA).

2.3 General procedures
2.3.1. Surface modification of fused‐silica capillaries
The inner surface of the polyamide‐coated fused‐silica capillaries
(purchased from Polymicro Technologies, Phoenix, AZ, USA) was first
activated following procedures described previously [94, 104] with some
modifications. Briefly, a length of capillary (3 m) was rinsed sequentially
with acetone and water, then flushed with 0.2 M sodium hydroxide
solution until the outlet flow exhibited an alkaline pH and flow was
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continued at 30 μL/h for 60 min using a syringe pump, followed by
flushing with water until a neutral pH of the outlet flow was detected.
The capillary was then rinsed with 0.2 M hydrochloric acid solution in
the same manner, followed by acetone and then the capillary was dried
with compressed nitrogen for 1 h. Depending on the type of monolith to
be prepared later in the capillary, different silanisation reagents were
employed on the next step. For epoxy‐based monolith, a 50% (v/v)
solution of 3‐glycidyloxypropyltrimethoxysilane in acetone was pumped
through the capillary at 30 μL/h for 60 min. The capillary was then sealed
at both ends with rubber septa and kept at 80 °C in a GC oven overnight.
For methacrylate‐based monoliths, a 20% (v/v) solution of 3‐
(trimethoxysilyl)propyl methacrylate (γ‐MAPS) in 95% ethanol with
apparent pH adjusted to 5 using acetic acid was pumped through the
capillary at a flow‐rate of 0.25 μL/min at room temperature for 90 min.
Finally, the capillaries were flushed with acetone and then dried again
with nitrogen. In order to allow the condensation reaction to complete,
the activated capillaries were then sealed at both ends and stored for at
least 24 h before use [138].
2.3.2 Surface modification of glass‐lined tubing (GLTs)
The surface of the glass‐lined tubing (GLT, 1/4” o.d. × 4 mm i.d. × 5
cm; SGE, Melbourne, Australia) was vinylised according to the procedure
reported elsewhere [139] with some modifications. To activate the
surface, the GLT was placed into a slightly bigger test tube, filled with 1
M sodium hydroxide solution and heated in a GC oven at 100 °C for 1 h.
The solution was then discarded and the GLT was washed extensively
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with water until neutral pH was attained. The procedure was repeated
with 1.2 M hydrochloric acid, followed by washing with acetone and
drying in a vacuum oven. The dried GLT was then immersed in the test
tube filled with a solution of γ‐MAPS in acetone (30 %wt.). The test tube
was sealed and left in the dark at room temperature overnight. After
vinylisation the GLT was rinsed with acetone and dried in a vacuum
oven.
2.3.3 Column permeability measurement
The flow resistance of a column is characterised by the column
permeability, K, which is calculated using Darcy’s equation:
K

FL
Pr 2

where F is the volumetric flow‐rate, L is the column length, η is the eluent
viscosity, ΔP is the column back pressure , and r is the column inner
radius [140].
2.3.4 Dynamic binding capacity (DBC) measurements
The protein binding capacity of an IEX monolith was determined
using frontal analysis. The column was first equilibrated with a solution
of 10 mM phosphate buffer at pH 6 (eluent A), and then loaded with a
solution of lysozyme (1 mg/mL) in eluent A and UV absorbance at 214
nm was measured. DBC was calculated at 50% of the final absorbance
value of the breakthrough curve and expressed in mg/mL of column
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volume [94]. The volume of connecting tubing was corrected by replacing
the column with a zero dead‐volume union.
2.3.5 Enzymatic digestion of proteins
Cytochrome c was dissolved in 50 mM ammonium acetate
containing 20% (v/v) ACN to a concentration of 1 mg/mL. Trypsin was
then added at a substrate‐to‐enzyme ratio of 50:1 (w/w) and the solution
was incubated at 37 °C for 24 h. The proteolysis was terminated by the
addition of formic acid to a final concentration of 0.1% (v/v). The mixture
was further diluted to 0.5 mg/mL in 50% (v/v) methanol in water before
injection.
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Chapter 3
Charge Heterogeneity Profiling of Monoclonal
Antibodies Using Low Ionic Strength Ion‐exchange
Chromatography and Well‐controlled pH Gradients
on Monolithic Columns

3.1 Introduction
The advances in biotechnology in the last quarter of the 20th
century have led to the development of new technologies for the
production of complex biomolecules which could potentially be used in
human health care in the areas of diagnostics and prevention, and
treatment of diseases. Qualities, such as high (target) selectivity, the
ability to initiate immune recognition of the target, and long circulation
half‐lives, have made the development of humanized monoclonal
antibodies (mAbs) the fastest growing segment of therapeutic drugs [42,
141]. In the production of mAbs the final product often exhibits a number
of variations from the expected or desired structure. These alterations
may result from either known or novel types of post‐translational
modifications or from spontaneous, non‐enzymatic protein degradation
which bring about charge and size heterogeneity. Common modifications
of the primary sequence include N‐glycosylation, methionine oxidation,
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proteolytic fragmentation, and deamidation [142]. It has been shown that
charge variants of therapeutic proteins can have significantly different
bioactivity. For example, Harris et al. [143] showed that deamidated
variants of recombinant human mAbs had reduced potency in a
bioactivity assay. As protein charge heterogeneity is an important factor
in quality assessment of protein therapeutics, regulatory authorities, such
as the International Conference on Harmonisation (ICH) have set criteria
for monitoring and characterising the degree and profile of variations to
ensure lot‐to‐lot consistency and product stability [144].
Considering the large size of antibodies and the minor structural
diversity between the variants, the existence of these variants imposes a
significant challenge for their separation. Ion‐exchange chromatography
IEC is a non‐denaturing technique used widely to separate and isolate
protein charge variants for subsequent characterisation. However, when
operating under a salt gradient approach (classical mode), IEC has been
shown to exhibit limited selectivity when complex proteins with the same
number of effective charges are to be separated [145] and lack of
robustness when targeted mAbs are to be analysed [21].
cIEF is another separation technique used frequently to assess
charge heterogeneity of proteins in which a complex mixture of
ampholytes (polyionic organic electrolytes) is used to establish a pH
gradient in a capillary with the aid of an electric field. The electric field
causes protein isoforms to focus along the capillary according to their
isoelectric point where they have zero net charge and are then mobilised
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toward an on‐column detector located at one end of the capillary. Due to
the distortion of the pH gradient, which affects reproducibility in
migration time and peak area, the mobilisation step often requires
optimisation [146]. The introduction of imaged iCE has overcome this
issue by eliminating the need for the mobilisation step through single
point detection of the entire imaged capillary. While cIEF is perhaps the
most powerful of the known separation technologies for charge variants,
the difficulty of collecting fractions when compared to IEC has confined
the method to be suitable for monitoring of variants but not for their
preparative separation or isolation (peak identification) [42, 145]. Also,
some authors believe that while the separations are consistent between
the two methods, cIEF is not as precise as IEC and therefore cannot be
considered as a suitable replacement [17]. To the contrary however, some
have concluded that CE techniques could be superior to IEC in terms of
both separation speed and obtainable resolution and therefore could
constitute a routine tool for assessing charge heterogeneity of proteins
[146, 147].
Developed by Sluyterman et al. [27‐31] in the late 1970s, CF
(internal pH gradient) is recognised as the chromatographic analogy to
IEF [17] mitigating many of the shortcomings of classical IEC and
combining some unique features of both methods. CF has been
demonstrated to be useful for separating protein isoforms due to its high
resolving power and ability to retain the native state of protein [21, 23].
However, there are some limitations to this technique, such as the cost of
polyampholite buffers employed, the necessity of column regeneration
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after each separation, and the inflexibility in controlling the slope of the
generated pH gradient [21, 35, 38].
Alternatively, pH gradient approach can be conducted externally
by mixing prior to the column two eluting buffers of different pHs
consisting of common buffer species. As the slope and profile of the pH
gradient can be easily controlled by changing the elution parameters with
less dependence on the buffer composition and column chemistry, this
manner of introducing a pH gradient should allow for more convenient
method development and optimisation [35, 38]. The externally‐induced
pH gradient approach was applied for the separation of deamidated
variants of a mAb [142], resolving C‐terminal lysine isoforms after
treating with carboxypeptidase B [21] and also for the analysis of charge
variants of full‐length mAbs [17].
Currently, particle‐packed columns represent the most common
stationary phases for HPLC. Despite immense popularity, their
application for rapid and efficient separation of macromolecules is not as
convenient as for small molecules. This is mostly because of slow
diffusional mass transfer of large solutes and also the large void volume
existing between the packed particles [148]. In the meantime,
biocompatibility of stationary phase has become a new challenge when
analysing biomolecules (including peptide and proteins). As defined by
Li et al. [74], a biocompatible stationary phase material should be able to
resist nonspecific adsorption of biomolecules and preserve the bioactivity
of the target biomolecules. These challenges are well met by employing
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monolithic media. Mass transfer in monolithic sorbents is mostly
dominated by convection, rather than diffusion, and is therefore fast,
even for large biomolecules. On the other hand, the expected
biocompatibility of the most frequently used polymers in making porous
monoliths, i.e., poly(meth)acrylate and polyacrylamide, make these
stationary phases highly suit for use in protein separation applications.
Advances in polymer monoliths for IEC of biomolecules have been
reviewed recently and the importance of reducing non‐specific
interactions between analyte and stationary phase has been noted [69].
While IEC of proteins using monolithic columns is frequently seen in the
literature [77, 85, 95], very little effort has been directed toward
employing this technique for separation of large proteins, such as mAbs.
Based on recent efforts to resolve charge variants of mAbs with the
aid of ion‐exchange (IEX) monolithic columns [149], the maximum
achievable resolution for mAb isoforms was pursued in this work using
CEX columns in combination with simple, yet efficient, buffer systems.
Unlike previous reports [16, 17, 35, 145], IEC was performed employing
shallow pH profiles over a limited pH range (typically 1 pH unit)
generated by single component buffer systems at very low ionic strength.
The suitability of the proposed buffer system in direct coupling of IEC
and MS was also demonstrated. Due to their size and complexity, mAbs
are typically characterised by two or more orthogonal separation
methods [17]. Therefore, the performance of the developed method was
also assessed by comparing the results with those obtained by iCE. It was
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hoped that similar charge heterogeneity profiles could be achieved for
mAbs analysed under two different separation mechanisms.

3.2 Experimental
The general experimental details, including chemicals and
instrumentation, are presented in Chapter 2. Specific experimental
conditions are given in each of the figure captions.
3.2.1 Chemicals and reagents
Pharmalyte pH 3‐10, sucrose and urea (for iCE experiments) and
methanol (LC‐MS grade) were all obtained from Sigma‐Aldrich. Methyl
cellulose (1%) and the Chemical Test Kit were from Convergent
Bioscience (Toronto, ON, Canada). The pI markers, including pIs 5.13,
6.14, 7.2 and 9.5, were also obtained from Convergent Bioscience.
Samples of three different mAb formulations, which are referred to as
mAb1, mAb2 and mAb3, were prepared by recombinant DNA
technology at Pfizer Inc (St. Louis, MO, USA).
3.2.2 Chromatography
The monolithic IEX columns used were ProSwift™ SCX‐1S and
ProSwift™ WCX‐1S (4.6 × 50 mm) and the packed column was a ProPac
WCX‐10, 4 × 250 mm, all from Dionex (Thermo Fisher Scientific, Lane
Cove, Australia). The monolithic columns are methacrylate‐based with
sulfonic acid and carboxylic acid functionalities for SCX and WCX,
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respectively. The ProPac WCX is a tentacle type ion‐exchanger bearing
carboxylate groups.
All chromatograms were transferred to ASCII files and redrawn
using Origin 8.1 (Northampton, MA, USA).
Unless otherwise stated, mobile phases were generally prepared
by dissolving appropriate amounts of the buffer components in water
prior to splitting into two aliquots denoted as eluent A and B. The pH of
each portion was then adjusted with concentrated sodium hydroxide or
hydrochloric acid. The elution was performed by a linearly ascending pH
gradient from 0 to 100% eluent B followed by isocratic elution for 3 to 5
min before returning the eluent composition to the starting condition
(100% eluent A). The gradient volumes were 10 and 30 mL for monolithic
and packed columns, corresponding to about 14 and 10 column volumes,
respectively. For each elution, the column was pre‐equilibrated with at
least three column volumes of eluent A prior to sample introduction.
Prior to integration, each sample chromatogram was subtracted from the
relevant blank injection prepared from eluent A. Fractions of the column
effluent were collected every 1 min and the pH was measured offline.
MAb samples were analysed as received without buffer exchange
or any other sample pretreatment process. After dilution in eluent A to a
concentration of approximately 0.2 mg/mL, samples were stored at 5 °C
until analysed.
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3.2.3 Liquid chromatography‐mass spectrometry (LC‐MS)
CEX chromatography was carried out using a ProSwift™WCX‐1S
(4.6 × 50 mm) column under pH gradient mode. 5 mM ammonium
hydroxide (AMH) buffer containing 20% (v/v) methanol was used at pH
9.5 as eluent A and at pH 10.5 as eluent B. pH of eluents was adjusted
before mixing with methanol. Elution was performed by running a linear
gradient of eluent A to eluent B in 20 min at a flow‐rate of 0.4 mL/min,
which was split (1:100) before introducing into the MS.
Coupled with the CEX chromatography, ESI‐TOF‐MS was
performed in a positive ion mode with m/z range of 500‐10000 and a
capillary voltage of 4500V (‐500 V end plate offset). Drying gas flow of 5
L/min at 300 °C was used with a 20.3 psi nebuliser gas pressure.
3.2.4 iCE
For iCE experiments a transparent capillary column (50 mm, 100
μm i.d.) was used with its inner surface coated with fluorocarbon to
minimise electroosmotic flow. The test solutions were prepared using
various amounts of pI markers, pharmalyte, 1% methyl cellulose, 5 M
urea, 20% sucrose, and mAb samples. Throughout the analysis, the
capillary was kept at ambient temperature while the autosampler was set
at 8 or 15 °C, depending on the mAb sample analysed. The injection
volume was 35 μL and the analysis was performed by applying a sample
transfer time of 100 s, prefocusing at 1500 V for 1 min, followed by
focusing for 5 min at 3 kV. Detection was performed at 280 nm.

58

Chapter 3

3.3 Results and Discussion
With the aim of improving the resolution, a series of new buffer
systems based on both organic and inorganic buffer species was designed
and applied using monolithic columns. To obtain sufficient binding of the
proteins to the cation‐exchanger, the lowest pH of the gradient was
chosen to be at least 1 pH unit below the electrophoretic pI values of
mAbs, that is 8.8 for mAb1, 8.5 for mAb2 and 8.4 for mAb3.
3.3.1. Triethylamine‐diethylamine (TEA‐DEA) buffer system
The first buffer system that was successful in eluting two of the
mAbs of interest was prepared by mixing equimolar amounts of TEA
(pKa 7.76) and DEA (pKa 8.88) resulting in a system buffering the pH
range of approximately 7.6 to 10. Figure 3.1 shows the separation
achieved for mAb1 and mAb2 on a ProSwift SCX‐1S column using this
buffer system in the pH range of 7.6‐10 with each buffer component at a
concentration of 12.5 mM. A somewhat linear pH profile for this system
over the studied pH range was achieved (Figure 3.1). No elution was
observed for mAb3. Acidic isoforms (pI lower than the main component)
are observed for mAb1, while basic isoforms are more pronounced for
mAb2. Indications of additional isoforms are also present but as faint
shoulders of the main peaks. The effect of flattening the pH gradient
profile on chromatographic resolution was of special interest in this
study. As the pH gradient slope was reduced there was more time for
differential
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Figure 3.1: pH gradient separation obtained for mAb1 and mAb2. The mobile
phase composition was 12.5 mM DEA and 12.5 mM TEA at pH 7.8 (eluent A)
and pH 10 (eluent B). Gradient: 0‐100 % B in 10 min, 100% B for 3 min. Column:
ProSwift SCX‐1S (4.6 × 50 mm); Detection: UV at 280 nm; Flow‐rate: 1 mL/min;
Column compartment temperature: 30 °C. Dashed line represents the pH profile
obtained.

movement of the isoforms through the column, which could lead to
better resolution [145].
In CF, it is possible to generate shallow gradient slopes by limiting
the pH range of the gradient or reducing the concentration of the mobile
phase buffer components [29, 31, 150]. Data presented later in this work
show that these two strategies for obtaining higher resolution are also
applicable to the external pH gradient approach.
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Figure 3.2: The effect of eluent concentration (DEA) on the elution profile of
mAb2. (A) 20 mM, pH 9‐10; (B) 10 mM, pH 9‐10; (C) 5 mM, pH 9.2‐10.2. Other
conditions as in Figure 3.1.

3.3.2 DEA buffer system
As seen in Figure 3.1, elution of mAbs in the TEA‐DEA buffer
system occurred around the end of the pH range applied. The pH of
eluent A was therefore increased from 7.5 to 9. A simultaneous reduction
in gradient slope was achieved as the gradient time remained unchanged
at 10 min. In addition, because of its negligible buffering capacity in the
new pH range (pH 9‐10), TEA was removed from the buffer system.
The effect of buffer concentration within the range 20 to 5 mM on
separation efficiency of mAb2 isoforms is shown in Figure 3.2. A decrease
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in buffer concentration at the same gradient slope resulted in an increase
in resolution of variants from the main peak. For elution at 5 mM, a
further increase in working pH range from 9‐10 to 9.2‐10.2 was required.
These findings are in agreement with Farnan and Moreno [17], who they
achieved higher resolution for mAb isoforms by a 4‐fold decrease in the
concentration of the buffer.
The impact of column chemistry on separation efficiency was also
evaluated. A trivial impact of column chemistry on the selectivity is
recognisable for both mAb1 (Figure 3.3a) and mAb2 (Figure 3.3b). In
addition, there are more prominent fluctuations in the pH profile and a
longer titration time for the weak cation‐exchanger (see pH profiles). As
the working pH range is high enough to ensure full ionisation of the
carboxylic group of the weak cation‐exchanger (pKa ~ 5), the reason for
differences in the pH profile might be due to the different chemistries of
the stationary phases [149].
3.3.3 Ammonium hydroxide (AMH) buffer system
Although suitable for resolving the isoforms of given mAbs, the
low volatility of DEA could potentially limit its application for MS
detection. In order to address this issue, we explored the use of AMH,
which is a volatile buffer species with pKa 9.25. For this buffer, acceptable
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Figure 3.3: Comparison of separation of variants for mAb1 (a) and mAb2 (b) on
ProSwift WCX‐1S and ProSwift SCX‐1S columns. Eluent: 5 mM DEA, pH 9.2‐
10.2. Other conditions as in Figure 3.1.
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Figure 3.4: Interrelationship between eluent concentration and pH range on
separation efficiency of mAb1. The gradient slope was 0.1 pH units/min. Eluent:
5 mM AMH, pH 9.2‐10.2 (A); 2.5 mM AMH, pH 9.5‐10.5 (B). Other conditions as
in Figure 3.1.

chromatographic resolution of protein isoforms was obtained even at
buffer concentrations lower than 5 mM (Figure 3.4). This demonstrates
that focusing effect of the buffer system increases by decreasing its
concentration. Similar to the earlier results, obtained with the EDA‐TEA
buffer, the optimum pH range had to be adjusted when the eluent
concentration was decreased to promote maximum separation efficiency.
Figure 3.5 displays the effect of eluent pH range and gradient
slope on resolving mAb1 isoforms. By maintaining the gradient slope at
0.1 pH units/min, it was found that although the fine structure of the
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Figure 3.5: Influence of operational pH range and gradient slope on resolution
of mAb1 variants. Eluent: 2.5 mM AMH. pH range and gradient slope: 9.3‐10.3
and 0.1 (A); 9.5‐10.5 and 0.1 (B); 9.7‐10.5 and 0.08 pH units/min (C). Other
conditions as in Figure 3.1.

acidic region remains unaltered (Figure 3.5, traces A and B), basic
variants previously hidden within the threshold of the major peak were
clearly resolved when the pH range was raised 0.2 pH units further from
9.3‐10.3 to 9.5‐10.5. This step‐wise optimisation approach illustrates the
possibilities offered when using a pH gradient over a narrow pH range,
in that it enables not only formation of a controlled pH profile, but also
permits the fine tuning of pH within the range defined by the applied
buffer system to obtain the maximum separation efficiency.
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Interestingly, it was found that low ionic strength eluents
generated a significantly high back‐pressure with the ProPac WCX‐10
column (pressure upper limit = 120 bar). When 5 mM AMH pH 9.5 at 0.5
mL/min was used, the initial back‐pressure of 94 bar was monitored and
found to be unstable and to increase gradually. This behaviour is most
likely due to the osmotic pressure generated from the difference between
the water content of the very dilute eluent and the IEX sorbent.
Unlike the packed column, the high permeability of the monolithic
ion‐exchangers resulting from their porous properties allowed fast
generation of pH gradients at moderate and stable back‐pressure (< 70
bar) even at very low buffer concentrations, as well as minimizing
column titration times (typically less than 5 min). These merits offer a
rapid analysis time that is applicable for high‐throughput process
development. While quite successful in resolving charge heterogeneity of
mAb1 and mAb2, the simplified buffer systems failed to elute mAb3
unless the eluent ionic strength was increased through addition of a salt.
Rozhkova [21] has previously reported the suitability of
conducting pH gradient separation of mAb variants by adding NaCl into
eluents. Accordingly, 2.5 mM AMH eluent, pH 9‐10 containing different
concentrations of NaCl ranging from 20 to 40 mM were used for eluting
mAb3. The results indicated partial resolution of the main component
from part of the acidic species (Figure 3.6). Basic variants, however,
remained hidden presumably under the wide shoulder of the major peak.
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Figure 3.6: Effect of NaCl concentration on pH gradient elution of mAb3. Eluent:
2.5 mM AMH containing the indicated level of NaCl, pH 9‐10. Other conditions
as in Figure 3.1.

One possible explanation for this strong retention might be due to
the differences in modification site, kind of modification, and/or degree of
modification occurring in the protein [42], all of which influence the
strength of interactions between the protein molecule and the ion‐
exchanger. These modifications vary from those that change the number
of charge residues on the surface of the protein to those being less
connected to the charge, such as change in antibody conformation.
Deamidation, for example, is one possible modification which is likely to
have an effect on retention of a protein by affecting the number of
positively charged groups over the surface of a protein and hence the
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binding of the protein to a cation‐exchanger [142]. It is also just as likely
that the behavior of mAb3 is caused by a clustering of charge on a
particular surface of the mAb. Further investigation is required to
confidently determine the characteristics of the mAb variants.
3.3.4 Retention Mechanism
Figure 3.1 clearly indicates mAbs are retained at pH values above
their pI values, where the proteins carrying the same charge as the
stationary phase. While no retention is normally expected, a similar
phenomenon was noted for other buffer systems developed here when
the initial pH of the eluent was shifted even further toward a more basic
pH. This can be explained using the augmented electrostatic interaction
model developed by Tsonev and Hirsh [145], which suggests that
although a protein accumulates an increasing density of charges with the
same sign as the ion‐exchanger when titrated using a pH gradient, small
localised patches of the opposite charge will preferentially orient protein
molecules toward the stationary phase. This allows the protein to remain
adsorbed to the stationary phase even when the net charge on the protein
is the same as that of the stationary phase. Extending the repulsive
electrostatic forces through further increases in pH finally dominates the
electrostatic attractions, leading to elution of the protein at a specific pH,
termed the pIapp, that is the pH at which the protein is eluted from the
column. The relationship between pI and pIapp for a protein can be
interpreted using the equations derived by Sluyterman and Elgersma [30]
and has been verified experimentally [27‐31, 35]. Accordingly, the
difference between pI and pIapp is directly proportional to the
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dimensionless Donnan potential and to the rate of change of the protein
charge with pH (dZ/dpH). While the Donnan potential is affected
principally by the concentration of charged groups in the ion‐exchanger,
the ionic strength, and pH of an eluent, dZ/dpH is the protein‐dependent
contributor to the apparent pI shift.
3.3.5 Effects of eluent concentration and pH on resolution
The overriding consideration in this work was to maximise
achievable resolution for mAb isoforms. pH and ionic strength are two
major characteristics of the eluent that govern the elution and separation
of proteins in pH gradient IEC. Here, advantage was taken of the general
expressions proposed by Sluyterman and Elgersma [30] for the pH
gradient approach to explain the interplay between these two parameters
and their effects on separation efficiency.
Peak width and peak separation are the two determinants of
resolution. The width of a protein band in terms of pH unit can be
written as:

∆pH)2

D (dpH/dV)/φ (dZ/dpH) (1)

where D denotes the diffusion coefficient of a protein, dpH/dV the
pH gradient slope and φ the Donnan potential [30]. This equation implies
that an increase in peak focusing is consistent with the lower ionic
strength (buffer concentration) used, which increases the absolute value
of φ.
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Evidence of this inference can be seen in a comparison of trace A
and B in Figure 3.2, in which the resolution gained for the main isoforms
of mAb2 can be related to the focusing effect obtained by decreasing the
ionic strength. In fact, superior ability of pH gradient IEC over that of
conventional salt gradient IEC at fixed pH to focus eluent bands is well
known [35]. The absence of a focusing effect in fixed pH, salt gradient‐
based IEC can be partly related to the lack of the Donnan potential, as a
result of high salt concentration involved. Comparison of Trace C to
Traces A and B in Figure 3.2 indicates that while employing the same pH
range is likely to maintain the dZ/dpH (traces A and B), the positive effect
of this kinetic factor on peak width can be highlighted by shifting up the
pH range further (trace C), which along with more decrease in ionic
strength leads to an increase in resolution to an even a greater extent. The
dominating effect of dZ/dpH on peak focusing can also be seen by
comparing traces A and B in Figure 3.5, where there is likely no
significant difference between the Donnan potentials due to the constant
eluent concentration (2.5 mM). Counter to expectations the peaks became
broader when another determinant of peak width in Eq.1, i.e., the pH
gradient slope (dpH/dV), decreased further from 0.1 (trace B) to 0.08 pH
unit/mL (trace C), while keeping the other conditions unchanged. This
was probably due to the domination of the diffusion coefficient of protein
(D). This therefore suggests that the rate of titrating the ion‐exchanger
with pH has become lower than the rate at which proteins attain charge
equilibrium, which could compromise the peak focusing gains from
shallower gradients.
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The contribution of the other determinant of resolution, i.e. peak
separation, appears to be the main factor in the resolution gains observed
for isoforms in Figure 3.4, where even the peak focussing for the main
isoforms seems to be compromised, despite the expected focussing effects
as the eluent concentration decreased and the pH range shifted up
further. In fact, almost all of the post‐translational modifications and
degradations can change surface charge properties of an antibody either
directly by changing the number of charged groups or indirectly by
introducing conformational alterations [42]. According to the electrostatic
model developed by Tsonev and Hirsh [145], there is a relationship
between the magnitude of a shift in pI and the relative charge
distribution in a given protein. This in turn implies that isoforms can be
resolved based on their pIapp when titrated by a gradient of pH, relating
the resolution achieved in Figure 3.4 to a greater separation of the peaks.
Similar arguments based on the distribution of charges on the surface of a
protein have also been used to explain the trends observed in resolution
for CF of β‐lactoglobulin A and B [29], and haemoglobin variants [29, 34].
3.3.6 Loading capacity
The loading capacity of the proposed approach for the separation
of mAb charge variants was also assessed. While some minor loss of
purity occurred when a sample load of about 118 μg mAb1 was injected
onto the column, the overall separation pattern and the fine structure of
the acidic elution region remained unchanged (Figure 3.7). By
considering the low ionic strength of the buffer system employed, this
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Figure 3.7: Overlay of typical elution profiles for the first and the fifth injection
of mAb1 in evaluating the loading capacity of ProSwift SCX‐1S column. Eluent:
2.5 mM AMH, pH 9.5‐10.5. Sample load: 118 μg of stock solution of mAb1
directly injected without dilution. Other conditions as in Figure 3.1.

infers a significant advantage of this approach for scale‐up, enabling it to
be used along with classical IEC for preparative purposes.
3.3.7 Profiling charge heterogeneity of mAbs by iCE
To assess the resolving power offered by the developed procedure, analysis of
the given mAbs by iCE was also included in the study. The difference in
separation mechanism of each technique may offer the orthogonal and
complementary information required to obtain an unambiguous assignment of
protein variants. The obtained profiles (Figure 3.8) demonstrate clearly the
distribution of isoforms within
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Figure 3.8: iCE profiles for mAb1 (A), mAb2 (B) and mAb3 (C) (analysis
conditions are described in Experimental section).
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acidic, main and basic species of the mAbs. A comparison between iCE
profiles and IEX chromatograms reveals some interesting similarities in
separation efficiency. For example, there is a striking similarity between
the two methods in resolving mAb1 acidic isoforms, although iCE offers
more resolution in the basic region (compare Figure 3.5 (B) and Figure 3.8
(A). However, the resolution between the main isoform and variants
using IEC appears to be superior to that obtained using iCE when the
DEA buffer system was employed, (see Figure 3.3a). As demonstrated in
Figure 3.8 (B) and Figure 3.3b, some similarities in resolving isoforms
between pH gradient IEC and iCE can also be seen for mAb2. As an
indication of peak purity, the peak area percent for the sum of the acidic
species, the major peak and the sum of the basic species were also
compared in both separation methods (Table 3.1).
It was not possible to achieve equivalent separation efficiency for
all of the different antibodies analysed by IEC under identical separation
conditions. The DEA buffer system for mAb1 and the AMH buffer
system for mAb2 indicate closer overlap between iCE and IEC peak area
percent data. For mAb3, while increasing the ionic strength of the buffer
system through the addition of an inert salt provided better separation
efficiency than that obtained in previous work [149], this strategy still
appears inadequate in providing purities comparable to iCE.
Further comparison between the obtained profiles highlights
another interesting correlation between the two techniques. The
difference between the pIapp of the first isoform (~10) and the last one
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Table 3.1: Reproducibility comparison of CEX chromatography and iCE.
CEX
Characteristic

DEAa
mAb1
mAb2
31.3 (5.2) 13.3 (1.3)
64.5 (5.1) 77.4 (2.7)
4.2 (0.8)
9.4 (2.8)

mAb3
‐
‐
‐

AMHb
mAb1
mAb2
38.5 (1.7) 16.6 (1.2)
58.2 (1.5) 74.3 (1.4)
3.3 (0.9)
9.1 (2.2)

iCE
mAb3
15.9 (1.5)
84.1 (2.3)
‐

Acidic species %
Main component %
Basic species %
Retention of main
9.0 (2.2)
6.9 (2.5)
‐
10.8 (1.8) 9.8 (3.1)
9.1 (1.7)
peak by CEX (min)
pI of main peak by
‐
‐
‐
‐
‐
‐
iCE
RSDs % of the measurements are given in parentheses (n = 5 for CEX and 3 for iCE).
a 5 mM DEA, pH 9.2‐10.2.
b 2.5 mM AMH, pH 9.5‐10.5.

mAb1
29.4 (0.4)
63.8 (0.3)
6.8 (1.6)

mAb2
19.5 (0.4)
69.5 (0.2)
11.0 (0.5)

mAb3
16.6 (1.8)
78.0 (0.5)
5.4 (1.5)

‐

‐

‐

8.78 (0.02)

8.48 (0.03)

8.35 (0.01)
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(~10.4) in the IEC profile of mAb1, for example, is about 0.4 pH units (see
pH profile in Figure 3.3a), which correlates well to the pI range
(approximately 0.5 pI units) over which the separation was achieved in
the corresponding iCE profiles. This observation also lends more support
to the comparability of the separation efficiency of the two approaches,
despite the differences in separation mechanism.
3.3.8 LC‐MS analysis
Unlike RPLC, IEC is not easily hyphenated with MS due to the
high content of salt involved [151].Therefore, the integrated MS‐based
strategies are traditionally performed in multi‐dimensional approaches
relying on the separation efficiency of CEX chromatography for protein
fractionation in the first dimension and MS compatibility of RPLC in the
second dimension. The feasibility of the direct coupling of the developed
low ionic strength pH gradient with MS was probed employing the AMH
buffer system with a ProSwift WCX‐1S column and mAb1 as an example.
Methanol (20% v/v) was added to both eluents in order to enhance the
electrospray efficiency. Figure 3.9 shows the averaged mass spectrum of
the intact mAb1 after pH gradient elution. The averaged mass spectrum
was acquired in the range from 12 to 22 min from the corresponding base
peak chromatogram (Figure 3.10) and featured multiply charged ions
(ammonium adducts) from 24+ to 30+. Further magnification of the
spectrum (see insets) revealed more charge states which can be attributed
to the existence of different species (isoforms).
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Figure 3.9: ESI mass spectrum of intact mAb1 with insets showing the expanded view of charge states of the antibody.
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Figure 3.10: (smoothed) base peak chromatogram of intact mAb1 eluted by
running a pH gradient (5 mM AMH, pH 9.5 to 10.5) over a ProSwift WCX‐1S
column. Gradient: 0‐100 % B in 20 min, 100% B for 5 min. Column: ProSwift
WCX‐1S (4.6 × 50 mm); Flow‐rate: 0.4 mL/min (splitted (1:100) before
introducing into MS).

To gain more insight into the possible modifications,
deconvolution of the intact mass spectrum was performed using a
maximum entropy algorithm (Figure 3.11). Based on the deconvoluted
results, four different isomers were proposed, however, the resolution
provided by the TOF instrument did not allow further unambiguous
identification of the previously described modifications. Nevertheless, the
results suggested that this approach was viable for the study of the
existence of different isoforms of mAbs, especially in combination with
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Figure 3.11: Deconvoluted ESI mass spectrum of intact mAb1 (ammonium
adducts) obtained by performing the maximum entropy algorithm.

MS instrument with higher resolving power, which can be the focus of
future studies.

3.4 Conclusion
The application of a shallow pH gradient generated by simple
component buffer systems within a narrow pH range in combination
with (CEX) monolithic columns provided remarkable results for the
separation of mAbs. The separation of basic and acidic isoforms with
qualities comparable to iCE was achieved at very low ionic strength,
suggesting the prevailing effect of the eluent concentration on separation
efficiency. The expressions developed by Sluyterman and Elgersma were

79

Chapter 3

used for interpreting the obtained results, with the dominant factors
being the Donnan potential, which is directly proportional to the ionic
strength, and the rate of protein charge alteration with pH, principally
through their effects on both peak width and peak separation. Resolution
improvement through peak separation was hypothesised to occur via
increasing the electrophoretic pI of variants to a different extent
determined by the relative charge distribution on the protein surface.
This potentially confers more separation capability in pH gradient IEC
than for a conventional salt gradient IEC at a fixed pH. By keeping in
mind the observed trends of increasing pI, this concept might potentially
be used for other mAbs by choosing a suitable buffer component that has
a buffering capacity that can cover the protein pIapp.
While packed columns may not be used conveniently with the
developed dilute buffer systems due to the high back‐pressure involved,
the possibility of high‐throughput analysis and fast re‐equilibration time
can be considered as additional advantages of the proposed approach
when using monolithic columns.
Employing volatile buffer species at very low concentration also
enables direct interfacing of ion‐exchange separation to MS through
electrospray ionization interface. The possibility of rapid verification of
sequence composition of mAbs via accurate mass measurement and
identification of post‐translational modifications is expected when using
MS detection with high resolving power.
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As inferred from the results, despite the elution occurring at pH
values where both strong and weak CEX columns are expected to be fully
ionised, there are differences in the pH profiles, which most likely result
from the type of ion‐exchanger. Further studies of the pH gradient
elution of mAbs might therefore benefit from the inclusion of other IEX
chemistries. It is expected that more improvements in separation
efficiency should be achieved through designing monolithic sorbents
with lower buffering properties, higher biocompatibility, and
permeability (for employing higher flow‐rates), which can be the focus of
future investigations.
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Chapter 4
Methacrylate‐based Polymeric Monoliths for
Cation‐Exchange Chromatography of Proteins
4.1 Introduction
IEC is an important separation mode for analysing biomolecules
including peptides, proteins, oligonucleotides, and viruses due to its high
capacity and ability to perform separations under non‐denaturing
conditions [9, 86, 152]. Compared to other chromatographic modes, such
as RPLC and affinity chromatography, IEC is conducted at near
physiological conditions that are not prone to cause protein denaturation
and thus enable structural maintenance of proteins and preservation of
their bioactivity [69, 152]. Also, in comparison to hydrophobic interaction
chromatography, a lower salt concentration is used in IEC, thereby
avoiding precipitation of biomolecules due to a high salt content [9].
High capacity and high resolving power have enabled IEC to be
used successfully for many applications, such as purification of proteins
and removal of viruses [9]. One important application of IEC is in 2D LC
of extremely complex peptide mixtures, such as in “shotgun” proteomics
[153]. In fact, due to the orthogonality of the separation mechanisms of
IEC to RPLC, using IEC (particularly with a SCX column) as the first
dimension is the most widely used 2D LC combinations [77]. For such
combinations, however, one important criterion is the hydrophilicity of
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the IEX column, which prevents non‐specific (hydrophobic) interactions
of peptides. Otherwise, the resultant 2D LC setup is not fully orthogonal
and the final overall peak capacity is compromised [77]. In the worse
case, some very hydrophobic peptides will not be eluted from the IEX
column [77]. Currently, the Polysulfoethyl A stationary phase, which is a
silica‐based particle‐packed column developed by Alpert in the late 1980s
[154], is the most widely used column for SCX chromatography of
peptides and proteins [77]. However, this column has been found to
exhibit some hydrophobicity, and 15‐25% ACN is required to suppress
hydrophobic interactions to improve peak shapes and resolution [77,
154].
Since their emergence in the late 1980s, polymeric monoliths have
received considerable interest due to favourable features, such as ease of
preparation, enhanced mass transfer as a result of high permeability, and
chemical and mechanical stability. Polymeric monoliths are typically
used to separate biomolecules due to their pH stability, high loading
capacity and biocompatibility [86]. Considering the suitability of IEC
approach for the separation of biomolecules, monolithic IEX stationary
phases would therefore appear to be highly desirable for bioseparation.
There are several approaches to introduce IEX functionalities into
monolithic stationary phases. The most straightforward is
copolymerisation of an ionisable monomer with a cross‐linker [94].
Recently, attempts have been made by Lee’s group for preparing IEX
polymeric monoliths exhibiting minimal non‐specific interactions for
separation of peptides and proteins [9, 77, 85, 86, 152, 155]. Monoliths
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with improved biocompatibility were synthesised by co‐polymerisation
of PEG‐acrylate and PEG‐diacrylate cross‐linkers with a variety of IEX‐
containing monomers possessing different extents of hydrophobicity. For
example, while monoliths prepared by co‐polymerisation of 2‐
acrylamido‐2‐methyl‐1‐propanesulfonic acid (AMPS) and poly(ethylene
glycol) diacrylate required 40% ACN to suppress any hydrophobic
interactions, negligible hydrophobicity was observed when AMPS was
replaced by vinylsulfonic acid, containing a lower hydrocarbon content
[74, 77].
Although it is a simple and single‐step approach, co‐
polymerisation suffers from some limitations, such as difficulty in finding
a suitable porogen system that can dissolve ionisable monomers and that
also forms a good monolith with the desired mechanical stability and
pore structures, as well as distribution of some of the IEX functionalities
throughout the polymer matrix. Such functionalities buried within the
monolith scaffold are not accessible for large molecules, such as proteins
and therefore do not make any significant contribution in the DBC of the
stationary phase. Instead, as a result of the exchange of counter‐ions and
change in solvation, they can cause swelling and shrinking of the
polymer matrix, depending on the pH and the salt content of eluents [94,
156].
Alternatively, post‐polymerisation modification can be used to
generate IEX functionalities on the pore surface of monoliths. In contrast
to the single step co‐polymerisation, this approach allows independent
optimisation of porous properties of the monolith scaffold and surface
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chemistry. For example, epoxy groups of GMA‐based monoliths were
reacted with ionisable compounds, such as ethelenediamine (EDA) [157],
DEA [60, 92, 93], TEA [158], poly(ethylene imine) [159], iminodiacetic
acid [160], and sodium sulfate [160‐162] to afford IEX functionalities.
While EDMA is the most widely used cross‐linker for synthesising
methacrylate‐based monoliths, some studies have shown significant non‐
specific interactions with proteins in monoliths prepared with EDMA [74,
94, 163]. This undesirable adsorption can be addressed by replacing
EDMA with more hydrophilic cross‐linkers, such as poly(ethylene glycol)
diacrylate [163], or alternatively, by grafting hydrophilic monomers, such
as poly(ethylene glycol) methacrylate onto the pore surface of the generic
monolith in order to mask the hydrophobicity induced by the polymer
matrix [94, 164].
Here, the development of a new methacrylate‐based polymeric
monolith prepared by co‐polymerisation of GMA as a reactive monomer
with pentaerythritol triacrylate (PETA) as a cross‐linker is reported. CEX
functionalities were then incorporated onto the pore surface of the
monolith via aminolysis of GMA with amine reagents containing CEX
groups. It was hoped that by utilising PETA as a hydrophilic cross‐linker
efficient separation of proteins with minimal non‐specific interactions
would be achieved.
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4.2 Experimental
The general experimental details, including chemicals and
instrumentation, are presented in Chapter 2. Specific experimental
conditions are given in each of the figure captions.
4.2.1 Chemicals and reagents
All chemicals were used as received except the GMA that was
freed from inhibitors by passage through a Pasteur pipette packed
partially with basic alumina oxide, and 2,2’‐azobisisobutyronitrile (AIBN)
that was recrystallised from methanol.
4.2.2 Polymer monolith preparation
The polymer precursor was prepared in 4‐mL glass vials by
mixing monomer, cross‐linker, initiator (AIBN, 1% wt. with respect to
monomers), and porogens (see Table 4.1 for recipes). The mixture was
vortex‐mixed and de‐oxygenated with a nitrogen stream for ~ 5 min. A
surface‐modified capillary (100 µm i.d.) was then filled with the mixture
using a glass syringe and both ends were sealed with rubber septa. Some
recipes were also tried in an analytical column format by filling a
modified GLT (1/4” o.d. × 4 mm i.d. × 5 cm) with the mixture, followed by
sealing both ends with plugged end‐fittings. The polymerisation reaction
was conducted in a thermostated water bath at different temperatures
(55‐65 °C) for 24 h. For polymerisation under pressure, the end‐fitting on
the bottom‐end of the column was plugged, while the other end‐fitting
was connected to the nitrogen line through PEEK tubing. A PEEK spacer
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Table 4.1: Recipes and characteristics of monoliths synthesised in this study.
Monomer
Cross‐linker
Porogen1
Co‐porogen
Monolith

Porosimetry data
MPD2

Dp3

Vp4

(nm)

(nm)

(mL/g)

BET surface
area (m2/g)

GMA, wt%

PETA, wt%

I, wt%

II, wt%

1‐decanol

1‐dodecanol

M1

30

10

50

‐

10

‐

1058

963

1.3

N.D.

M2

30

10

50

‐

‐

10

1064

962

1.3

N.D.

M3

30

10

‐

54

6

‐

726

666

1.0

N.D.

M4

25

15

‐

54

6

‐

585

548

1.0

5.2

M5

30

15

‐

49.5

5.5

‐

612

551

0.9

3.9

M6

35

10

‐

49.5

5.5

‐

818

798

0.7

3.2

M7

35

15

‐

45

5

‐

746

798

1.0

3.9

M8

40

10

‐

45

5

‐

1004

961

0.8

2.6

M9

40

10

‐

45

5

‐

1076

965

0.8

2.6

M10

40

10

‐

35

15

‐

1035

960

0.8

3.2

Polymerisation temperature: M1‐M2 (65 °C), M3‐M8 (55 °C), M9‐M10 (60 °C)
1 Porogen: 20 wt% PEG‐10k in 2‐methoxyethanol (I) or in methanol (II).
2 Median pore diameter.
3 Pore size at the peak of the pore distribution curve.
4 Pore volume.
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(1/4” o.d. × 4 mm i.d. × 3 mm) was placed between the GLT and the end‐
fitting and carefully filled with the polymerisation mixture as well. The
set‐up was then connected to the nitrogen line and immersed into the
water bath in upright position. A pressure of ~ 5 bar was then applied to
the set‐up and maintained during polymerisation. Upon completion of
the reaction the set‐up was removed from the water bath and cooled
down to room temperature before disconnecting from the nitrogen line.
4.2.3 Post‐polymerisation modifications
1 M solutions of two amine reagents containing sulfonic acid and
phosphoric acid functionalities, namely 2‐aminoethyl hydrogen sulfate
(SEA) and o‐phosphorylethanolamine (PEA) were prepared in 1 M
carbonate buffer at different pH values by adding sodium hydroxide
solution (5 M). About 450 μL of each solution was pumped through each
column for 24 h at 75 °C. Acid hydrolysis of unreacted epoxides was then
accomplished by pumping a 0.5 M sulfuric acid solution through the
column at 30 μL/h for 4 h at 75 °C. The entire reaction scheme is shown in
Figure 4.1.
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Figure 4.1: Reaction scheme for post‐polymerisation modification of poly(GMA‐co‐PETA) monolith. Reaction conditions: (1) 1 M
R‐NH2 (SEA or PEA) in 1 M carbonate buffer (pH 10.5), for 24 h at 75 °C; (2) 0.5 M H2SO4, for 4 h at 75 °C.
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4.3 Results and discussion
4.3.1 Polymer monolith preparation
The preparation of a novel (meth)acrylate‐based monolith with
superior hydrophilicity than the classic poly(GMA‐co‐EDMA) was the
aim of this work. PETA is an acrylate‐based cross‐linker, which makes it
more hydrophilic than methacrylate‐based analogies like EDMA.
Together with three acrylate units, the hydrophilicity of this cross‐linker
is also strengthened with the presence of a hydroxyl group on the other
end of the molecule. Therefore, monoliths synthesised using PETA as
cross‐linker are believed to be highly hydrophilic/hydrated [165‐170],
which would minimise the hydrophobic interaction of proteins with the
monolith matrix.
The porosity and flow‐through characteristics of a polymeric
monolith can be controlled by tuning key variables, including the
composition of pore‐forming solvents (porogen and co‐porogen), the
content of cross‐linker and polymerisation temperature. Along with
temperature, the choice of pore‐forming solvents is another means for
controlling the porous properties of monoliths without changing the
chemical composition of the final polymer. The porogenic solvents
control the porosity of the monolith through solvation of the polymer
chains in the reaction medium during the early stages of polymerisation
[50]. The composition of pore‐forming solvents was initially adopted
from a recipe developed by Irgum’s group [171]. They used PEG with a
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wide range of MW as the porogen for preparing polymeric monoliths
suitable for protein separations. Because of its unique characteristics,
such as biocompatibility, PEG was hypothesised to establish wide pores
with a protein‐friendly surface, which is desirable for bioseparations. The
suitability of PEGs as a porogen has also been demonstrated by
polymeric monoliths prepared via a polymerisation mechanism other
than free‐radical initiation, such as epoxy‐based monoliths that are
prepared by polycondensation [104‐106]. Like the original recipe, PEG
with MW of 10,000 (PEG‐10k) dissolved in 2‐methoxyethanol (20 wt%)
was initially used as porogen together with either 1‐decanol or 1‐
dodecanol as co‐porogen.
As seen in Table 4.1, monoliths with very similar porous
properties were achieved (M1 and M2). Although monoliths with wider
pores (Median Pore Diameter (MPD) = 1.6 and 1.7 µm) were reported for
the original recipe in which a different monomer composition was used
and the polymerisation was performed via UV‐initiation, the porous
properties of those monoliths also showed negligible difference [171],
suggesting similar solvating properties for 1‐decanol and 1‐dodecanol as
co‐porogen. Both monoliths showed pore characteristics highly suitable
for the separation of large biomolecules, such as proteins (MPDs ~ 1 µm
and pore volumes > 1.0), but since 1‐dodecanol is solid at room
temperature, 1‐decanol was ultimately preferred over 1‐dodecanol for
further studies. The porogen system also became solid at room
temperature and required warming up (< 45 °C) before use. However,
due to the volatility of 2‐methoxyethanol, heating would cause a change
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in the composition of the porogen. Further, a mass reduction was
observed when purging the polymerisation mixture with nitrogen. 2‐
methoxyethanol was replaced with methanol in the porogen system.
However, this modification resulted in a significant reduction in the
porous properties of the monoliths, suggesting that methanol was a
better solvent than 2‐methoxyethanol for the monolith (see Table 4.1).
Systematic optimisation of the polymerisation mixture was therefore
conducted by manipulating other variables, including temperature and
monomer composition.
As expected, a further reduction in the average pore size was also
observed with increasing the percentage of cross‐linker in the monomer
composition (see M3 and M4 in Table 4.1), which is known as a result of
an earlier formation of highly cross‐linked globules with a reduced
propensity to join together [50]. Conversely, an increase in pore size was
observed by keeping all variables constant but increasing the percentage
of GMA in the monomer composition (see M5 and M6 in Table 4.1).
MPDs larger than 1.0 µm reappeared with further increase in the GMA
content up to 40%. A higher content of GMA was also beneficial
considering the higher ion‐exchange capacity that would be incorporated
on the pore surface of monoliths during post‐polymerisation
modifications. On the other hand, the surface area of the monoliths in the
dry state remained basically unaltered by these changes to less than 5
m2/g (see Table 4.1), which is not unusual for a polymeric monolith with
such a large pore size. The last three monoliths in Table 4.1 demonstrated
very similar porous properties, despite some differences in the ratio of
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porogen to co‐porogen and polymerisation temperature. While porous
characteristics of monoliths are generally sensitive to even minor changes
in the variables, this result may suggest more reproducibility for the
prepared monolith. Monolith M9 (Table 4.1), which showed slightly
larger MPD, was ultimately chosen for further studies.
Direct visual images of the poly(GMA‐co‐PETA) monoliths were
provided by SEM micrographs. Figure 4.2 shows SEM images for
monolith M9 as an example. A typical “cauliflower” morphology of
methacrylate‐based monoliths is seen with obvious flow‐through pores
across the structure. Also, the monolith is uniform and firmly attached to
the capillary wall. Very similar morphologies were observed for other
monoliths as well.
4.3.1.1 Monolith preparation in conventional dimension
The majority of contributions focused on developing monolithic
materials for chromatography have been devoted to micro‐bore
dimensions (mostly in fused‐silica capillaries), primarily because of the
difficulty in keeping the monolith in contact with the inner wall of a
mould with a conventional dimension during the chromatography as a
result of inherent shrinkage of polymers. Due to the larger surface‐to‐
volume ratio in capillaries than conventional dimensions (2‐5 mm i.d.),
such shrinkage does not normally cause detachment of monoliths in the
capillary format [139].
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Figure 4.2: SEM images of monolith M9.
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On the other hand, the application of capillary columns requires
equipment capable of precisely delivering very low flow‐rates, injecting
small volumes, having minimal extra‐column void and detector cell
volumes. While many laboratories are still equipped with conventional
analytical chromatographs that are unable to operate with micro‐bore
columns, it is desirable to develop monolithic columns with conventional
analytical dimensions.
Several attempts were made to prepare poly(GMA‐co‐PETA)
monoliths in stainless steel GLTs. Unlike fused‐silica capillaries,
vinylisation of the inner wall of the conventional bore tubes does not
seem necessary provided that the polymer can swell enough in the
mobile phase during operation to ensure good contact of the monolith
with the column wall. As an example, Svec and Fréchet in one of the early
reports on polymer monoliths prepared their classic poly(GMA‐co‐
EDMA) monolith directly within a stainless steel tube of 50 × 8 mm i.d.
dimension [172]. Nevertheless, in the present study, vinylisation on the
inner wall of GLTs was conducted prior to polymerisation to permit
covalent attachment of the monolith. Although washing of the column
post‐polymerisation was performed with tetrahydrofuran (THF), which
is less polar than ACN and methanol, to ensure swelling of the monolith,
a gradual decrease in the column back‐pressure was observed. Further
inspection by SEM showed partial detachment of the monolith from the
column wall.
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Allington et al. [173] suggested polymerisation under pressure in
order to compensate for shrinkage during polymerisation. Pressure can
be applied to the column using a piston or a gas filling the space above
the polymerisation mixture. The latter approach was adopted by Smirnov
et al. and successfully performed for making a poly(divinylbenzene‐co‐
ethylvinylbenzene‐co‐2‐hydroxyethyl methacrylate) monolith inside
vinylised glass columns (150 × 3 mm i.d.) [139].
Since the volume of the reaction mixture decreased during the
polymerisation, a pre‐column was also connected to the upper end of the
column and polymerisation was performed under constant pressure of
nitrogen (3 bar). Unfortunately, this approach also did not result in a firm
attachment of our monolith to the wall even under pressures as high as
10 bar (see Figure 4.3).
This approach was not pursued and further studies were limited
to the capillary format. However, other approaches might be considered
for future studies, such as using tubes with smaller internal diameter (2
mm) to limit the extent of shrinkage, or modification of the
polymerisation recipe by increasing the content of cross‐linker in order to
get more cross‐linked structure, which affords less swelling propensity
[86, 174, 175]. Further, post‐polymerisation compression of the monolith
inside the tube could be considered as another alternative [58]. However,
this is not a straightforward approach and requires experience, and
special fittings and accessories (see Chapter 6 for a suggestion). This
strategy has been successfully commercialised by Dionex
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Figure 4.3: SEM image of poly(GMA‐co‐PETA) monolith polymerised in a GLT.

(Thermo Fisher Scientific Inc.) for making polymeric monolithic columns
inside PEEK and stainless steel tubes (2.1 and 4.6 mm i.d.).
4.3.2 Stability of poly(GMA‐co‐PETA) monoliths
Relationships between column pressure and eluent flow‐rate were
measured using different solvents, including water and methanol to
evaluate the mechanical stability of the synthesised monolith. A linear
dependence of flow‐rate on column back‐pressure was observed (Figure
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Figure 4.4: Relationship between column back‐pressure and volumetric flow‐
rate for a poly(GMA‐co‐PETA) monolithic column (21 cm × 100 µm i.d.) using
water or methanol as eluent.

4.4), indicating the absence of monolith compression at least up to 1050
bar/m. Interestingly, the plots also appear to be parallel, which can
suggest the absence of swelling or shrinking of the monolith in solvents
with different polarities. It is worth mentioning that, due to the non‐
calibrated pressure transducer on the pump, a positive back‐pressure was
recorded at zero flow‐rate, which resulted in deviation of lines from the
origin.
Further study on the swelling or shrinking of a monolith can be
performed by measuring permeability in different solvents. Upon
swelling, the monolith through‐pores decrease in size, leading to lower
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permeability, and vice versa. The permeability values calculated using
Darcy’s law were 38.6 × 10‐15 m2 and 35.1 × 10‐15 m2 in water and methanol,
respectively. These results indicate again the non‐significant swelling or
shrinkage of the monolith in the studied eluents.
4.3.3 Post‐polymerisation modifications
Monoliths containing reactive functionalities, such as epoxide
groups, are benefited from a wide variety of chemistries that can be
incorporated into the monolith pores via post‐polymerisation
modification reactions, mostly with reagents containing amine or thiol
groups. These reactions can be easily performed with liquid reagents
simply by saturating the monolith with the neat reagent, followed by
reaction at elevated temperature.
Monoliths with anion‐exchange functionalities were prepared by
this approach using, for example, ethylenediamine (EDA) [157] and DEA
[60, 92, 93]. On the other hand, the incorporation of CEX functionalities
requires using sodium salts of reagents. Because of the SN2 mechanism
involved, the use of aprotic solvents, such as THF or ACN is preferred to
prevent the unwanted hydrolysis of epoxides. However, the use of such
solvents is hindered by the very limited solubility of the solid forms of
the reagents. Therefore, a reaction in aqueous medium appears to be the
only possibility.
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4.3.3.1 Effect of pH on modification reaction
The pH of the aqueous reaction medium is the most important
variable that needs to be optimised. While basic pH is required in order
to keep the amine functionality of the modification reagent active in its
neutral form, higher pH can cause domination of the competitive
hydrolysis reaction of epoxide and also increase the likelihood of
hydrolysis of siloxane bonds that covalently attach the monolith to the
capillary wall. Therefore, the optimum pH of the modification was
initially investigated with the aim of obtaining the highest possible IEX
capacity.
To evaluate the dependence of reaction yield on the pH of the
modification reaction, DBC was measured for columns treated with two
different reagents at three different pH values. DBC is an important
characteristic of IEX columns, which determines column resolution and
loadability [152]. Therefore, it is reasonable to conclude that the reaction
yield (and IEX capacity) would be higher for the column that exhibited
higher DBC. Since the columns were designed for IEC of large
biomolecules, and to be consistent with the literature, lysozyme was
chosen to measure the DBC [9, 86, 152]. modification reaction. The
highest DBC values, expressed in mg/mL of polymer volume, were
measured at pH 10.5. Accordingly, a DBC of 5.4 mg/mL was measured
for the SEA column, which is better than the DBC of the Dionex ProPac
SCX column.
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Figure 4.5 shows typical results obtained for the columns modified with SEA.
Sharp breakthrough curves represent excellent mass transfer kinetics of the
columns, which is an inherent characteristic of monolithic materials. As
expected, DBC was increased by increasing the pH of Figure 4.5: Breakthrough
curves for lysozyme on poly(GMA‐co‐PETA) monolith modified with SEA at
different pH values. Conditions: 7 cm × 100 µm i.d. column; Eluent A: 10 mM
phosphate at pH 6.0, Eluent B: 1 M NaCl in A; Flow‐rate: 2 µL/min; Injection: 1.0
mg/mL lysozyme (5 µL); UV detection at 214 nm.

The PEA column had a DBC of 15.1 mg/mL, which is lower than the
value of 19.3 mg/mL reported by Dionex for the ProSwift WCX‐1S
monolithic column [94].
4.3.4 IEC of proteins: effect of eluent pH on selectivity
Eluent pH has a prominent effect on the separation efficiency of
proteins as it determines the extent of ionisation of both ion‐exchanger
101

Chapter 4

and solutes [152]. While pH has a negligible effect on the ionisation of
strong ion‐exchange sorbents, weak ion‐exchangers possess charged
functional groups only over a narrower pH range. Since pH can affect the
ionisation of a weak ion‐exchanger significantly, these type of sorbents
provide more opportunity for controlling the selectivity during method
optimisation [9].
Figures 4.6 and 4.7 show the effect of eluent pH on the separation
efficiency and selectivity of a test mixture consisting of five basic proteins
using columns modified with SEA and PEA, respectively. While
separation efficiency in terms of resolution and peak shape changed
markedly in both cases as a result of pH changes, the retention times of
all solutes except trypsinogen showed only small changes. The best
separation efficiency for the SEA column was achieved at pH 6.0 as a
result of more protonation of the proteins, which leads to narrower peaks
(as a result of longer retentions in the gradient elution). This is in
agreement with previous reports on increasing the peak capacity of CEX
columns in the separation of proteins by decreasing the pH [9, 86, 152].
Trypsinogen showed somewhat unusual behaviour; a single peak at pH
6.0 was split into two peaks at higher pH values with a dramatic change
in selectivity at pH 8.0. This is probably caused by a partial change in
protein conformation at some pH values.
The PEA column demonstrated the highest separation efficiency at
pH 7.0. While peaks appeared to be sharper with this column, more
resolution between cytochrome c and lysozyme was achieved with the
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Figure 4.6: Effect of eluent pH on the separation of standard proteins using SEA
column. Column: 15 cm × 100 μm i.d.; Eluent A: 10 mM phosphate (with
indicated pH), B: 1 M NaCl in A; Elution: 1% A for 5 min then linear gradient to
99% B in 10 min, 99% B for 5 min; Flow‐rate 1 μL/min; Inj. vol. 100 nL; UV
detection at 214 nm. Peak identifications: (1) albumin (7.1 μg/mL), (2)
trypsinogen (36 μg/mL), (3) α‐chymotrypsinogen A (36 μg/mL), (4) cytochrome
c (14.2 μg/mL) and (5) lysozyme (36 μg/mL).
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Figure 4.7: Effect of eluent pH on the separation of standard proteins using PEA
column. Conditions and peak identifications as in Figure 4.6.
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SEA column. Interestingly, at pH 8.0 both columns showed comparable
efficiency in terms of peak shape and selectivity for the studied proteins.
4.3.5 Hydrophobic interactions
Hydrophobic interactions between biomolecules and stationary
the phase are undesirable in IEC and developing a monolith with
minimal hydrophobic interaction was a major goal in this study.
Hydrophobic interactions can contribute greatly to the mechanism of
separation when using a high concentration of salt in the eluent [9, 86,
152]. The possible contribution of hydrophobic interactions on retention
times of proteins was studied using the PEA column and upon an
approach suggested in the literature [9, 86, 94, 152]. Accordingly, the
retention factors of the proteins were recorded in eluents containing
various concentrations of sodium chloride under isocratic conditions.
As shown in Figure 4.8, a linear dependence between logarithm of
retention factor and logarithm of salt concentration in the eluent
suggested that the separation was mainly governed by an IEX
mechanism, with a non‐significant contribution of hydrophobic
interactions [9, 86, 94, 152].
Figure 4.9 demonstrates a typical isocratic separation of four
proteins when using 0.85 M sodium chloride in 10 mM phosphate buffer
at pH 7.0 as eluent. The column also exhibited separation efficiency of
approximately 55,000 plates/m for the separation of lysozyme, which is
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Figure 4.8: Relationship between retention factor (k) and salt concentration in
isocratic separation of selected proteins. Conditions: 14 cm × 100 μm i.d. PEA
column; Eluent: 10 mM phosphate buffer pH 7.0 containing various
concentrations of NaCl; Flow‐rate: 1.0 μL/min; other conditions as in Figure 4.6.

superior to the efficiency of a WCX column (75 µm i.d.) developed by
Lee’s group (40,000 plates/m) [9], but still lower than another WCX
column that developed by the same group via co‐polymerisation of a
single phosphate‐containing dimethacrylate monomer (71,000 plates/m)
[86]. However, it is worth mentioning that they took advantage of on‐
column detection, which provides a higher efficiency as a result of
narrower peaks.

4.4 Conclusions
New polymer monoliths were prepared by thermally‐initiated co‐
polymerisation of GMA as a reacting monomer and PETA as a
hydrophilic cross‐linker. The monolith recipe and polymerisation
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Figure 4.9: Representative chromatogram for isocratic separation of proteins
using the PEA column. Conditions: Eluent, 0.85 M sodium chloride in 10 mM
phosphate buffer at pH 7.0. Peaks are: Albumin (1), α‐chymotrypsinogen A (2),
cytochrome c (3) and lysozyme (4). Other conditions as in Figure 4.6.

conditions were optimised to obtain a monolith with characteristics
suitable for separation of biomacromolecules. While shrinking of the
material prevented making monoliths with conventional dimensions, the
monoliths were prepared successfully in 100 µm i.d. capillaries,
demonstrating homogeneity and good mechanical stability. The post‐
polymerisation modification of the monolith was performed via
optimised reaction conditions in order to incorporate CEX functionalities
using amine reagents containing phosphoric acid (WCX) or sulfonic acid
(SCX) groups. DBC values of up to 15.1 mg/mL were measured using
lysozyme as a standard probe, which is better or comparable to some of
the commercially available columns. Compared to a previously
developed monolith intended for the same purpose, the resulting
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monoliths also demonstrated higher separation efficiency (approximately
55,000 plates/m) in an isocratic separation of sample proteins.
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Chapter 5
Epoxy‐based Monoliths for Capillary Liquid
Chromatography of Small and Large Molecules
5.1 Introduction
Favourable characteristics, such as the relatively high permeability
leading to enhanced mass transfer, the simplicity of fabrication and
general biocompatibility have made polymer monoliths well‐suited for
the separation of biomolecules, from small peptides and oligonucleotides
to large intact proteins and plasmid DNA. However, the application of
polymer monoliths for the efficient separation of small molecules has still
remained a challenge. It has been hypothesised that this may be due to
their monomodal pore size distribution and the absence of mesopores
[176, 177], or alternatively due to the significant gel porosity in the
monolith scaffold in the swollen state, which arise from the inherent
heterogeneity associated with the free‐radical cross‐linking
copolymerisation synthesis [53, 178]. Moreover, organic polymer
monoliths may suffer from high swelling propensity in organic solvents,
leading to poor mechanical stability and reduced separation performance
[54, 175, 177]. This deficiency might be more prominent in the HILIC
mode, which involves higher contents of organic solvents in the mobile
phase than the reversed‐phase mode.
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Attempts have been made to address these limitations by tailoring
the porous properties of polymer monoliths in order to make them more
suitable for the separation of small molecules through, for example, low‐
density monolith preparations [55], incomplete polymerisation [174],
increasing the degree of cross‐linking [175], post‐polymerisation hyper‐
cross‐linking [179] and high‐temperature separations [180]. Nevertheless,
there are still some limitations or difficulties associated with these
approaches. For example, incomplete polymerisation could lead to a
decrease in mechanical stability and affect swelling propensity of the
polymer in organic solvents [181]. Hyper‐cross‐linking is a multistep
process which also causes a decrease in the column permeability [140].
Similarly, incorporation of carbon nanotubes into the polymer monoliths,
in order to enhance the separation efficiency of small molecules, led to a
3.8 fold increase in column back‐pressure, which resulted in applicable
flow‐rates lower than 0.25 μL/min [182]. An excellent review was
published recently by Nischang et al. which summarises recent advances
in polymer monoliths for the separation of small molecules and describes
in detail the challenges involved [54]. At the same time, inorganic (silica)
monoliths have proven to be well‐suited for the separation of small
molecules, but they also suffer from some drawbacks. These include poor
phase stability under extreme pH ranges, and a relatively complicated
synthetic process which is sensitive to small changes in conditions, as
well as radial inhomogeneity [54, 175, 177, 181, 183].
A recent approach to the preparation of porous polymer monoliths
is polycondensation [66], with which 3D skeletal structures can typically
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be created via polymerisation‐induced phase separation of epoxy resin
monomers and amine curing agents in, for example, PEG as pore‐forming
solvent at constant temperature [106, 108, 176]. Unlike in free radical
polymerisation, oxygen does not interfere in these reactions, so careful
de‐aeration of the polymerisation solution is not necessary. The chief
advantage of these materials is their inherent hydrophilicity originating
from the incorporation of heteroatoms (N and O) in their polymeric
scaffolds. This characteristic can be exploited for designing biocompatible
monoliths which are suitable for separation of biomolecules [74]. A wide
range of chemistries can also be incorporated on the surface of the
monolith via post‐polymerisation modification through residual epoxide,
hydroxyl and amine groups generated after curing. Xin et al. used
surface‐initiated atom transfer radical polymerisation approach for
grafting a hydrophobic monomer, N‐isopropylacrylamide, onto the
surface of E‐51 epoxy‐based monolith via residual hydroxyl groups [105].
The chromatographic performance of this material was demonstrated
using HIC of human serum proteins. More recently, weak‐anion
exchange WAX chromatography of glycoprotein isoforms was reported
using epoxy‐based monoliths [109]. Residual epoxides were treated with
ammonia solution to maximise the content of amino groups on the
surface.
The suitability of epoxy‐based monoliths for the separation of
small molecules was demonstrated by Hosoya et al. utilising capillary
columns prepared from the polycondensation of tris‐(2,3‐epoxypropyl)
isocyanurate [176], or alternatively, 1,3‐bis(N, N’‐
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diglycidylaminomethyl)cyclohexane [111] as the epoxide‐containing
monomer with 4‐[(4‐aminocyclohexyl)methyl] cyclohexylamine (BACM)
as the amine curing agent. Depending on the content of ACN in the
aqueous mobile phase, columns were operated in both HILIC and RPLC
modes and were claimed to exhibit high permeability and up to 133,000
theoretical plates per metre (N/m) for alkylbenzenes.
In this chapter this approach is extended and the synthesis of a
new epoxy‐based monolith is outlined and its suitability for separation of
both small molecule probes (including nucleic acid bases and nucleotides
as well as some benzoic acid derivatives) and tryptic peptides, as
examples of medium‐molecular weight solutes, is demonstrated in the
HILIC mode. Post‐polymerisation modification of monoliths was also
performed, enabling separation of protein standards under both IEX and
HIC modes. With this the aim is to demonstrate the versatility that is
offered by this approach, resulting in monolithic materials suitable for the
separation of both small and large molecules.

5.2 Experimental
The general experimental details, including chemicals and
instrumentation are presented in Chapter 2. Specific experimental
conditions are given in each of the figure captions.
5.2.1 Sample preparation
For HILIC analyses, solutes were dissolved in ACN/water or
ACN/0.1 M HCl at a concentration of 0.5‐5 mg/mL. Further dilutions
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were made in mobile phases. Stock solutions of proteins were prepared in
water (10 mg/mL), followed by further dilution to about 0.2 mg/mL in
eluent A (in the IEX mode) or eluent B (in the HIC mode). In the IEX
mode, eluent (A) was 10 mM phosphate buffer pH 6 and eluent (B) was 1
M sodium chloride in (A). In the HIC mode, eluent (A) was 3 M
ammonium sulfate in (B), which was 100 mM phosphate buffer pH 7.
5.2.2 Mass spectrometry
ESI‐MS analysis was performed in the positive ion mode with a
m/z range of 100‐2000. For MS/MS experiments, the two most abundant
precursor ions were subjected to collision‐induced dissociation at low
energy. Active exclusion was enabled on the instrument for two tandem
mass spectra with an exclusion time interval of 1 min.
The peptide identifications were performed using the on‐line
version of Mascot MS/MS ions search (Matrix Science Ltd., London, UK)
and the public database SwissProt. In data analysis, only one missed
cleavage was allowed with the mass tolerances of ± 0.5 Da for both
precursor and fragment ions. The deamination (N‐term C), Gln →Pyro‐
Glu (N‐term Q) and methionine oxidation were chosen as variable
modifications.
5.2.3 Polymer monolith preparation
Each polymerisation mixture was prepared in a 4‐mL glass vial by
mixing epoxy monomer (GE‐100) and porogen(s). The mixture was
vortex‐mixed without de‐aeration. Depending on the porogen used, some
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mixtures solidified upon the addition of porogen, so pre‐heating (60 °C)
of the mixture was required, followed by mixing again until formation of
a homogenous, transparent liquid occurred. Amine curing agent was
added subsequently followed by vortex‐mixing. The vial was kept
stationary and warm (T < 60 °C) for 1‐2 min to remove air bubbles. The
modified capillary was then quickly filled with this mixture using a
warm glass syringe before haziness reappeared. The polycondensation
polymerisation was conducted at different temperatures (70‐120 °C) for at
least 20 h. The monolithic column chosen for LC applications in this work
(M4 in Table 5.1) was prepared by polymerising a mixture consisting of
0.7 g GE‐100, 0.5 g PEG‐1000 (melted at 60 °C), 1.3 g 1‐decanol and 80 μL
EDA at 80 °C in a thermostated water bath for 22 h. Figure 5.1 shows
schematically the polycondensation reaction performed. Both ends of the
capillary were then cut and the column was connected to the HPLC
system and put inside the column compartment with the temperature
pre‐set at 50 °C in order to melt the solidified porogen inside the monolith
pores. The column was then washed sequentially with water and
methanol (~ 100 column volumes each). The excess of the polymerisation
mixture remaining in the glass vial was also polymerised under the same
conditions (this is referred to as the bulk monolith). After completion of
the reaction, the vial containing the bulk monolith was crushed carefully,
the polymer cut into small pieces, Soxhlet extracted with methanol
overnight to remove any soluble compounds, and vacuum dried (for at
least 24 h) prior to characterisation experiments.
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Table 5.1: Chemical composition and physical properties of monoliths
Recipe
Monolith

GE‐100
(g)

Physical properties
EDA
(μL)

PEG‐k
(g)

PEG‐10k1
(g)

1‐decanol
(g)

1‐dodecanol
(g)

MPD2
(nm)

Dp3
(nm)

Pore vol.
(mL/g)

Porosity
(%)

M1
0.7
80
‐
1.8
‐
‐
1191
1160
0.76
47
M2
0.7
80
‐
1.5
0.3
‐
1048
1058
0.73
49
M3
0.7
80
0.5
‐
‐
1.3
1764
1672
1.6
65
M4
0.7
80
0.5
‐
1.3
‐
716
659
1.22
62
M5
0.7
80
‐
1.8
‐
‐
590
657
0.67
45
M6
0.9
102
‐
1.2
‐
0.3
1008
964
0.56
42
The mole ratio of epoxide to amine groups was 2:1 in all experiments; the weight ratio of monomers to porogen(s) is 3:7, except in 6
which was 4:6; Polymerisation temperature is 80 °C, except in 6 which was 90 °C.
1 20 %wt. solution in isopropanol (M2), methanol (M5) or 2‐methoxyethanol (M1 and M6).
2 Median pore diameter.
3 Pore size at the peak of pore distribution curve.
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Figure 5.1: Schematic polycondensation procedure for preparing epoxy‐based
monolith (M4). See text for more details.

5.2.4 Post‐polymerisation modifications
Acid hydrolysis of the residual epoxide groups was performed by
passing a 0.5 M sulfuric acid solution through the column at 30 μL/h for 4
h at 75 °C. Alternatively, neat EDA was pumped into the column at room
temperature for 2 h then the column was sealed at both ends and
submerged into a thermostated water bath for 5 h at 65 °C. After
completion of the reactions, both columns were flushed with water until
the outflow was neutral. The resultant columns contained mixed diol‐
amino and amino chemistries, respectively (see Figure 5.2a).
An IEX column was prepared following the procedure described
in Chapter 4 for the poly(GMA‐co‐PETA) monolith. Briefly, a 1 M
solution of SEA in 1 M carbonate buffer was prepared and the pH was
adjusted to 10.5 by adding sodium hydroxide solution (5 M). About 450
μL of this solution was pumped through the column for 24 h at 75 °C.
Acid hydrolysis of unreacted epoxides was then accomplished, as
described above for the diol‐amino column (see Figure 5.2b).
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The HIC column was prepared by grafting a co‐polymerised
hydrogel N‐isopropylacrylamide (NIPAm) and methylenebisacrylamide
(BIS) on the pore surface of the epoxy monolith, using a procedure
previously reported by Peters et al. [184] with some modifications. Figure
5.2c schematically demonstrates the modification reactions. In the first
step a vinylisation reaction between residual epoxides and allylamine
was carried out. The column was washed with water and a 50 wt%
aqueous solution of allylamine was pumped through the column for 2 h
at 60 μL/h. Then the column was sealed at both ends and kept at 60 °C in
a water bath for 16 h, followed by extensive flushing with water until the
outflow was neutral. In the next step, a polymerisation mixture consisting
of NIPAm (9.9 wt%), BIS (0.1 wt%) and AIBN (1 wt% with respect to
monomers) was prepared in toluene, then centrifuged for 10 min at 3000
rpm to remove solid particles and deoxygenated with nitrogen for 10
min. The column was flushed with THF and toluene and the grafting
solution was pumped through at 60 μL/h for 2 h. The capillary was sealed
at both ends and placed in a water bath at 60 °C for 15 h. Finally, the
column was sequentially flushed with THF and water (4 h each) at 30
μL/min.
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Figure 5.2: Post‐polymerisation modifications of the monolith M4 via residual
epoxide groups. (a) acid hydrolysis and aminolysis, (b) IEX functionalisation
and (c) HIC chemistry.
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5.3. Results and discussion
5.3.1 Monolith preparation
The aim of this work was to design a monolith that could be
suitable for both the separation of small molecules as well as larger
biomolecules. Therefore, monomers (epoxy resin and amine) were chosen
such that the final monolith should exhibit good biocompatibility [74].
GE‐100 was chosen as the epoxide‐containing monomer, and is a mixture
of di‐ and trifunctional epoxides based on glycidyl glycerol (Figure 5.1),
possessing enough hydrophilicity for this purpose. Although there are
only a few reports of epoxy‐based monoliths used for separations in the
literature, BACM has been used most as the amine curing agent [105, 111,
176]. However, EDA was preferred here since the cyclohexyl moieties in
BACM are likely to induce some degree of unwanted hydrophobicity to
the monolith structure.
PEG is a unique polymer. While its hydrophilic head group
comprising hydroxyl groups provides good water solubility at low
temperature, its polyoxyethylene chain allows solubility in most organic
solvents [185]. PEGs with different MW have been used successfully as
the primary choice for designing epoxy‐based monoliths [106, 108, 109,
111, 176].
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Figure 5.3: Scanning electron micrographs of some of the monoliths (Table 5.1);
(a) M1 (magnification 5000x), (b) M5 (5000x), (c) M3, (d) M4, (e) M3 (5000x), (f)
M4 (5000x).
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The polymerisation conditions leading to monoliths with 3D
scaffolds were obtained by trial and error. Mass conversions better than
90% were obtained by comparing the weight of the dry polymer monolith
to that of the monomers in the recipe. Primarily, the mole ratio of epoxide
functionality in GE‐100 to the amine group in EDA was varied from 5:1 to
1:5, while PEGs with MW of 200, 400, 800, 1000, and 10,000 (10k) were
used as porogen. For PEG‐10k, a 20 wt% solution in 2‐methoxyethanol
[185], methanol or isopropanol was employed. Transparent soft gels were
achieved at mole ratios higher than 3:1, even at temperatures as high as
120 °C, whereas non‐homogenous, amber coloured solids were obtained
for the ratio of 1:3. Phase separations leading to white, solid monoliths
appeared at mole ratios of 2:1 and 1.5:1, with more homogeneity in the
colour for the former.
The morphology of the polymer was also significantly affected by
the MW of PEG. By keeping the weight ratio of porogen to monomers
constant at 7:3, transparent, glassy gels with PEG‐200 and 400 turned into
translucent, and then semi‐hard materials by further increasing the MW
to 10k. Despite the homogenous morphology and 3D structure (Figure
5.3); the monolith prepared using a PEG‐10k solution in methanol as the
porogen showed significant shrinkage during polymerisation.
Substituting methanol with isopropanol resulted in a structure with a
thicker skeleton, yet less shrinkage. Porosimetry data showed an almost
2‐fold increase in median pore diameter with this change (Table 5.1). A
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very similar morphology was also obtained with PEG‐10k in 2‐
methoxyethanol.
Further investigation revealed the necessity of using a macropore‐
forming solvent as co‐porogen to obtain sufficient permeability in
monoliths prepared with PEG‐1000 as the porogen. In fact, a uniform and
solid structure with adequate permeability was never obtained when
PEGs smaller than 1000 were used as porogens, even in the presence of
appreciable amounts of co‐porogens. As is common with methacrylate‐
based monoliths, long‐chain alcohols, 1‐decanol and 1‐dodecanol, was
used as co‐porogen with weight ratios up to 28% with respect to the
porogen (PEG‐1000). As seen in Figure 5.3, fused globules of about 1.8
μm thickness were obtained with 1‐dodecanol, whereas 1‐decanol
resulted in a homogenous, sponge‐like structure. These differences are
also reflected in porosimetry data (Table 5.1) where monoliths with 1‐
dodecanol as co‐porogen exhibited median pore diameters almost 2.5
times larger than the monolith formed with 1‐decanol, yet with only 33%
difference in pore volume.
It is worth noting that the measured porosities were lower than
expected from the content of porogen in the monolith recipe (70%), which
could be due to the shrinkage of monoliths in the dry state, with
seemingly more shrinkage for monoliths prepared using PEG‐10k
solutions as the porogen.

122

Chapter 5

Based on the characterisation results, monolith M4 in Table 5.1
was chosen for surface modification and chromatographic evaluation. As
seen in Figure 5.3, this monolith also demonstrates the smallest domain
size, i.e., the combined average size of the macropores and microglobules.
Previous studies showed that the efficiency of monolithic stationary
phases increases by decreasing the domain size [55, 186]. Pore size
distribution profiles indicated that the majority of the total pore volume
(1.2 mL/g) in this monolith, 58%, corresponded to the pores in the range
of 500‐2000 nm and 23% in the range of 2000‐4600 nm, thus resulting in a
column with high permeability. Pores smaller than 500 nm (150‐500 nm)
represented only 19% of the total pore volume, with an absence of
mesopores (2‐50 nm), which is expected from the nonporous skeleton of
epoxy‐based monoliths in the dry state [66]. This monolith also exhibited
slightly higher surface area (Table 5.1) than the other monoliths, possibly
due to its sponge‐like morphology.
Column pressure drops were measured for the diol‐amino
modified column using ACN and water to evaluate the permeability and
mechanical stability of the synthesised monolith. A linear dependence of
flow‐rate on column back‐pressure (Figure 5.4) indicated that the
monolith was not compressed, at least up to 260 bar (~ 3.9 mm/s of
water). The permeability of the column was then measured as reported
elsewhere using Darcy’s equation [140]. Permeability values of 6.6 × 10‐14
and 5 × 10‐14 m2 were obtained respectively, using either ACN or water as
eluent. These results suggest swelling of the monolith in aqueous media,
which also reflects the desired hydrophilicity of monolith structure.
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Figure 5.4: Correlation between column back‐pressure and flow‐rate in the diol‐
amino column (18.5 cm × 100 μm i.d.) using ACN and water as eluent.

5.3.2 Separation of small molecules
5.3.2.1 Nucleobases and nucleosides
Acid hydrolysis of residual epoxide groups increased the
hydrophilicity of the monolith surface. Together with residual amino
groups, the mixed diol‐amino chemistry obtained can provide a suitable
environment for separation under the HILIC mode. A group of
nucleobases and nucleosides, including thymine, uracil, uridine, cytosine,
adenosine, adenine, cytidine, deoxyguanosine and guanosine was chosen
to evaluate the separation performance of the column for some polar and
closely related neutral compounds that are known to be difficult to retain
in RPLC [187, 188]. Figure 5.5 shows a typical separation obtained with
up to 12% water in ACN. Although not all solutes were baseline resolved,
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Figure 5.5: Separation of nucleobases and nucleosides on the diol‐amino column
(18.5 cm × 100 μm i.d.). Conditions: eluent A, ACN; B, water; elution, 7% B (0‐
4min), 12% B (4.1‐15min); flow‐rate, 4 μL/min; injection vol., 100 nL; UV
detection at 254 nm. Peaks are toluene (void volume marker, 1), thymine (2),
uracil (3), uridine (4), cytosine (5), adenosine (6), adenine (7), cytidine (8),
deoxyguanosine (9) and guanosine (10).

the separation was completed in 10 min with the high permeability of the
column enabling a flow‐rate of 4 μL/min to be used.
A separation efficiency of 11,600 plates/m was recorded for the last
eluting solute (guanosine) through an isocratic elution (10% ACN), which
is about 30% higher than the efficiency reported previously for an epoxy‐
based monolith using the same eluent [176]. As expected for separations
in the HILIC mode, the retention times for all solutes increased with
increasing ACN concentration, which led to slightly higher resolutions
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between some pairs, but also with commensurate increases in peak
widths.
5.3.2.2 Benzoic acids
Columns with mixed‐mode behaviour have become increasingly
popular in the separation of highly polar molecules, including ions that
are weakly or not retained in RPLC [126, 188‐190]. Unlike RPLC, where
the means of controlling the separation selectivity are rather limited,
mixed‐mode chemistries provide more flexibility in method development
using variations in the eluent pH, ionic strength, or organic solvent
concentration and thus permit application to a wider range of analytes
[188, 191]. Owing to the presence of primary and secondary amine
functionality on the surface, the monolith prepared here is also expected
to offer the possibility of weak electrostatic interaction with charged
analytes. Similar to previous reports [188, 192, 193], a range of benzoic
acid derivatives was utilised to get a full picture of the contribution of
such effects to the overall retention mechanism.
The effect of ionic strength on the retention of seven benzoic acids was
investigated by varying the concentration of ammonium acetate buffer
(pH 5) from 10 to 50 mM in a constant 90% ACN. pH was adjusted using
acetic acid. As shown in Figure 5.6, the retention of all acids decreased by
increasing the buffer concentration, which is characteristic of an ion‐
exchange retention mechanism.

126

Chapter 5

Figure 5.6: The influence of buffer concentration on the retention factor of
benzoic acids. Conditions: diol‐amino column (24 cm × 100 μm i.d.); eluent:
ACN/ammonium acetate (at various concentrations) pH 5 (90:10), flow‐rate, 5
μL/min; UV detection at 280 nm. Solutes: 4‐propylbenzoic acid (4PBA), p‐
aminobenzoic acid (PABA), benzoic acid (BA), 2,3‐dihydroxybenzoc acid
(2,3DHBA), 4‐hydroxybenzoic acid (4HBA), 2,5‐dihydroxybenzoic acid
(2,5DHBA), and 2,4‐dihydroxybenzoic acid (2,4DHBA).

This behaviour is actually opposite to that expected from
consideration of the hydrophilic partitioning mechanism [125] suggested
to describe retention in the HILIC mode. In this model, hydrophilic
partitioning of polar solutes between relatively less polar bulk eluent and
a water‐enriched layer immobilised on the hydrophilic stationary phase
contributes mostly to the retention of analytes and this partitioning
would be increased by increasing the electrolyte concentration, leading to
greater retention of solutes [125, 127, 183, 188, 194].
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The observed retention behaviour can be explained by considering
the contribution of electrostatic interactions in a mixed‐mode mechanism
[190]. The pKa1 values for 4‐propylbenzoic acid (4PBA), p‐aminobenzoic
acid (PABA), benzoic acid (BA), 2,3‐dihydroxybenzoc acid (2,3DHBA), 4‐
hydroxybenzoic acid (4HBA), 2,5‐dihydroxybenzoic acid (2,5DHBA), and
2,4‐dihydroxybenzoic acid (2,4DHBA) are 4.4, 4.9, 4.2, 3.0, 4.6, 3.0 and 3.3,
respectively [195].
At pH 5 they will be partially or fully deprotonated, thus
interacting electrostatically with the protonated primary and secondary
amine functionalities on the surface of the monolith in a mixed HILIC‐
WAX mode. Decreases in solute retention by increasing the buffer
concentration at such a high content of ACN therefore reflects that the
ion‐exchange retention is more significant than the HILIC mode.
The effect of buffer pH on the HILIC separation of benzoic acids
was also investigated. Buffer pH was adjusted from 5 to 3.5 by adding
acetic acid to the buffer solution before mixing with ACN. The content of
ACN in the eluent and the concentration of buffer were kept constant at
90% and 40 mM, respectively. As can be seen in Figure 5.7, the retention
of 2,3DHBA, 2,4DHBA and 2,5DHBA, having pKa1 < 3, increased
continuously by decreasing the pH. Since there were no significant
changes in their ionisation states within the studied pH range, the
observed trends might occur because with decreasing eluent pH, WAX
sites on the stationary phase (estimated pKa ~ 8 and 9) became even more

128

Chapter 5

Figure 5.7: The influence of buffer pH on retention factor of benzoic acids.
Eluent: ACN/40 mM ammonium acetate with various pH (90:10). Other
conditions as in Figure 5.6.

protonated. This in turn would lead to stronger electrostatic interaction
and therefore longer retention times.
On the other hand, the retention factors of the other four acids
remained virtually unchanged between pH 5 and 4.5. Also, in this pH
range the elution order of 2,3DHBA and 4HBA was reversed, with a
crossover point around pH 4.6. Retention factors then decreased
modestly when the pH was decreased further to 3.5. This can be
attributed to the fact that when the pH approached the pKa1 values of the
acids, they became more protonated and the retention was governed by
the hydrophilicity of their undissociated forms [128]. Since hydrophilic
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interaction is mainly independent of pH [190], retention remained
relatively unaltered, except for 4HBA which showed a considerable
decrease in retention, possibly because of more polarity difference
between its dissociated and undissociated forms. Similar observations
were reported by Bui et al. for HILIC of organic acids using a column
packed with modified silica particles bearing both hydroxyl and amine
functionalities [183].
The aforementioned experimental data substantiate the key role of
electrostatic interactions in the HILIC mode. However, the contribution
of this effect to the overall retention also varies with the content of ACN
in the eluent. Figure 5.8 demonstrates a typical “U”‐shaped retention
versus solvent content curve, being reported frequently for mixed‐mode
chromatography [179, 188, 190]. The percentage of 40 mM ammonium
acetate buffer at pH 5 was changed in the eluent within the 10‐50% range.
As can be seen, the retention time of all seven acids decreased by
decreasing the ACN concentration from 90 to 80%, which clearly
demonstrates the hydrophilic partitioning effect. Also, the elution order
of 2,3DHBA and 4HBA changed once again. Worth noting is the
similarity of retention behaviour of solutes with similar acidity (pKa1).
This retention versus solvent dependency might also be explained by an
ion‐exchange effect.
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Figure 5.8: The influence of ACN content on retention factor of benzoic acids.
Eluent: 40 mM ammonium acetate, pH 5 with various concentrations of ACN,
flow‐rate, 3 μL/min. Other conditions as in Figure 5.6.

Although the pH and concentration of the buffer were kept
constant, a decrease in the concentration of the organic solvent would
lead to an increase in the activity of eluent ions, ammonium and acetate,
due to solvation enhancement, or as suggested by Liu and Pohl [190] an
increase in the ionisation of eluent ions, which in turn causes a decrease
in the retention of solutes. In fact, the content of organic solvent in the
eluent also affects the extent of ionisation of both solutes and stationary
phase; and therefore, the electrostatic attraction between them. With a
further decrease in ACN content from 80 to 60%, the retention behaviour
of benzoic acids with pKa1 values around 4, i.e., 4PBA, PABA, BA and
4HBA suggests a compromise between the attraction forces and the

131

Chapter 5

aforementioned ion‐exchange effect, demonstrated by an almost constant
(PABA) or marginally increased retention over this range. A change in
selectivity is also apparent for PABA and 4PBA, with a crossover point at
70% ACN. By comparison, the retention of the remaining three acids
(pKa1 ~ 3) was increased markedly by this change, suggesting an ion‐
exchange effect superimposed by electrostatic attractions. This might be
because the extent of deprotonation of these relatively stronger acids is
greater than the first group. Further decreasing the concentration of ACN
to 50% showed almost similar upward trends in retention of all benzoic
acids, possibly due to even stronger electrostatic attractions.
Column temperature has been well known as an influential
parameter in HPLC separations, significantly affecting both mobile phase
viscosity as well as solute diffusivity, and its partial molar enthalpy of
transfer between mobile and stationary phases [196‐198]. Gradient
elution in combination with temperature programming also showed an
improvement in resolution and separation efficiency of phenolic acids in
the HILIC mode [193]. Very recently, Causon et al. demonstrated the
usefulness of temperature programming, and particularly temperature
pulsing, for separation optimisation in capillary LC [199]. The effect of
temperature on retention and selectivity of benzoic acids in HILIC
conditions was briefly investigated at column temperatures of 30, 45 and
60 °C.
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Figure 5.9: Effect of column temperature on separation of benzoic acids.
Conditions: eluent, ACN/40 mM ammonium acetate pH 5 (90:10); solutes, (1)
4PBA, (2) PABA, (3) BA, (4) 2,3DHBA, (5) 4HBA, (6) 2,5DHBA, and (7)
2,4DHBA; other conditions as in Figure 5.6.

As seen in Figure 5.9, the expected decrease in retention with
increasing temperature was observed only for PABA and 4HBA, with a
more significant decrease for the latter. In comparison, the behaviour of
other solutes appeared to be more complicated; the retention increased
when increasing the temperature to 45 °C, then remained unchanged or
decreased slightly when the temperature increased further to 60 °C.
This seemingly anomalous behaviour has been attributed to the
nature of solutes and differences in their interactions with the mobile and
stationary phases [197]. Generally speaking, when retention remains
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independent of temperature, the slope of the van’t Hoff plots (log k versus
1/T), which corresponds to the contribution of the solute transferring
enthalpy from mobile to stationary phases, would be close to zero,
suggesting that the retention is probably governed entropically [193].
This is also another indication of the involvement of ionic interactions in
the overall retention mechanism of the acids studied in this work.
Improvements in separation efficiency at elevated temperatures
were also observed, although this was at the cost of an increase in peak
tailing for some of the solutes. Theoretical plate numbers as high as
17,000 plates/m were obtained for the last eluted peak (2,4DHBA) at 60
°

C, demonstrating about 17% enhancement in comparison to 30 °C.

Although the observed separation efficiency of the polymer‐based
columns for small molecules was relatively low, particularly in the HILIC
mode, these values are still superior to the best plate numbers previously
reported for HILIC of phenolic acids (N/m = 11,600 for 4‐hydroxyphenyl
acetic acid at 80 °C) utilizing zwitterionic monoliths [193].
5.3.3 Separation of peptides
The suitability of the prepared monolith for the separation of the
medium size molecules was examined via analysis of peptides released
from a tryptic digest of cytochrome c. The analysis of peptides in the
HILIC mode has become popular due to the intrinsic advantages of the
technique, such as the compatibility of the mobile phase with ESI‐MS
which results in enhanced detection sensitivity, and the equivalent or
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Figure 5.10: Base peak chromatogram (upper panel) and the corresponding
density view of cytochrome c tryptic digest analysed by HILIC‐ESI‐qTOF‐MS.
Conditions: diol‐amino column (24 cm × 100 μm i.d.); eluent (A) 0.1 % (v/v)
formic acid in ACN, (B) 0.1 % formic acid in water; elution, 5‐70 % B in 25 min,
70 % B for 5 min. Sample concentration, 0.5 mg/mL; injection vol., 100 nL;
constant column pressure of 100 bar was employed.

better orthogonality of HILIC with RPLC (compared to SCX) in multi‐
dimensional approaches [130].
The performance of the diol‐amino column was therefore
evaluated for the peptide fragment fingerprinting. The separation was
carried out by running a linear gradient of 0.1% formic acid in ACN to
0.1% formic acid in water. Since most peptides are positively charged at
low pH due to the presence of basic amino acids, such as arginine and
lysine as well as the terminal amino groups, and because of the expected
positive charge on the monolith surface due to the protonation of amino
groups, electrostatic repulsion‐hydrophilic interaction is likely to govern
the separation mechanism here, as suggested by Alpert [126].
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The base peak chromatogram as well as the corresponding density
view is shown in Figure 5.10. The various peptides with diverse charge
states and m/z values, derived from the tryptic digested cytochorme c,
were detected over the mass range of 400 to 1800 Da with different
retention times varying from 7 to 25 min. Additionally, the presence of
the undigested protein was also observed with its typical charge state
ladder, being eluted between 24 and 29 min. The peptides and their
amino acid sequence were identified in a consecutive LC‐MS/MS run.
Despite a restricted number of selected precursor ions (2) per scan, the
obtained MS/MS results showed a high sequence coverage of 80%, when
the results were elaborated with MASCOT. The identified peptide
fragments are listed in Table 5.2.
Although not optimised for chromatographic resolution, this
separation demonstrated the potential of this column type for peptide
separations. Further investigation on analysis of the tryptic digest was
performed employing the amino column. The base peak chromatogram
(BPC) corresponding to the separation of tryptic peptides at neutral pH is
indicated in Figure 5.11. Nearly baseline separation of more than ten
peptides was obtained, with sharp and symmetrical peak shape. This
separation is clearly superior to that obtained with the diol‐amino
column under acidic pH. This result might be explained by considering
the fact that under the less acidic conditions when employing neutral
buffer, the positive charge density on the surface of the column decreases.
Together with using a higher ionic strength in the composition of the
eluent, this results in weaker ionic interactions between the positively
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Table 5.2: Identified tryptic peptides from the digestion of horse cytochrome c
by HILIC‐ESI‐MS/MS.
Observed mass Calculated
Residue Sequence
+
(Da)
mass MH (Da)
634.3876 (+1)
633.3850
10‐14
IFVQK
584.8068 (+2)
1167.6149
29‐39
TGPNLHGLFGR
648.8550 (+2)
1295.7099
29‐40
TGPNLHGLFGRK
920.9538 (+2)
1839.9115
40‐56
KTGQAPGFTYTDANKNK
614.3055 (+3)
1839.9115
40‐56
KTGQAPGFTYTDANKNK
735.8397 (+2)
1469.6787
41‐54
TGQAPGFTYTDANK
856.9067 (+2)
1711.8166
41‐56
TGQAPGFTYTDANKNK
1041.0071 (+2)
2080.0186
57‐73
GITWKEETLMEYLENPK
694.3409 (+3)
2080.0186
57‐73
GITWKEETLMEYLENPK
737.0375 (+3)
2208.1136
57‐74
GITWKEETLMEYLENPKK
678.3731 (+1)
677.3748
75‐80
YIPGTK
779.4364 (+1)
778.4411
81‐87
MIFAGIK
454.2682 (+2)
906.5361
81‐88
MIFAGIKK
907.5301 (+1)
906.5361
81‐88
MIFAGIKK
493.6064 (+3)
1477.8140
89‐100
KTEREDLIAYLK
739.9063 (+2)
1477.8140
89‐100
KTEREDLIAYLK
803.9525 (+2)
1605.9090
89‐101
KTEREDLIAYLKK
536.3045 (+3)
1605.9090
89‐101
KTEREDLIAYLKK
675.8589 (+2)
1349.7190
90‐100
TEREDLIAYLK

charged stationary phase and peptides with net negative charges, leading
to peaks with less tailing and improved resolution. These observations
are also in accordance with the results reported previously by others, and
verify significant enhancement in the separation of complex peptide
mixtures resulting from an increase in the eluent pH [130].
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Figure 5.11: BPC for HILIC‐ESI‐IT‐MS of cytochrome c tryptic digest.
Conditions: amino column (23 cm × 100 μm i.d.); eluent (A) ACN, (B) 20 mM
ammonium formate pH 6.2; elution, 5‐60 % B in 30 min, 60 % B for 5 min. Flow‐
rate, 1 μL/min; Sample concentration, 0.3 mg/mL; injection vol., 100 nL.

5.3.4 Separation of proteins
One particularly attractive feature of the epoxy‐based monoliths is
that once polymerisation conditions are optimised for the desired porous
properties, pendant reactive groups on the surface can be exploited for
incorporating different chemistries through a wide variety of reactions
(such as aminolysis or hydrolysis) without the need for re‐optimisation of
polymerisation conditions. While simple hydrolysis of residual epoxide
groups resulted in chemistries suitable for separation of small molecules,
the same residual epoxides were targeted for introducing chemistries
appropriate for the separation of proteins.
Unlike for peptides, protein denaturation is a common issue in
RPLC due to the addition of organic solvents and the strong hydrophobic
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interactions involved [74]. An appreciable level of organic solvents also
reduces the solubility of biomolecules by decreasing the dielectric
constant of the mobile phase [200]. Due to the mild separation conditions
involved, IEC, HIC and SEC are therefore methods of choice when
preserving proteins in their native conformations is important. While the
absence of any kind of interaction between the analytes and the
stationary phase is an ideal situation for SEC, hydrophilicity of the
separation matrix in HIC, and pore surface in IEC, are preferred in order
to prevent non‐specific interactions [74, 94].
The developed epoxy‐based monoliths were found to possess sufficient
hydrophilicity in the monolith scaffold to be suitable for the separation of
biomolecules. By taking into account the mole ratio of 2:1 for epoxide to
amine in the monomers, an epoxy value of 0.68 mol/100g for GE‐100 and
a reaction efficiency of 90%, and assuming that both amino groups of
EDA were incorporated into the condensation reaction, the content of the
residual epoxides in the obtained monolith would roughly be 3.6 mmol/g,
which is only 16% lower than the classic poly(GMA‐co‐EDMA) monolith
containing 24% GMA. SCX functionalities were then incorporated into
the pores through a ring‐opening modification of residual epoxides.
Because of the presence of amino functionalities in both the monolith
skeleton and on the pore surface, the resultant monolith would in fact
exhibit a mixed WAX‐SCX chemistry.
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Figure 5.12: IEC separation of proteins; conditions: eluent (A) 10 mM phosphate
buffer pH 6, (B) 1 M sodium chloride in A; elution, 1‐99 % B in 15 min; flow‐rate,
1 μL/min; column (WAX‐SCX), 15 cm × 100 μm i.d.; peaks are (1) myoglobin, (2)
α‐chymotrypsinogen, (3) cytochrome c, (4) lysozyme; protein concentrations, 0.2
mg/mL each; UV detection at 214 nm.

Figure 5.12 shows a typical separation of four protein standards
using this column. Due to the swelling of the monolith in aqueous eluent
(10 mM phosphate buffer, pH 7), the permeability of the column was
decreased by this modification, leading to a marked increase in the
column back‐pressure. A significant shift in the baseline was also
observed between ~5‐20 min which is assumed to be due to column
contamination during the modification process. Nevertheless, the
separation efficiency was still satisfactory.
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Figure 5.13: HIC separation of proteins; conditions: HIC column (18 cm × 100
μm i.d.); eluent (A) 3 M ammonium sulfate in B, (B) 100 mM phosphate buffer
pH 7; elution, 0‐100 % B in 15 min, 100 % B for 5 min; flow‐rate, 0.8 μL/min;
peaks: (1) cytochrome c, (2) myoglobin, (3) ribonuclease A, (4) β‐lactoglobulin
a&b, (5) transferrin, (6) ovalbumin, (7) trypsin, (8) α‐chymotrypsinogen; protein
concentrations, 0.2 mg/mL each; UV detection at 214 nm.

Usually in HIC stationary phases, mildly hydrophobic ligands are
incorporated in a hydrophilic matrix at a concentration of about 10‐100
times lower than RP sorbents [81]. The hydrophilicity of the scaffold in
the monoliths developed in this work was therefore exploited by
integrating hydrophobic chains on the pore surface through a grafting
approach. Separation of a test mixture consisting of eight protein
standards in the HIC mode is shown in Figure 5.13. This column
demonstrated superior separation efficiency than its IEX counterpart over
the same retention timeframe. Noteworthy is the high concentration of
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weak eluent (3 M ammonium sulfate) utilised in order to retain all
solutes.
Although cytochrome c was not retained and was eluted at the
void time, its peak was not broad or distorted, as seen before under the
same conditions [81]. These observations, along with the narrow peak
shapes found for other proteins, would suggest a mild hydrophobicity of
the modified monolith along with the absence of non‐specific
interactions, giving suitability for separations in the HIC mode.
5.3.5 Reproducibility
The batch‐to‐batch reproducibility and run‐to‐run repeatability
were evaluated utilising two independently prepared and modified
columns for HIC separation of proteins. Since a multi‐step process is
involved in preparing this type of chemistry and two different people
prepared the columns, this approach offered a good test of the column
reproducibility. Separation parameters, including retention factor (k),
peak area (A) and resolution (Rs) were determined for four well‐resolved
proteins, namely, myoglobin, ribonuclease A, trypsinogen and α‐
chymotrypsinogen A, from five runs (n = 5). Average relative standard
deviations (RSDs) of 0.7, 1.7 and 0.4% were obtained for k, A and Rs,
respectively, suggesting a high reproducibility of column preparation
and modification procedures.
One important qualification for HILIC stationary phases is their
water retaining property, which reflects the chemical stability of the
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material. Inter‐day reproducibility of the developed monolith for the
HILIC separation of small molecules was also tested by using a diol‐
amino column continuously for several days and then storing it in
aqueous mobile phase for a few weeks. Resuming chromatography of
nucleobases and nucleosides using this column showed only minor
changes in retention factors of solutes, indicating good chemical stability
of the prepared monolith.

5.4 Conclusion
Homogenous, highly hydrophilic epoxy‐based monoliths were
prepared using a polycondensation polymerisation approach. The
materials showed high mechanical and chemical stability. Although a
decrease in permeability was observed when the polarity of eluents was
increased, this did not affect the stability or reproducibility of the column.
Diol functionalities, incorporated with simple acid hydrolysis of residual
epoxide groups, together with residual amino groups, afforded a unique
chemistry for HILIC or mixed‐mode separations, depending on the type
of analyte and separation conditions. While hydrophilic partitioning
appeared to be the primary mechanism involved in retention of highly
polar neutral solutes, it was accompanied by electrostatic interactions for
charged solutes. The extent of contribution of each effect on the retention
and selectivity of acids was shown to be influenced by separation
conditions, such as the content of ACN in the eluent, buffer concentration
and pH, and the temperature, offering a wider application range with
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more flexibility for retention and selectivity tuning during method
development.
The HILIC separation of tryptic peptides using this chemistry was
also promising. In this case, due to the presence of positive charge on the
surface of both analytes and stationary phase, the separation mechanism
seemed to be a compromise between electrostatic repulsion and
hydrophilic interactions. Surface modification of the monolith also
enabled efficient separation of proteins under IEC and HIC modes, with
absence of non‐specific interactions stemming from the inherent
hydrophilicity of the monolith scaffold.
The aforementioned qualities, along with the possibility of
incorporating functionalities with a wide variety of properties, can
actually widen the applicability of epoxy‐based monoliths, especially for
bioseparations, which is the focus of future investigations.
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Chapter 6
General Conclusions and Future Directions
The suitability of polymer monolith for bioseparations has been
well accepted and demonstrated in a considerable number of
publications. In this regard, developing biocompatible monolithic
materials featuring minimal non‐specific interactions is desirable in order
to achieve higher separation efficiency, as a result of better peak shapes,
and to preserve the structure of the biomolecules. Two new polymer
monoliths were developed in this study possessing this particular feature
(hydrophilicity).
A poly(GMA‐co‐PETA) monolith was prepared in 100 µm i.d.
capillaries via thermally‐initiated radical co‐polymerisation. PETA as a
hydrophilic cross‐linker supplied the desired hydrophilicity to the
monolith, whereas GMA as a reactive monomer provided the epoxide
groups that were exploited for post‐polymerisation modification of the
monolith. The resulting WCX column containing phosphoric acid
functionality, and SCX column containing sulfonic acid functionality
demonstrated good separation performance for standard proteins with
acceptable dynamic binding capacities compared to the previously
reported monoliths used for the same purpose. Ion‐exchange capacity
and resulting separation performance enhancement for these columns
was predicted by further improvement in the quality of the post‐
polymerisation reactions. For example, the epoxide groups can be
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converted to more reactive aldehyde groups, which react readily with
amines even in aqueous media and at room temperature [201, 202].
Another possibility is conducting the modification reaction at a pH of 14.
In one report, published in 1977 [203], it was shown that at pH 14 (1 M
sodium hydroxide) 60% of the epoxide groups in a co‐polymer of GMA‐
EDMA remained preserved even after 9 h at 90 °C. Very recently, the
suitability of this approach was demonstrated by surface modification of
a poly(GMA‐co‐EDMA) capillary monolithic column with cystamine
[204]. The reaction was performed twice at 50 °C for only 1h each time,
probably in order to prevent hydrolysis of siloxane bonds.
Grafting of functionalised monomers is a widely used approach to
increase the density of functional groups on the surface of polymers
leading to an increase in loading capacity. In this regard, a “grafting from”
approach through which polymer chains are grown from a surface that
was functionalised previously with initiator moieties is particularly
suitable for controlling the density of the grafted layer and the prevention
of homopolymerisation of the grafting monomer in solution. In
monolithic materials, such homopolymerisation can cause a decrease in
the permeability of the monolith. Among all “grafting from” approaches,
attachment of an azo initiator to the pore surface of the monolith appears
to be the most convenient and straightforward approach. Commercially
available initiators, such as 4,4’‐azobis(4‐cyanovaleric acid) (ACVA), can
be attached directly to the monoliths containing, for example, benzyl
chloride functionalities via nucleophilic displacement of the chloride
groups [205]. Alternatively, ACVA can be first derivatised to 4,4’‐
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azobis(4‐cyanovaleric acid chloride) before attachment to a monolith
containing nucleophilic groups, such as amine or thiol functionalities
[206].
The application of polymer monoliths for the efficient separation
of small molecules has still remained a challenge, mostly due to their
monomodal pore size distribution and the absence of mesopores, or
alternatively, due to the significant gel porosity in the monolith scaffold
in the swollen state [54, 178]. Several attempts have been made to address
these limitations, but the more straightforward ones are probably the low
density polymerisation [55] and incomplete polymerisation [178]. Low
density polymerisation can be achieved by lower percentage of
monomers in the polymerisation mixture (typically 20% wt.), whereas
incomplete polymerisation is accomplished by termination of
polymerisation reaction shortly after starting the reaction (30 min in a
typical example [178]. Both approaches resulted in smaller domain size,
represented by the combined average size of the macropores and
microglobules, leading to significant improvement in the separation of
small molecules.
Polycondensation polymerisation is a relatively new approach in
making monolithic materials. Using this approach, homogeneous and
highly hydrophilic epoxy‐based monoliths were developed for the
separation of small molecule probes and peptides as well as proteins as
large biomolecules. Diol functionalities incorporated with simple acid
hydrolysis of residual epoxide groups, together with residual amino
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groups, afforded a unique chemistry for HILIC or mixed‐mode
separations, depending on the type of analyte and separation conditions.
Due to the presence of residual amino groups, their density can be
increased through the reaction of residual epoxide groups with amines,
such as ethylenediamine. Further investigation on modification of the
surface chemistry of these materials can be performed via a “grafting
from” approach, as described above. A wide range of monomers with a
variety of chemical properties can be incorporated into the pores. For
example, incorporation of zwitterionic monomers, which are highly
suitable for HILIC of small molecules and peptides [122, 131, 188, 192],
can be grafted to the pores of the developed epoxy‐based monolith.
Because of the hydrophilicity of the monolith scaffold, very hydrophilic
monoliths are expected after grafting, which together with the high
permeability of these materials can serve as a suitable platform for
proteomics studies.
There is an increasing interest on mixed‐mode stationary phases,
featuring multiple functionalities which enable, for example,
comprehensive analysis of complex samples by taking advantage of more
than one‐type of interactions between solutes and stationary phase [207].
While the developed epoxy‐based monolith is mixed‐mode by nature,
other mixed chemistries than HILIC‐IEX can also be feasible to introduce,
such as RP‐HILIC. RP chemistry can be added to the monolith backbone
via substituting EDA with a hydrophobic amine such as BACM, or
through reacting the residual epoxide groups with hydrophobic reagents.
While the former approach requires re‐optimisation of the monolith
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recipe, due to the difference in reactivity of amine curing agents, the latter
approach is a post‐polymerisation modification and seems to be more
straightforward.
As mentioned earlier, the efficiency of monolithic stationary
phases for the separation of small molecules can be increased by
decreasing the monolith domain size, i.e., the combined average size of
the macropores and microglobules. Further enhancement in the
morphology of the developed epoxy‐based monolith thus recommended
for this purpose. It was shown theoretically that domain geometry can
also have a significant contribution into the column efficiency, with more
efficiency was suggested for honeycomb‐like structure in comparison to
hexagonal or circular shapes [208]. This was attributed to the perfect
homogeneity of the flow‐through pore network leading to up to 10 times
smaller Eddy dispersion (the A term in the Van Deemter equation).
Unfortunately, attempts at making the developed polymer
monoliths in conventional bore format were unsuccessful due mostly to
the considerable post‐polymerisation shrinkage of the materials. Among
all approaches tried, mechanical compression of the monolith provided a
more promising column. As mentioned in Chapter 4, this approach has
been successfully used by Dionex for making its polymer monolithic
columns inside 4.6 mm i.d. PEEK and stainless steel tubes. Special
hardware is required, which is commercially available. Figure 6.1 shows
the model provided by Grace (www.discoverysciences.com). Standard
HPLC column end‐fittings can also be used but the insert (piston) has to
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Figure 6.1: The empty HPLC column hardware provided by Grace.

be made in‐house. To be successful with this approach, the monolith
needs to demonstrate enough swelling upon elution with some solvents
(chosen based on the polarity of the monolith) to fill the gaps between the
monolith body and the column wall. Optimisation of the polymerisation
recipe is needed to obtain monoliths with adequate swelling propensity
(for more information about swelling propensity of packing materials see,
for example, [209]).
Both polymer‐based monoliths, prepared by free radical
polymerisation approach, and silica‐based monoliths are suffer from
structural inhomogeneity [54], which can adversely affect their separation
efficiency by increasing the Eddy dispersion in the column. More
homogeneous structures can be obtained by employing other
polymerisation approaches, such as polycondensation, which was
performed in this study for the preparation of epoxy‐based monoliths.
Another approach can be unidirectional freezing. Kim et al. [210] reported
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on preparation of honeycomb‐structured porous monoliths of poly(L‐
lactic acid) by combining pseudo‐steady state unidirectional freezing and
freeze‐drying techniques. Unfortunately, they didn’t report any
chromatographic study on these materials, but as mentioned before
separation enhancement owing to significant reduction in Eddy
dispersion is expected from these monoliths.
It is known that a pH gradient IEC can provide superior
separation efficiency for biomolecules in terms of peak capacity and
resolution compared to its salt‐gradient counterpart. This technique has
been well accepted as an alternative to preparative gel electrophoresis for
isolation and purification of large proteins, such as antibodies from
biological matrices [45]. Recently, the suitability of the pH gradient
approach for quality control applications, such as resolving charge
heterogeneity of mAbs was also demonstrated [17, 21]. Similarly, the
same application was targeted, by developing single component buffer
systems based on a novel concept called shallow pH gradient over cation‐
exchange (CEX) monolithic columns. Unlike previous reports, a very low
concentration of eluents also enabled direct connection of the separation
system to MS for further characterisation.
Although very promising for the investigated purpose, the
developed pH gradient approach may suffer from some limitations, such
as gradual pH transition of eluents due to the very low concentrations
(typically < 5 mM). Combinations of buffer components that cover a
wider pH range and provide more stable buffer capacities are therefore
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recommended. Due to the ongoing increase of the importance of
miniaturisation, further investigations in this area can also be performed
by employing capillary IEX columns. The author is aware of only two
reports on pH gradient separations using microbore (0.32 mm i.d.)
columns [32, 211].
Unfortunately, one issue here is the difficulty of monitoring the
pH profile for capillary columns during the elution. Monitoring the pH
profile is usually performed to ensure its linearity. However, it has also
been shown that high resolution pH gradient separation can still be
achieved when the pH profile is not linear, provided the profile has an
appropriate slope [36]. Given that the slope of the pH profile can be
manipulated by changing the concentration (and pH) of eluents,
optimisation of the separation can still be achieved by trial and error
without knowing the shape of the pH profile.
An external pH gradient was proposed to address some of the
limitations associated with its traditional internal counterpart. As
discussed in Chapter 3, the main concerns with CF originate from the
polyampholyte elution buffers. Some studies have shown that
comparable separations can also be achieved by substituting
polyampholytes with simple buffer mixtures (see for example [36]). One
great advantage of CF is that it is performed isocraticaly and the
composition of both retaining (equilibrating) and eluting buffers can be
optimised separately. Also, similar buffer mixtures to those employed in
external pH gradients can be used with weak ion‐exchange stationary
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phases. Thus, employing capillary monolithic columns in the CF
approach appears to offer new opportunities for bioseparation, which can
be targeted for future investigations.
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