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Preface

Molecular recognition plays a critical role in numerous living systems.
Protein-based receptors, nucleic acids, enzymes and antibodies are well-known
examples of biological materials that have high molecular binding selectivity.
Because of their well-defined molecular recognition properties, these biological
macromolecules have been exploited in many technical applications to offer effi-
cient purification for therapeutic products and to develop analytical methods for
monitoring drugs, toxic chemicals in food and environmental pollutants. Although
widely used, biological macromolecules are limited by their high production costs
and low stability. This problem has stimulated the development of synthetic
materials that can be designed to have tailor-made molecular selectivity. Molecular
imprinting, a synthetic technique that uses molecular templates to create selective
binding sites in cross-linked polymers, has become one of the most efficient
methods for preparation of selective recognition materials. Molecularly imprinted
polymers (MIPs) are robust, they can even be sterilized without loosing their unique
properties. MIPs can be produced in large quantities and can be re-used many times.
These features make MIPs suitable in particular for a number of biochemical
applications and recently the stability properties have attracted interest from the
environmental sector since biomolecules are degraded in non-sterile environments
while MIPs may be stable over extended periods of time.

The history of molecular imprinting can be dated back to the 1930’ although it is
generally accepted that the modern era of the technique started some forty years
ago. Over the past twenty years, the interest in this synthetic technique and its
applications has increased exponentially, as reflected from the number of annual
publications until 2014 (Fig. 1). Initially most focus was on making molecular
imprints of small molecules but during the last decade more and more activities
have been observed concerning MIPs against macromolecules and even particulate
matter such as cells. During this development a trend towards use of less apolar
solvents have been seen since e.g. proteins tend to precipitate when exposed to
hydrophobic solvents

The development in literature gives interesting observations concerning the areas
of applications. Initially, high resolving separations were the focus, later on MIPs
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Fig. 1 Number of publications related to the topic of molecular imprinting. The data include
research papers, conference abstracts, book chapters and review articles. Source www.mipdatabase.
com (courtesy Dr. Michael J. Whitcombe)

were used for solid phase extraction as a pre-step before analysis and more recently
nano-MIPs are studied as tools in biological systems.

In the past, application of MIPs has been limited to organic solvent-based sys-
tems due to the intrinsic hydrophobicity of the synthesized materials. The recent
development in molecular imprinting technique started to bring in many novel MIP
materials that can be applied directly under aqueous conditions. For the first time,
synthetic MIPs start to act as “antibody mimics” to enable direct analysis and
treatment of biomedical/biochemical samples under aqueous conditions. This
important step has been realized thanks to a number of breakthroughs that are
reviewed in the present volume: new synthetic chemistry (Chaps. 313 and 318) and
analytical characterization (Chap. 316), computational design (Chap. 314). After
introducing the fundamental aspects in material synthesis, we provide
expert reviews on the use of MIPs for treating aqueous samples from an academic
(Chap. 319) and industry angle (Chap. 317). MIPs for catalysis (Chap. 312), in
environmental biotechnology (Chap. 311) and for biotransformation (Chap. 315)
are also reviewed with the intention to provide further updated progresses.

We hope that this volume can provide a useful background for interested
researchers and can inspire future development of MIPs for biotechnology and
biomedical applications. We thank all the authors for their excellent contributions.

March 2015 Bo Mattiasson
Lei Ye
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Synthetic Strategies in Molecular
Imprinting

Lei Ye

Abstract This chapter introduces the basic principle and the synthetic aspects of
molecular imprinting. First, the use of a molecular template to guide the location of
functional groups inside molecularly imprinted cavities is explained. Three different
mechanisms that ensure a molecular template associates with functional monomers
or the imprinted polymers, that is, through reversible covalent, noncovalent, and
sacrificial covalent bonds, are then described. The main] focus is put on nonco-
valent molecular imprinting using free radical polymerization. The merits of using
classical radical polymerization and more sophisticated, controlled radical poly-
merization are analyzed. After these synthetic chemistry aspects, the chapter con-
tinues to discuss the different polymerization processes that can be used to prepare
well-defined polymer monoliths, microspheres, and nanoparticles. New top-down
processing techniques that produce micro- and nanopatterns of imprinted polymers
are also reviewed. The chapter finishes with a brief introduction to using imprinted
polymers as building blocks to construct new functional materials and devices,
which we consider as one important direction for further development.

Keywords Affinity separation - Free radical polymerization - Molecular
imprinting - Molecular recognition - Template
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1 Introduction

In nature, molecular recognition plays a critical role in many processes, in particular
for living organisms. Well-known examples are found in DNA replication, cell
differentiation, and immune responses. The therapeutic function of drugs is largely
based on their highly selective molecular interaction with the biological targets.
Biological molecules that have high molecular selectivity, such as antibodies,
receptors, and aptamers, have been used for a long time in technical applications
spanning diagnostic assays, biosensors, purification of high-value products, and
controlled delivery of therapeutics. Despite their high molecular selectivity, bio-
logical recognition materials are limited by low stability and high production cost,
and therefore cannot be used on a large scale or under harsh conditions. In this
respect, synthetic materials with predesigned molecular recognition capability
become very attractive due to their high stability and much lower production cost
compared to biological recognition materials.

Over the past decades, molecular imprinting has become one of the most
effective techniques to synthesize materials with predictable molecular selectivity.
Molecularly imprinted polymers (MIPs) are often called artificial antibodies, syn-
thetic receptors, and enzyme mimics because of their similar functional perfor-
mances. The basic principle of molecular imprinting is using a selected molecular
template to create well-defined binding sites in crosslinked polymers or inorganic
materials. The process involves crosslinking functional monomers or inorganic
precursors around the selected molecular template, which controls the location and
orientation of the molecular building blocks via covalent or noncovalent interac-
tions. After the crosslinking reaction, the molecular template is removed to leave a
complementary binding site in the crosslinked material (Fig. 1). The finished
material now contains template-defined sites and is ready to accept the original
molecular template as well as its closely related analogues. The degree of molecular
selectivity is determined by how well the binding sites are defined through the
whole process.

According to the above general definition, MIPs can be created in both organic
and inorganic materials. In fact, the early examples of molecular imprinting were
carried out in inorganic silica, where organic dyes were used as templates and the
crosslinked silica were obtained through sol-gel condensation reactions [1].
Although imprinted materials based on silica or metal oxide networks are still being
exploited [2, 3], the majority of molecular imprinting today uses organic polymers
as the solid matrix, as the free radical polymerization is more compatible with
various template structures, and therefore has more general applicability for dif-
ferent types of molecular templates.

Depending on the types of chemical bonds that maintain the template—monomer
complexes (Fig. 1), there are three distinct molecular imprinting approaches for
preparing MIPs: covalent molecular imprinting, noncovalent molecular imprinting,
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Fig. 1 Schematic representation of molecular imprinting process: (/) preassembly template-
functional monomer, (2) crosslinking polymerization, (3) template removal

and semi-covalent molecular imprinting (Fig. 2). The covalent imprinting approach
was first described by Wulff and coworkers [4]. It uses a reversible covalent bond to
link the molecular template with the functional monomer. After polymerization, the
covalent bond is broken to free the template from the solid polymer to furnish an
imprinted site. In the rebinding process, the template associates with the site via the
same covalent bond.

In the 1980s, Mosbach and coworkers [5] first demonstrated the use of nonco-
valent interactions for molecular imprinting in organic polymers. In this approach
noncovalent interactions are utilized to stabilize the template-functional monomer
complex during the crosslinking reaction. The rebinding of template to the fur-
nished sites is also realized by the same noncovalent interactions. Because many
functional monomers are available and the synthetic process is less complicated, the
noncovalent approach has become the mainstream of molecular imprinting, and for
almost all known molecular templates there are successful noncovalent MIPs
existing in the literature. Still, it is worth mentioning the semi-covalent imprinting
approach invented by Whitcome and coworkers [6], who used a covalent bond to
form a template—monomer complex during polymerization, but noncovalent inter-
action to realize template rebinding. The covalent and semi-covalent approaches are
more demanding for synthetic skills although they promise, in principle, better-
defined recognition sites in a finished MIP. In reality, the selectivity, affinity, and
capacity of MIPs are affected not just by the stability of the molecular complex in a
prepolymerization mixture. The improvement of MIP performance gained by using
complicated covalent or semi-covalent approaches still remains open for debate.
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Fig. 2 Synthetic approaches of a covalent, b noncovalent, and ¢ semi-covalent molecular
imprinting. The molecular templates used in these approaches are represented by derivatives of
a monosaccharide, b dipeptide, and ¢ cholesterol

In this chapter, we focus on the noncovalent approach for preparation of
molecularly imprinted polymers. Due to space limitations we do not present a
comprehensive list of molecular templates, but rather explain the basic principles of
noncovalent molecular imprinting, and address the most important new polymer
chemistry and micro-/nanofabrication techniques that are being introduced into the
molecular imprinting area. For more extensive discussions on topics uncovered in
this chapter, we refer to several excellent reviews already existing in the literature,
for example, on general radical polymerization [7], specialized and noncommercial
functional monomers [8, 9], and molecular imprinting using condensation cross-
linking reactions [10].
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2 Noncovalent Molecular Imprinting

Noncovalent molecular imprinting is the most commonly used approach in research
laboratories today. The popularity of this approach is due to its simplicity, easy
access to a large number of functional monomers, and the faster binding kinetics of
the resulting polymer compared to covalent MIPs. Figure 2b shows the schematic
process of noncovalent imprinting of using a dipeptide derivative, Cbz-Asp-Phe-
OMe as a molecular template [11]. The two functional monomers, 4-vinylpyridine
(Vpy) and methacrylic acid (MAA) are used because Vpy interacts with the carboxyl
group, and MAA forms a hydrogen bond with the carbonyl moiety, both present in
the template. The crosslinking is achieved by copolymerization with excess
crosslinking monomer, for example, ethylene glycol dimethacrylate (EGDMA). To
increase porosity and surface area, additional solvent is often added. Depending on
the actual reaction condition, polymers of different morphologies can be obtained.
After the polymerization, the template is removed by solvent extraction to give the
finished MIP.

Figure 3 illustrates the classical process of preparing MIP particles in test tubes.
The process is only feasible on a small laboratory scale and generates irregular
particles. Nevertheless, MIPs prepared by this classical process are still being used
for applications where their physical shape and particle size are not critical, for
example, for solid-phase extraction aiming at clarifying analytical samples [12]. In
other applications, it is more attractive to develop a synthetic process that is scalable
and can give well-defined MIPs in terms of physical shape and size distribution.

1. Template
2. Monomer
3. Initiator
4. Solvent

R

Fig. 3 A classical process for preparing MIP particles: / Dissolution of reagents in solvent
followed by crosslinking polymerization, 2 mechanical grinding, 3 solvent extraction to remove
the molecular template
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2.1 Building Blocks for Noncovalent Molecular Imprinting

The easy access to a large number of functional monomers and crosslinkers is part
of the reason that noncovalent molecular imprinting has become the most popular
approach. In Fig. 4 we list some commonly used functional monomers and
crosslinkers that are commercially available. Normally, for a given template the
functional monomers are selected based on their capability to form a strong
interaction with the template. One particular functional monomer is MAA, which
can act both as a hydrogen bond donor and as a hydrogen bond acceptor, or as a
negatively charged carboxyl ion to form a stable complex with different templates.
The methyl group appended to the vinyl carbon makes the C—C bond a poor
Michael acceptor, so that side reaction between MAA and templates containing
amino or thiol groups can be avoided. In the group of basic functional monomers,
4-vinylpyridine (4-Vpy) is frequently used for imprinting of acidic templates
because of its low cost and good solubility in common solvents.

Because most MIPs have a high crosslinking density, the main composition of a
finished MIP is contributed from the crosslinker. Therefore, the surface polarities
and chemical stabilities of MIPs are mainly determined by the crosslinker. The
common feature of crosslinkers is the presence of multiple polymerizable vinyl
groups in a single molecule. The ones that find frequent use in organic solvents are
EGDMA, divinylbenzene (DVB), and trimethanolpropane trimethacrylate (TRIM).
For preparation of hydrophilic MIPs, more water-soluble crosslinkers such as N,N'-
methylenebisacrylamide (MBA) and 1,4-bis(acryloyl)piperazine (BAP) can be used.

In addition to many commercially available functional monomers, functional
monomers designed to form strong interactions with special template structures have
also been reported. These “specialty” functional monomers are often inspired by
studies in the supramolecular chemistry area, where specific molecular interactions in
noncovalent molecular complexes are the main focus [13]. For the crosslinkers, the
distance between two adjacent polymerizable vinyl groups has great impact on the
rigidity of the MIP and its microporosity. All the crosslinkers shown in Fig. 4 have a
short spacer between the two adjacent vinyl groups and have been used to prepare
MIPs for small organic molecules. For larger templates such as proteins, it is often
necessary to use more spacers, for example, poly(ethylene glycol) dimethacrylate (1).
The combined use of flexible crosslinker and low crosslinking density can lead to soft,
gel-like MIPs that offer fast enough diffusion for protein to bind to imprinted sites [14].

The standard use of crosslinker is to ensure that functional groups providing
template binding are fixed in well-defined positions in a polymer network. For this
reason oftentimes the crosslinker is considered “inert” and barely contributes to
selective molecular binding. As in most MIP preparations the added crosslinker
counts for a large portion in the obtained MIPs; the nonspecific binding caused by this
part of the material cannot be overlooked. This problem leads to a dilemma of
balancing between binding specificity and capacity: whereas increasing crosslinking
density can improve specificity, it can lead to reduced capacity for the same MIP.
To solve this problem, Spivak and coworkers developed hybrid crosslinking



Synthetic Strategies in Molecular Imprinting 7

Functional monomer

CFs
OH OH OH
/\g/
o o
acrylic acid methacrylic acid triflucromethacrylic acid
HOOC\JJ\ NN COOH
COOH
/ COOH = k
COOH
4-vinylbenzoic acid itaconic acid A-vinylbenzyliminodiacetic acid
/B
7 N\ . N)
/ L )\n/ pa™ |\
o \
4-vinylpyridine 2-aminoethyl methacrylate 1-vinylimidazole

Crosslinker
0
o (o}
o NS
° o)
0
ethylene glycol dimethacrylate S
0
o

\

trimethylolpropane trimethacrylate

divinylbenzene H ]
\)LN AN Jk/
H H
=>_ ,,/_\, _<0_ N,N-methylenebisacrylamide

1,4-bis(acryloyl)piperazine

Fig. 4 Common functional monomers and crosslinkers used in noncovalent molecular imprinting
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monomers that contain template-binding functional groups [15]. This type of func-
tional-crosslinking monomers has brought an obvious improvement for noncovalent
MIPs. In particular, the hybrid monomer N, O-bismethacryloyl ethanolamine (NOBE)
has proven superior results for MIPs designed to bind carboxyl-containing templates.

0 0
0 N
OM v Yd
0
1 2

The reaction solvent used in noncovalent molecular imprinting affects not only
template-functional monomer complexation, but also surface polarity and pore
structure of the obtained MIPs. As noncovalent interactions such as hydrogen bonds
can be interrupted by polar solvents, noncovalent molecular imprinting is frequently
carried out in nonpolar organic solvents such as toluene, chloroform, and dichlo-
romethane. The use of organic solvent also incurs major limitations, such that the
obtained MIPs are normally very hydrophobic and display high nonspecific binding
when they are applied in an aqueous environment. To obtain water-compatible
MIPs, it is therefore necessary to consider synthesizing MIPs directly in water or in
water-miscible solvents. Here, noncovalent interactions other than simple hydrogen
bonds must be exploited, for example, the inclusion complexes formed between
nonpolar organic groups and cyclodextrin [16], and between cations and crown ether
[17, 18]. Imprinting of biological macromolecules (e.g., proteins) is mainly carried
out in aqueous solvent, where combined hydrogen bonds, ionic forces, and hydro-
phobic effects have been suggested to contribute to a positive imprinting effect.

Although imprinting solvent does not constitute the final polymer composition, it
influences the pore structure of MIPs from different length scales. The reason is that
formation of solid MIPs involves phase separation of the growing polymer chain from a
previously homogeneous monomer solution. Depending on at what reaction stage the
polymer forms a separated phase, the resulting solid material can have a very different
structure on the micro (¢ <2 nm), meso (¢ =2-50 nm), and macro domain (¢ > 50 nm).
It is generally accepted that phase separation is affected by the solubility parameters of
the polymer and the solvent, and also by the quantity of the added crosslinking
monomer. Despite some empirical guidelines, optimizing pore structure of MIPs
through adjusting reaction solvent still requires tedious trial-and-error experiments.

2.2 Classical Versus Controlled Radical Polymerization
Chemistry

Under most noncovalent imprinting conditions, free radicals do not react with
functional groups such as amino, carboxyl, hydroxyl, carbonyl, ester, or amide
groups that frequently occur in organic molecules. This functional group tolerance
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Initiation:

| —=I*
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Propagation:
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Termination:
I(M)nM* = (M)nM + [((M)nMM(M)nl

Fig. 5 Main process of classical free radical polymerization: initiation, propagation, and
termination. / and M represent the initiator and the monomer; [* and M* symbolize the
corresponding free radicals

is the reason for the broad use of free radical polymerization for MIP preparation.
Radical polymerization can be initiated by heat, photo irradiation, and occasionally
by a redox reaction. The chemical process is routinely used in the chemical industry
to synthesize commodity polymers. In general, the polymerization process involves
three steps: initiation, chain propagation, and termination (Fig. 5). In most classical
radical polymerization processes, radicals are generated continuously by heat or
photo homolysis, leading a slow initiation accompanied by fast chain propagation.
Due to the relatively high concentration of radicals, premature termination cannot
be avoided. This characteristic of radical polymerization leads to a very heteroge-
neous mixture of polymer chains of varying lengths; that is, the obtained polymer
product has a broad distribution of molecular weight. In the case of crosslinking
polymerization, it means an inhomogeneous network structure that is impossible to
control by adjusting the monomer feed. In addition, it is common that the functional
monomer and crosslinker used in an imprinting system have different radical
reactivity, which can cause nonstatistical distribution of functional groups in the
final polymer structure. Apart from these complications, abundant evidence sup-
ports that by using a template molecule, it is indeed feasible to tune the molecular
selectivity of crosslinked polymers.

In most noncovalent imprinting systems, the strength of template-functional
monomer interaction is moderate (with an experimental Kp of template—functional
monomer complex >107° M). Nevertheless, high affinity MIPs (with Kp < 10°M
for the template) are common in the literature. One possible reason for the sig-
nificant enhancement of affinity is that the growing polymer network develops
multidentate interactions with the template during the imprinting reaction. The
initially flexible chains of oligomers enable their sufficient conformational change
to maximize interaction with the template. The new initiator radicals generated later
are helpful for forming a more rigid 3D network around the template through
further crosslinking the remaining vinyl groups.
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Fig. 6 Simplified reaction mechanisms for the CRPs used in noncovalent molecular imprinting:
a ATRP, b RAFT polymerization, ¢ NMP. The initiation step is not shown

The lack of precise control over the classical radical polymerization process,
although offering a large number of successful MIPs, has attracted much research
interest in using more sophisticated polymer chemistry. Controlled (living) radical
polymerization (CRP) is a rapidly evolving advancement in modern polymer
chemistry [19]. The basic principle of CRP is to have all polymer chains grow at the
same pace until final termination is reached. To realize this, CRP comprises fast
radical initiation combined with a slow but simultaneous chain propagation, using
temporary capping agents to protect the propagating chain radicals and prevent
them from premature termination. As propagation takes place for all chains in
parallel, the final polymer product normally has a very narrow molecular weight
distribution. Three most important CRP chemistries have been exploited in
molecular imprinting: atom transfer radical polymerization (ATRP), reversible
addition-fragmentation chain transfer (RAFT) polymerization, and nitroxide-med-
iated polymerization (NMP) (Fig. 6). Among these CRPs, ATRP leaves easily
convertible functional groups on the MIP surface and makes further surface mod-
ification the most straightforward [20]. The disadvantage of ATRP is its low
functional group tolerance due to the involvement of metal catalyst and ligand.
Although NMP has good functional group tolerance, the polymerization requires a
high reaction temperature (>100 °C) to activate the dormant radicals, which makes
NMP a slow process and only applicable for some special template systems [21].
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RAFT polymerization, characterized by its good functional group tolerance and
giving convertible end-functional groups, can be considered the most suitable CRP
for noncovalent molecular imprinting [22].

Whether CRP alone can lead to better noncovalent MIPs remains open to debate.
Although some studies claim that a more homogeneous polymer structure (syn-
thesized using CRP) has resulted in improved MIP performance, the available
experimental data are limited and do not offer sufficient evidence. According to the
general CRP mechanism, the network rigidity of a MIP prepared by CRP remains
unchanged with monomer conversion. As a result, the fidelity of the imprinted sites
is already defined at the beginning of the imprinting reaction. If this is true, then the
classical, uncontrolled radical polymerization should produce better-defined
imprinted sites. The use of CRP for molecular imprinting appeared only a decade
ago, therefore the extent to which CRP can affect the quality of noncovalent MIPs
remains to be clarified. After all, CRP processes require (expensive) specialty
reagents and are in general slower than classical radical polymerization. Before
dramatic improvement of MIP performance is clearly demonstrated, the use of CRP
for MIP preparation will remain largely an academic interest. Nevertheless, the
“living” characteristic of CRP is useful for continuous grafting of polymer on a MIP
surface, and offers a convenient means for modifying a MIP surface to minimize
nonspecific binding under different solvent conditions [23]. The terminal functional
groups derived from the CRP reagents can also be used directly to conjugate MIPs
with other functional materials without involving an additional polymer layer [24].

When free radical polymerization is used, noncovalent molecular imprinting can
be considered a kinetically controlled process, as the crosslinked network, once
formed, does not change its 3D structure. The fidelity of imprinting depends on the
status of the template-functional monomer complex when the actual crosslinking
reaction is taking place. Apparently, any free functional monomer (not associated
with the template) that is being added to the polymer network does not contribute to
imprinting; it instead causes nonspecific binding of the MIP. Because the nonco-
valent template—functional monomer complex exists in an equilibrium with the free
template and free functional monomer, there are always free functional monomers
in the reaction system. In consequence, noncovalent MIPs always display some
level of nonspecific binding.

Thermodynamic control over the molecular imprinting process has been
attempted in some intriguing studies, where reversible polymerization—depoly-
merization reactions were exploited. The basic idea is to maximize the interaction of
the template with functional monomers and reversible polymer chains, the two
components that exist in equilibrium under one special condition. After a long
enough equilibration time, the reaction condition is altered to freeze the 3D
structure of the MIP. In this way it is hoped that the MIP can have a self-optimized
network structure to give optimal template recognition. This synthetic methodology
is similar to that used in dynamic combinatorial chemistry (DCC), where reversible
covalent bonds are employed to build up synthetic receptors (host molecules) for
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Fig. 7 Monomolecular imprinting inside dendrimers. Left pre-assembled dendrimer prior to
crosslinking of the peripheral vinyl groups. The porphyrin template is covalently attached to the
core. Right the finished dendrimer containing a single binding site for the porphyrin template
(reproduced with permission from Nature 2002, 418, 399. Copyright 2002 Nature Publishing
Group)

different guest molecules [25]. As prominent examples, Steinke and coworkers
synthesized enantioselective MIPs using ring-opening metathesis polymerization
[26], and Zimmerman and coworkers [27] synthesized monomolecularly imprinted
dendrimers using ring-closing metathesis polymerization (Fig. 7). In both cases the
reversible metathesis polymerization was suggested to allow the reaction systems to
approach a minimum energy status, thereby leading to self-optimized binding sites
in the crosslinked polymers. Because the existing examples used a semi-covalent
imprinting strategy, it still remains unclear how noncovalent MIPs can be improved
by using similar thermodynamic control.

2.3 Reaction Systems Offering MIPs with Controlled Formats

For preparation of MIPs, free radical polymerization can be carried out in both
homogeneous and heterogeneous systems. Because of the crosslinked structure,
most MIPs are obtained as solid particles at the end of the polymerization. In some
special cases, very small MIP particles (nanoparticles) can be synthesized and these
particles are sometimes considered “soluble” in the corresponding solvent. Here,
the distinction between homogeneous and heterogeneous systems is used to
describe the initial state of the molecular imprinting process: a homogeneous sys-
tem means that molecular imprinting starts from a homogeneous solution, whereas
a heterogeneous system involves more than one phase in the reactor.

The classical molecular imprinting process shown in Fig. 3 gives porous parti-
cles with irregular shapes and a broad size distribution. To make the MIP particles
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suitable for practical applications, it is often necessary to fractionate the particles
according to their sizes. This bulk polymerization method involves minimal reac-
tion parameters that need optimization, and is suitable for preparing a small quantity
of MIPs, for example, for analytical applications. The main drawback of this
method is its poor repeatability in terms of controlling particle shape and particle
size distribution, which are important when a large amount of MIP is needed. The
classical bulk polymerization method is still in use, particularly in miniaturized
reactors such as in capillary columns and nanochannels to give in situ prepared
MIPs [28]. In the past decade more research has shifted to the use of new poly-
merization techniques that are scalable and can offer MIPs with well-defined size
and formats.

2.3.1 Bulk Polymerization in Confined Spaces

By carrying out the classical bulk polymerization in miniaturized reactors, MIPs
can be prepared with a finished physical format defined by the small reactors. Early
examples are MIP-filled capillary columns that can be used to separate analytical
samples using capillary electrochromatography. To maintain sufficient liquid flow
through the column, it is important that the in situ prepared MIPs have a macro-
porous structure. The macroporous structure can be obtained by terminating the
polymerization before complete conversion of the monomers [29], or by using
special solvent conditions to affect the reaction-induced phase separation [30].

The first free-standing MIP monolith was reported by Yan and coworkers [31].
In this work, the authors first used a patterned poly(dimethylsiloxane) (PDMS)
stamp on silicon wafer to form microchannels, then polymerized MAA and EG-
DMA in the presence of 2,4-dichlorophenoxyacetic acid (2,4-D) as a template.
Because the elastomer PDMS stamp can be easily removed, it was straightforward
to prepare the well-defined MIP micromonoliths. The soft lithography method was
further developed by Haupt and coworkers using UV-initiated polymerization to
fabricate MIP patterns with submicrometer resolution. The MIP pattern showed
chiral selective recognition for a fluorescent analogue of the amino acid template,
Boc-L-Phe [32]. The soft lithography method for creating MIP arrays is attractive
for developing biomimetic sensors, particularly for analyzing complex samples
where response patterns from the arrays can be utilized to improve selectivity [33].

Compared to other microfabrication methods, nanoimprint lithography (NIL)
can generate MIP patterns with the smallest feature size. Because NIL uses more
chemically resistant stamp (made from silicon) than PDMS, the technique can be
used to pattern MIPs made from a large variety of monomer/solvent compositions.
The first example of NIL for MIP patterning was reported by Forchheimer et al.
[34] using propranolol as a template. The MIP pattern displayed clear chiral
selectivity when it was tested in radioligand binding assays (Fig. 8).
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Fig. 8 Fabrication of MIP nanostructures using reactive NIL and surface characterization. a A
monomer mixture containing the molecular template is deposited on a patterned stamp. b A
substrate is pressed against the stamp, causing the reaction mixture to fill up the empty space
defined by the stamp pattern. The monomers are polymerized by UV or thermal polymerization.
¢ Releasing the stamp (de-molding) furnishes a MIP pattern containing molecularly imprinted
binding sites. d SEM image of MIP pattern. e Uptake of chiral molecular probe ((S)-propranolol)
by different surfaces. The sample S-MIP was imprinted against (S)-propranolol, and displayed the
highest uptake for the template enantiomer

2.3.2 Grafting MIPs on Defined Structures

One straightforward approach to control the physical form of MIP is by grafting a
thin layer of imprinted polymer on predefined structures. If the thickness of the
grafted MIP layer is controlled to be low, the obtained composite material will have
a physical form similar to the original structural scafold. Two grafting chemistries
have been utilized: “grafting to” means that the initial radicals are generated in
solution, which react with surface-immobilized vinyl groups to allow the growing
polymers to be captured on the surface (Fig. 9a), and “grafting from” uses surface-
bound free radicals to initiate the imprinting polymerization (Fig. 9b, ¢) [35]. When
imprinting is carried out in dilute solution, the “grafting from” chemistry is more
suitable as it avoids the slow diffusion of oligomers/polymers before they reach the
structural scafold. Use of surface-immobilized iniferter to graft the MIP layer has
attracted great interest, as the iniferter can be conveniently fixed on the surface, and
the radical polymerization can be induced by simple UV irridation. The UV-
induced polymerization may be used to gain both temporal and spatial control over
the grafted MIP layer. Some well-defined MIP srtructures prepared by grafting
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Fig. 9 Surface modification of the structural scaffold for grafting of the MIP layer. a The
structural scaffold is first modified with a polymerizable vinyl group. b A free radical initiator. ¢ Or
an iniferter

polymerization are composite beads with well-defined core-shell structures [36-38],
micro- and nanochannels [39, 40], and periodic mesoporous organosilica [41].

2.3.3 Preparation of MIP Nanoparticles and Microspheres

Spherical MIP particles in the nano- and micrometer range can be synthesized
directly from low-molecular—weight building blocks. The imprinting reaction can be
carried out in both homogeneous and heterogeneous systems. For synthesis of MIP
nanoparticles, emulsion polymerization, miniemulsion polymerization, microemul-
sion polymerization, and precipitation polymerization can be utilized [42]. Each of
these techniques has its own advantage and disadvantage, so the choice is based on
the required particle size and uniformity of the MIP, and the compatibility of the
reaction condition with noncovalent molecular imprinting (Table 1). Classical
emulsion polymerization, miniemulsion polymerization, and microemulsion poly-
merization use water as the continuous phase, and special surface-active reagents to
assist maintaining a stable dispersed phase during the polymerization. The presence
of water and the surface-active reagents can interrupt hydrogen bond interactions
between most templates and functional monomers, therefore noncovalent MIP
nanoparticles synthesized by these techniques often have a lower template affinity
and selectivity than MIP particles obtained from bulk polymerization.

Despite the poor compatibility of water with most noncovalent imprinting sys-
tems, a number of interesting studies have exploited the surface-active reagents
(surfactants), so that the template constitutes part of the amphiphilic reagent and is
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Table 1 Reaction systems for synthesis of MIP nanoparticles

Reaction systems Use of surface- Location of Compatibility with
active reagent crosslinking noncovalent imprinting

reaction

Emulsion Yes In latex particles -

polymerization

Miniemulsion Yes In monomer -

polymerization droplets

Microemulsion Yes In monomer -

polymerization droplets

Precipitation No In latex particles +

polymerization

fixed on the surface of monomer droplets during the imprinting reaction. In this way
surface-imprinted sites are generated on the nanoparticles, allowing fast-binding
kinetics to be realized for the MIP nanoparticles [43—45].

Precipitation polymerization starts from a homogeneous solution of monomer in
a near ® solvent [46]. With the progress of the polymerization, the growing and
crosslinked polymer chains phase separates from the solvent to form colloidal
particles. The choice of reaction solvent is critical for obtaining uniform MIP
nanoparticles: the solvent should be a good solvent for the monomer but should be
a poor solvent for the polymer, so that the obtained polymer can phase-separate
from the solution in a controlled manner [47]. For noncovalent molecular
imprinting, acetonitrile is the most useful near ® solvent to prepare polymethac-
rylate-type nanoparticles. Because no interfering reagent is used, precipitation
polymerization is the most suitable process for preparing high-quality MIP nano-
particles (Fig. 10). Using solution NMR and dynamic light-scattering techniques,
Long et al. [48] have studied the dynamic process of particle nucleation and growth
during precipitation polymerization, and the impact of monomer conversion on the

(b) 251 (c)or
; 0.6
0.5 -
0.4
0.3 1
0.2
0.1
0.0 ‘i -4

Volume (%)
Bound / Total
3

0 200 400 600 00 05 10 15 20
Size (d, nm) Polymer conc. (mg/mL)

Fig. 10 Propranolol-imprinted poly(MAA-co-TRIM) nanoparticles. a SEM image. b Particle size
distribution measured by dynamic light scattering in acetonitrile. ¢ Binding of tritium-labeled (S)-
propranolol by the imprinted (filled triangle) and nonimprinted nanoparticles (black dot) in
acetonitrile containing 50 % buffer (from Ref. [47])
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molecular selectivity of the obtained MIP nanoparticles. This study brought new
insights to the molecular imprinting process: under well-controlled precipitation
polymerization conditions, particle nucleation occurs during the first reaction per-
iod, and in the second period the polymerization mainly contributes to increasing
intraparticle crosslinking. As no secondary nucleation takes place, it becomes
possible to synthesize hydrophilic core-shell MIP particles using a simple one-pot
reaction with sequential monomer addition [49].

MIP microspheres can be synthesized using suspension polymerization [50, 51],
precipitation polymerization [47], and seeded suspension polymerization [52]. To
avoid the interruption of the hydrogen bond by water, Mayes et al. used non-
aqueous suspension polymerization to prepare MIP microspheres [53, 54]. Using
seeded suspension polymerization, MIP microspheres with a narrow size distribu-
tion can be obtained, although the synthetic process is more complicated due to the
multistage swelling process. More recently, Ye and coworkers reported the use of
Pickering emulsion polymerization to synthesize MIP microspheres [55-57]. In
these Pickering emulsion systems, solid particles are used as stabilizers to replace
the surfactants used in conventional suspension polymerization. Because of the
high emulsion stability, the Pickering emulsion polymerization can be carried out
without agitation. In addition, by immobilizing a template on the surface of the
stabilizing particles, truly surface-exposed and water-compatible MIP microspheres
have been realized [58, 59]. Figure 11 shows the SEM images of some represen-
tative propranolol-imprinted microspheres prepared using the different polymeri-
zation methods.

2.4 MIPs as Building Blocks for Multifunctional Materials

Although preparation of MIPs often requires synthetic skills from organic and
polymer chemists, oftentimes the final application is in the hands of researchers in
analytical chemistry, enviromental science, biology, and medicine. Although for
different applications it is possible to design and synthsize specialized MIPs for
their intended use [60—63], it is in practice very inconvenient because the reaction
conditions for MIP synthesis, for example, the use of high temperature, organic
solvents, and protection gas, cannot be fulfilled. To solve this problem, one feasible
approach is to develop MIPs as modular building blocks that can be handled like
antibodies for different applications. In this respect MIP nanoparticles are partic-
ularly interesting, as they can be prepared in large quantity with high molecular
selectivity [64], and their small physical size allows the material to be easily
handled with standard liquid dispensers.

Compared to antibodies, MIP nanoparticles have significantly larger size that
makes them more difficult to be conjugated with other functional materials, or to be
integrated into functional devices. It is understandable that the coupling reaction
kinetics between nanoparticles is much slower than between small molecule
reagents. Nevertheless, the recent results have shown that it is indeed feasible to use
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Fig. 11 Propranolol-imprinted polymer microspheres prepared by a precipitation polymerization
(from Ref. [47]), b suspension polymerization in perfluorocarbon (from Ref. [54]), ¢ suspension
polymerization carried out in microfluidic reactor (from Ref. [51]), and d Pickering emulsion
polymerization (from Ref. [55])

modular MIP nanoparticles as antibody mimics in many interesting applications. In
the following examples, the common critical point is to maintain the intrinsic
molecular selectivity when the MIPs are combined with other functional materials.

One simple method to assemble MIP nanoparticles into a defined structure is by
using a polymer as an physical “adhesive”. Using this method, MIP nanoparticles
have been encapsulated into electrospun nanofibers to act as solid-phase extraction
material for analytical sample preparation and optical sensing (Fig. 12) [65-67].

Reimhult et al. [68] spin-coated MIP nanoparticles suspended in poly(ethylene
terephthalate) (PET) solution on a quartz crystal surface to obtain a stable QCM
sensor surface. In a more recent work, Hajizadeh et al. [69] used hydrogel polymer
to crosslink MIP nanoparticles under frozen condition and obtained macroporous
nanoparticle cryogels. The high molecular selectivity of the MIP nanoparticles
allowed the cryogel sponge to remove B-blockers from the biological sample with
high efficiency.
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Fig. 12 Encapsulation of MIP nanoparticles in nanofibers by electrospinning. The schematic
drawing to the left shows the basic electrospinning setup. The SEM images to the right show PET
nanofibers loaded with different amounts of MIP nanoparticles (from Ref. [66])

As mentioned earlier, MIP nanoparticles with well-defined core-shell structure
can be synthesized using one-pot precipitation polymerization [49]. Using the same
method, we introduced terminal alkynyl groups on the surface of propranolol-
imprinted nanoparticles [70], and used these “clickable” MIP nanoparticles as
building blocks to prepare magnetic composites [71] and multifunctional colloi-
dosomes [72]. In these examples, the interparticle conjugation was achieved by Cu
(I)-catalyzed 1,3-dipolar cycloaddition between organic azide and alkyne groups
(the CuAAC click chemistry; Fig. 13).
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Fig. 13 Synthesis of clickable MIP nanoparticles using propranolol (a) and 2,4-D (b) as the
templates. ¢ Conjugation of the two MIP particles using CuAAC click reaction
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Unmodified MIP nanoparticles can be linked to other materials or surfaces more
directly. Direct linkage between functional nanoobjects is important as it allows
more efficient transfer of electrons and photons, which are critical for chemical
sensing and energy conversion. To realize direct fixation of MIP nanoparticles on a
surface, we used photoactivated conjugation between an organic polymer and a
perfluorophenylazide (PFPA)-modified surface [73]. As the PFPA reagent can be
easily immobilized on a large variety of surfaces and the photoactivated nitriene can
react with all organic materials [74, 75], the photoconjugation method has a general
applicability for linking MIP nanoparticles with other functional materials. More
important, the high-efficiency click chemistry and photoconjugation method does
not affect the molecular recognition of the MIP building blocks.

3 Conclusions

After more than five decades of development, molecular imprinting in organic
polymers has proven a very reliable method for preparing synthetic materials with
predictable molecular selectivity. The high stability and relatively low synthetic cost
make MIPs ideal for a broad range of applications including affinity separation,
chemical sensing, catalysis, and controlled drug delivery. In addition, even in vivo
application of MIPs is being conceived and it will not be surprising to witness new
exciting results. The synthetic chemistry used in molecular imprinting has pro-
gressed significantly over the past years, resulting in new formats and unprecedented
functional performance of MIPs. Controlled (living) polymer chemistry, new het-
erophase polymerization process, click chemistry, and photocontrolled conjugation
have played important roles in making new MIP materials. Micro- and nanofabri-
cation of MIPs has become routine practice in many laboratories. Despite MIPs
having a long application history in nonaqueous media, truly water-compatible MIPs
are finding increasing applications in biology-related areas. With better under-
standing of basic molecular recognition in water, new insights into the molecular
details of the imprinting process, and exploitation of modern synthetic and polymer
chemistry, more MIPs are expected to act as qualified artificial antibodies in the
coming years.
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Abstract The development of in silico strategies for the study of the molecular
imprinting process and the properties of molecularly imprinted materials has been
driven by a growing awareness of the inherent complexity of these systems and
even by an increased awareness of the potential of these materials for use in a range
of application areas. Here we highlight the development of theoretical and com-
putational strategies that are contributing to an improved understanding of the
mechanisms underlying molecularly imprinted material synthesis and performance,
and even their rational design.
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1 Introduction

Recent years have seen a rapid increase in both fundamental studies of the
molecular imprinting process and in the number of areas in which molecularly
imprinted polymer (MIP)-based applications are being explored [1-9]. Major
driving forces for this development have been interested in the establishment of in
silico rational MIP design strategies, and the interest in tailoring polymers and their
formats for particular application areas. This has in turn increased interest in elu-
cidating the physical mechanisms underlying MIP formation and MIP-ligand
recognition. This necessitates knowledge of the molecular level events occurring in
pre-polymerization mixtures, the polymerization reactions, and of the factors
influencing polymer-ligand recognition. Ideally, such insights will lead not only to
better-performing polymers, but even to a better understanding of the origin of MIP
polyclonality and the often low yields of high-fidelity sites, and the relationship
between recognition properties and morphology.

While the molecular imprinting concept is at the surface eye-catching because of
its apparent simplicity, researchers have quickly become aware that the complexity
of the pre-polymerization mixtures, the heterogeneity of the polymeric recognition
sites, and the amorphous nature of the materials together made elucidating mech-
anisms a challenge. Initially, conclusions regarding the underlying mechanisms
were drawn from empirical studies, in particular of ligand-polymer recognition
characteristics.

The limits of computational tools for assessing molecularly imprinted poly-
merization systems led to the earliest attempts to model the molecular imprinting
process being based upon the use of thermodynamic models [10—14]. An interesting
and relatively recent contribution to the literature in this area reported stochastic
simulations being used to study the interaction of pre-polymerization mixture
components [15]. Here, monomer-template binding affinities were used in a sto-
chastic algorithm [16] to position the monomer and template units in a lattice
matrix. Subsequently, the cross-linker was added, the template removed and the
binding sites analyzed for heterogeneity. This modelling resulted in simulated MIPs
that display the same trends as MIPs formed under the corresponding imprinting
conditions.

The rapid increase in computing power that has taken place over the past decade,
and the concurrent establishment of new and improved software, has made the use
of simulations based upon mathematical descriptions realizable. Computational
techniques can today be used to investigate both polymer performance and intimate
aspects of the molecular imprinting process per se. Currently, a broad range of
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computational techniques is being used in the study of various aspects of the
molecular imprinting [17]. These techniques span from statistical treatments to
quantum mechanical simulations. Here we provide a brief background on the use of
computational methodologies in the study of molecular imprinting, and we present
the state-of-the-art in terms of the types of computational methodologies currently
in use. In particular, we address the use of computational means for studying
electronic structure and molecular dynamics (MD), and we provide a brief pre-
sentation of the use of statistical methods in the study of molecular imprinted
polymer systems.

2 Electronic Structure Methods

Computational methods for the study of electronic structure have become
increasingly more common in aspects of the design and evaluation of MIPs. This
class of methods includes semi-empirical, ab initio, and density functional strate-
gies. In most cases, these methods and basis sets have been developed with the aim
of describing a system to a high degree of accuracy, while at a reasonable com-
putational cost. As these methods, in contrast to less sophisticated models and to
other theoretical approaches, are able to describe the electronic structure, they
generally yield considerably better representations of non-covalent interactions
present in the system under study. In most studies these methods have been used to
describe interactions present in pre-polymerization mixtures, in particular aiming to
investigate the interaction between the template molecule and candidate functional
monomers. In some studies, however, their use was extended beyond the pre-
polymerization mixture, e.g, where these techniques have also been applied to the
evaluation of recognition and rebinding of templates to MIPs.

As stated, the most common application of electronic structure methods in the
design of MIPs is in the determination of putative complexes between templates
and monomers. Examples of this strategy include the use of the semi-empirical
AMI1 method for the calculation of a complex between (S)-nilvadipine and
4-vinylpyridine (4VP) [18], the optimization of a complex between 2,4,6-trichlo-
rophenol and four molecules of 4VP [19], and the PM3 method for describing two
complexes formed between (S)-naproxen and one or two molecules of acrylamide,
respectively [20]. This strategy was employed in conjunction with density func-
tional methods by Pietrzyk et al. [21] to model a complex between melamine and
three functional monomer molecules on a B3LYP/3-21G(d) level of theory. The
B3LYP functional was also used by Demircelik et al. [22] with a 6-31G(d,p) basis
set, and by Riahi et al. [23], with a 6-311+G(d,p) basis set, for the modelling of
template-monomer complexes; the latter study also included the effect of solvent
using a polarizable continuum model (PCM). In PCM calculations, the effect of the
solvent is approximated by placing the system in a cavity with a surface that is
polarizable according to the dielectric constant of the modelled solvent.
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More recently, Holdsworth et al. [24] have demonstrated that the binding
energies calculated by the AM1 method for complexes of a cocaine molecule and
1-14 molecules of either methacrylic acid (MAA) or 4VP could be used to guide
optimization of the polymerization mixture composition (template—functional
monomer ratio). The proposed optimal template and functional monomer rela-
tionship was subsequently validated both by NMR and rebinding studies on a series
of synthesized MIPs, thus confirming the viability of this computational approach.

A number of examples of MIP-design based upon electronic structure techniques
have been presented over recent years. The use of binding energies obtained from
calculations on complexes between the template and a set of different functional
monomers has become a more frequently used strategy for choosing functional
monomers. This approach was adopted by Lulinski et al. [25] in the design of a
dopamine-imprinted polymer system using a PM3 level of theory. Similarly, an
AML1 level of theory was used to design a MIP selective for N,O-dibenzylcarbamate
[26], as was the case for studies using theophylline as template [27] in conjunction
with the more sophisticated B3LYP/6-31+G**//B3LYP/3-21G level of theory.
Other adaptions of this strategy include work by Gholivand et al. [28], using HF/6-
31G(d) calculations in the design of a furosemide-imprinted polymer, by Alizadeh
[29] for developing a pyridoxime-imprinted polymer using B3LYP/6-31G calcu-
lations, by Yao et al. [30], using MP2/6-31++G(d) calculations on an aniline
template system, and by Li et al. [31], who chose functional monomers for a
polymer system imprinted with chlorophenols based on results from B3LYP/6-31G
(d,p) calculations. In a similar study by Kowalska et al. [32], the interactions of
harmane various functional monomers were investigated using B3LYP/6-31G(d,p)
calculations.

The design of a polymer system imprinted with nicotinamide was undertaken
using a broad range of calculations, e.g., different density functional methods and
MP2 in combination with different basis sets, by Del Sole et al. [33]. This strategy
was also used by Azenha et al. [34] in the design of a silicate-based polymer
selective for f-damascenone, in this case using HF and B3LYP in combination with
different basis sets.

A growing number of other examples can be found in the literature, including
the calculations of the structures of the complexes formed between a series of
compounds and two molecules of MAA [35]. In this case, the structural parameters
obtained by AM1 calculations could be correlated to the results of experimental
data in the form of chromatographic studies. In a study by Lai and Feng [36],
molecular geometries of buffer acids and bases optimized on the AM1-level were
related to the metformin template binding in the respective media using an assumed
mechanism for competitive binding. Moreover, Wu et al. [37] were able to dem-
onstrate a relationship between experimentally determined capacity factors and the
binding energies found by MP2/6-31G//HF/6-31G and PM3 calculations of com-
plexes of various functional monomer-templates.

A number of other noteworthy examples include the use of B3LYP/6-311+G**//
B3LYP/6-31G* and including solvent effects in the energy calculations of com-
plexes in the pre-polymerization mixture of Difieiro et al. [38, 39]. Here, the authors
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were able to rationally select both the functional monomer and porogen for the
successful preparation of a homovanillic acid-imprinted polymer. An extended
strategy for optimization of both functional monomer and solvent was presented by
Dong et al. [40], who complemented B3LYP/6-31G(d) calculations with a pre-
ceding step in which candidate systems were chosen using MD simulations (see
later).

Electronic structure methods have also been used for cases where a template that
differs from the target structure of the MIP is used. These methods can also assist in
the choice of the template itself. One example of such a study, published in 2005 by
Rathbone et al. [41], concerned the design of a MIP-based mimic of cytochrome
CYP2D6. Here, the templates to be imprinted were chosen on the basis of super-
position studies of a series of PM3-optimized candidate molecule geometries on
known CYP2D6 substrates with the selected templates.

Quantum chemical calculations have also been used in the design of an ester
hydrolysis-catalyzing polymer based on PM3 calculations. These calculations
provided support for the hypothesis that the template used in the MIP synthesis is a
mimic of the transition state of the reaction to be catalyzed [42]. Finally, using a
very different approach, Voshell and Gagné [43] used HF/6-31G* and AMI
computational studies to determine the conformational rigidity of a dendritic system
used in the imprinting of BINOL. Based on these results, a more rigid dendrimer
structure was identified that afforded enhanced enantioselectivity and decreased
binding site heterogeneity.

A significant limitation in the application of electronic structure methods to MIP
systems is the difficulty in handling the large numbers of atoms necessary to provide a
comprehensive picture of the pre-polymerization or polymer system. One particular
complication appears to be the problems that can arise from the lack of an explicit
solvent [44, 45]. For electronic structure methods, the inclusion of a reasonable
number of solvent molecules makes the calculation rather time- consuming; as a
result, solvent effects are often omitted completely. However, methods such as PCM
provide the possibility of including solvent effects without the inclusion of explicit
solvent molecules [46]. Nonetheless, the validity of this assumption appears limited
in light of a recent report [44]. The method was recently applied by Wu et al. [47], in
an MP2/6-311+G*//B3LYP/6-311G* study of the pre-polymerization mixture of a
nicotinamide imprinted polymer. It was shown that the model works well for pre-
dicting the influence of different solvents on the retention and selectivity character-
istics of the polymer, as long as the solvent itself is aprotic. A significant limitation of
the PCM method is that not all solvents can be modelled adequately due to the
inability of the PCM method to include the effect of hydrogen bonds to solvent
molecules, which compete with the hydrogen bonds formed between the template
and functional monomers. This was also exemplified by Liu et al. [48], who used a
B3LYP/6-31+G(d,p) level of theory in which the solvation energies obtained using
PCM were compared to the energies’ template-solvent molecule interactions. An
alternative strategy for using solvation energies obtained from B3LYP/6-31+G(d,p)
including a PCM model, was demonstrated by Dong et al. [49]. Here, the solvation
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energies of template and functional monomer molecules in various solvents were
directly used as a measure of potential competition for interactions from the solvent.

The use of electronic structure methods in the evaluation of a given MIP has
been demonstrated by Wang et al. [50]. Based on the optimized geometries and
Mulliken charges calculated for a series of substrates using B3LYP/6-311G**, they
were able to suggest a recognition mechanism explaining the selectivity of an
N-(4-isopropylphenyl)-N'-butyleneurea imprinted polymer towards such com-
pounds. Jacob et al. [51] were able to propose a model for the interaction between
polymer and template using both ab initio and density functional theory (DFT)
methods in combination with different basis sets. Similarly, by using PM3 calcu-
lations of template-monomer interactions, Wu and Li [52] could explain the failure
of the imprinting of picolinamide in an MAA-based polymer. They subsequently
developed a Cu(Ill) complex-based system that did show selectivity for the
imprinted compound. The system has also been extended to the recognition of small
organic acids [53].

Christoforidis et al. [54] investigated the mode of interaction of semiquinone
radicals with an imprinted polymer that was elucidated using a series of B3ALYP and
MP2 calculations in connection with electron spin echo envelope modulation
(ESEEM) spectroscopy. A detailed study on the mechanism of theophylline-
polymer recognition was published by Che et al. [55], who had used B3LYP/6-31G
(d,p) calculations in combination with 2D IR-spectroscopy.

Of potential importance for many of the new thin film- and surface-based
applications of MIPs are computational studies describing adsorption to surfaces.
For example, correlations have been found between the PM3-level calculated
molecular volume and the adsorption coefficient of bile acids on a film of over-
oxidized polypyrrole imprinted with sodium taurocholate [56]. In another study,
Mukawa et al. [57] were able to explain the relative selectivities of a polymer
synthesized using allyl phenyl disulfide towards phenol and the template analogue
thiophenol. In this study, the different strengths of the hydrogen bonds being
formed between polymer and ligand were calculated on the HF/6-31G* level of
theory. A variation on this theme was used by Meng et al. [58] in the design of a
MIP-based transesterification catalyst. Here, the calculation of the AM1 energies
was used to examine the various functional monomers under study by probing their
interaction with putative reaction intermediates.

To date, only one report has been published where modelling of the properties of
an imprinted polymer has been undertaken using electronic structure calculations
[59]. Here, the initial step involved PM3-based calculations to model the pre-
polymerization complex of nicotinamide or iso—nicotinamide with MAA as func-
tional monomer. In a second step, the spatial positions of the functional monomers
were fixed and the template molecule removed from the system, thus creating a
model for the binding site without the cross-linked polymeric backbone. Finally, a
strong correlation with the experimental retention factors of the respective MIPs
was observed upon comparison of the interaction energies calculated for a series of
substrates with this binding site model.
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A notable study is that of Tada et al. [60], who developed an Rh-amine complex
imprinted silicate system that displayed shape-selectively in catalysis of hydroge-
nation reactions. PWC/DNP calculations were conducted on the complexation of
the metal center and both the imprinted and catalytically active species were
characterized by using these calculations in conjunction with a series of experi-
mental studies.

In summary, recent years have seen an increase in the number of researchers
using quantum chemical calculations to address various aspects of MIP science and
technology. These approaches have been used primarily for studying interactions in
the pre-polymerization mixture, even for explaining recognition phenomena in the
finished polymer. Nonetheless, most studies have been focused on single aspects of
the process of designing, synthesizing or testing of a system, and the impact on MIP
research has so far been rather limited. With the development of refined compu-
tational techniques and improved availability of computational power, however, the
impact of electronic structure-based calculations can be expected to increase.

3 Molecular Dynamics Simulations

Although there are now many reported protocols describing the successful devel-
opment of selective MIPs, these protocols typically involve many variables and
steps that ideally should be optimized in terms of MIP-template recognition char-
acteristics when translating to other templates. Among these variables, it is gen-
erally accepted that the choice of the stoichiometry of polymer components as well
as the temperature and pressure during synthesis are factors of major importance
[61-63]. With this in mind, the use of in silico techniques for better understanding
or optimizing these factors should afford savings in terms of time and cost for MIP
production.

A rapidly emerging tool for this task is MD, a computational, force-field-based
technique [64]—in particular, its use for simulating and allowing predictions of the
nature of the ensemble of non-covalent complexes that are formed between polymer
components in a MIP pre-polymerization mixture. Since the pioneering work of
Alder and Wainwright in 1957 on the simulation of gaseous argon [65], simulations
have progressed such that they nowadays allow for the study of multiple simulta-
neously interacting atoms. Among the great number of force-fields that exist and
that are routinely being used for the study of biomolecules as well as small organic
molecules are, for example, AMBER [66], GAFF [67], CHARMM [68], OPLS [69]
and GROMOS [70, 71].

Owing to the accuracy of such force-fields, MD simulations have been used to
study protein folding [72, 73], conformational changes of DNA [74, 75], orientation
of phospholipids in bilayer membranes [76, 77], active transport of drug molecules
across membranes [78], physical characteristics of solvents [79] and surfaces [80,
81], as well as biomolecular interactions [82—-84].
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It is today commonly accepted that the origin of the predetermined recognition
in MIPs can be correlated back to the nature and strength of functional monomer-
template complexes that are established at the pre-polymerization stage [1, 14,
85-87]. Accordingly, work over the years has been predominantly focused on the
development of protocols that can suggest which functional monomer has the
highest affinity for the template. The first MD-based protocol with the aim of
selecting the best binding functional monomer(s) was reported in 2001 by Piletsky
and colleagues [88]. Here, Piletsky and his group developed an approach that was
based on a virtual library comprised of a total of 20 different monomers that were
screened against one enantiomer of the template ephedrine. In a follow-up work by
the group, in order to investigate how the choice of solvent (porogen) and mono-
mers affects functional monomer-template complexation during the pre-polymeri-
zation stage, Piletsky and co-workers [88] used a simulated annealing approach to
generate low-energy ensembles of ephedrine that was solvated with multiple copies
of functional-, cross-linking monomers and explicit solvent molecules. Using this
strategy, they later prepared MIPs that have been targeting a series of drugs and
pharmaceutically interesting compounds such as simazine [89], cocaine, methadone
and morphine [90, 91], creatinine [92], biotin [93], and the cyanobacterial toxin
microcystin-LR [94, 95]. It is noteworthy that in the case of microcystin-LR, the use
of their approach led to a MIP that demonstrated recognition characteristics similar
to those demonstrated by antibodies.

Later, similar strategies utilizing virtual libraries of monomers have been
developed by other researchers. Wei et al. [96] imprinted 17-estradiol after sim-
ulating either a monomer-template pair or a single template molecule solvated with
eight functional monomers to incorporate also the effect of monomer dimerization
on the degree of template complexation. In both these cases, each 17B-estradiol was
surrounded by explicit non-polar porogen molecules (acetone or chloroform). The
selection of the “best binding” monomer here was made from a virtual library
comprised of a total of nine different functional monomers. Here, the use of an MD-
based computational screening approach to find the optimal functional monomer
suggested that MAA, methacrylamide and 2-(diethylamino)ethyl methacrylate
showed the strongest hydrogen bonding interactions to the selected template, with
results in accordance with parallel experimental MIP-template batch rebinding
studies.

To investigate the impact of the growing polymer chain during polymerization
on the stability of functional monomer-template complexation, studies have been
performed in which homo- and co-polymeric chains of functional monomers have
been used in the search for the optimal monomer. Pavel and Lagowski [97, 98]
reported on a strategy where they computed potential energy differences for a series
of functional monomer-template complexes. The binding energies were calculated
after simulating an ensemble of functional monomers in the absence or presence of
the template. Secondly, the effect of polymer chain growth on complex stability was
investigated instead, using linear homo- and co-polymer chains. In this, using the
target theophylline and a series of structural analogues, they demonstrated that the
use of itaconic acid or ethylene dimethacrylate (EDMA) resulted in the best binding
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MIP. Later, Pavel and team [99] also reported on the successful virtual screening of
a number of warfare agents. These studies were made in order to investigate the
character of the non-covalent interactions dictating functional monomer-template
complexation. Results from these investigations pointed to the importance of
electrostatic interactions as well as the presence of carboxylic and vinyl groups on
the functional monomers to drive template complexation.

To study the stability of the complex formed between the template, 2.4-
dichlorophenoxyacetic acid and the functional monomer 4VP which is believed to
be stoichiometric of type 1:1, Molinelli et al. [100] reported a series of studies
inserting a pre-minimized complex that was explicitly solvated by either chloroform
or water molecules. From using different starting geometries in the different sol-
vents, hydrogen bond interaction in chloroform and n—m stacking interaction in
water, the authors proposed mechanisms to explain the nature of the interactions
involved during the pre-polymerization stage as well as during MIP rebinding in
aqueous solution.

To develop this strategy further, Monti et al. [101] showed the great potential in
using a combination of MD, molecular mechanics (MM), docking and site mapping
for obtaining the best functional monomer binding to the template theophylline.
Here, the authors demonstrated the presence of a “molecular memory” and a
MIP-template selectivity in agreement with experimental data.

In order to investigate the selective adsorption properties of a dimethoate MIP,
Lv et al. [102] used a series of simulations to predict the binding energies for a
series of homo-polymers and the template. Results from these studies, later sup-
ported by chromatographic evaluations, suggested that a homo-polymer built up by
butyl methacrylate demonstrated the most selective binding to the template.

Interestingly, MD has also been used to shed light on functional-monomer-
template complex stabilities for MIPs prepared in formats other than bulk poly-
merization, the most commonly used strategy. To investigate the stability of
functional monomer-template complexation during pre-polymerization in surface
imprinting, Yoshida et al. [103] used simulations to make predictions regarding the
stability of functional monomer-template complexation. The corresponding MIP
was prepared to demonstrate chiral recognition for tryptophan methyl ester using
phenyl phosphonic acid monododecyl ester (n-DDP) as recognition site-members in
a water-in-oil emulsion. By studying the dynamics of a single complex (2:1
functional monomer:template stoichiometry), initially in vacuum and later in a
toluene-water interface, the authors suggested that the imprinting effect in the
prepared MIP was based on the stability of the n-DDP-tryptophan methyl ester
complexes formed in the emulsion. In a further development in this field, Toorisaka
and co-workers [104] reported on the stability of a complex formed at a water-
toluene interface comprised of a cobalt ion, one molecule of alkyl imidazole, and a
substrate analogue, No-t-Boc-L-histidine, thus forming a key part in the active site
in a catalytic MIP.

The large number of atoms typically present in a MIP pre-polymerization
mixture often limits the use of quantum mechanics (QM) for the elucidation of
monomer-template binding energies on account of the sheer amount of
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computational time that would be required. However, some examples have
appeared in the literature where QM has been integrated in the screening process,
but with various simplifications being made. Dong et al. [40] reported an MD
approach based on a combination of MM and QM for the virtual library screening
of the best functional monomer to be used in the imprinting of the herbicide
acetochlor. In their approach, the authors initially used a series of MD simulation
steps representing a single functional monomer-template complex, surrounded by
explicit porogen (either acetonitrile, chloroform or carbon tetrachloride). A measure
of the stability of the complex was obtained through calculation of the potential
energy for the formed complex using an MM force-field. Secondly, complex
energies were computed using DFT and a 6-31G(d) basis set. The presence of an
implicit solvent model was, however, computed using a polarizable continuum
field. Based on the accuracy obtained from these computations, the top three
functional monomers were selected and later used for the imprinting of acetochlor.
Notably, this strategy for mixing MM/QM has been found to be successful and also
used for the imprinting of rthodamine B [105] and sulfadimidine [106].

Importantly, as already discussed, the diverse nature of the non-covalent inter-
actions that are formed at the pre-polymerization stage makes it necessary to
account for all interactions, and not only those formed between functional monomer
and the template, to make successful predictions on MIP-template recognition
characteristics. To investigate the influence of template and monomer dimerization
on final MIP-template recognition, studies on, for example, nicotine dimerization
during the pre-polymerization stage helped to explain the unusual behavior
observed in final MIP-template rebinding [107, 108]. Notably, in 1999, Katz and
Davis [109] proposed that the binding capacity of a MIP that had been imprinted
with phenylalanine anilide in either chloroform or acetonitrile originated from the
strong degree of template dimerization occurring at the pre-polymerization stage.
Recently, the basis of the formation and extent of phenylalanine anilide dimer-
ization previously studied by Katz and Davis was further investigated by Olsson
et al. [110] using MD.

To study the impact of functional monomer dimerization on MIP-ephedrine
recognition, Ansell and co-workers demonstrated NMR-spectroscopic support for
the importance of an all-component treatment of the pre-polymerization mixture
[111-113].

To approach a more realistic representation of the “actual” pre-polymerization
mixture, a series of efforts has been made towards mimicking the actual pre-
polymerization mixture where large multiples of components are present in the
stoichiometric ratios representative to the ones being used in typical MIP prepa-
ration protocols. O’Mahony et al. [44] used a number of MD simulations to study
functional monomer-naproxen complexation and especially the effect of template
dimerization on MIP performance. Although these mixtures did not include the
initiator, extracted data from simulations suggested not only a high degree of 4VP-
naproxen complexation, but also that the cross-linking agent EDMA was found to
contribute to the high degree of selectivity demonstrated by the MIP. On the same
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theme, the role of template dimerization on final MIP performance was also
reported by O’Mahony et al. for imprinting of quercetin using 4VP as functional
monomer [114]. In this example, results revealed the formation of sheet-like
structures of quercetin-4VP complexes with stabilities typically independent of the
concentration of EDMA used. Recently, O’Mahony and colleagues have developed
a 4-VP-based MIP that was imprinted with hydroquinone and capable of extracting
the endocrine disruptor Bisphenol-A from milk [115]. In this case, however, the
group used a novel approach in which the template’s capacity to dimerize (through
hydrogen bonding) to later facilitate the formation of imprints for binding the target,
Bisphenol-A, through a predicted 2:1 functional monomer-target complex.

By also including the initiator and multiple templates in correct stoichiometries
to represent an actual pre-polymerization system, Karlsson et al. [45] were able to
present a comprehensive investigation of all non-covalent interactions taking place
in a bupivacaine imprinting procedure. Interestingly, the authors reported both a
correlation between results obtained from a series of NMR spectroscopic studies on
monomer-template complex stability and simulated data, and also the origin of the
recognition-site heterogeneity frequently demonstrated in MIPs (see Fig. 1). This
binding-site heterogeneity and possible consequences for polymer morphology and
template rebinding in bupivacaine MIPs was later also investigated by Golker et al.
[116, 117]. Here, the authors performed a large number of MD simulations and
physical characterizations of polymer morphologies and template rebinding
capacities using different polymer compositions (increasing molar fraction of the
functional monomer MAA). Correlations between the nature and extent of the non-
covalent interactions present at the pre-polymerization stage and the final polymer
performance could be made. The success in using MD-based approaches for pre-
dicting MIP-template rebinding performance prompted a recently reported study to
investigate the role of the cross-linking monomer (EDMA or TRIM) in (S)-pro-
pranolol MIPs [118]. This type of use of MD in the study of MIPS was further
extended in an investigation of the role of n—m stacking interactions for establishing
molecular memory in MIPs imprinted with polychlorinated benzenes such as 1,2,3-
trichlorobenzene [119].

Up to this point in time, most MD-based studies aimed at predicting MIP
recognition behavior have been focused on the interactions taking place during the
pre-polymerization stage, i.e., prior to polymer formation. To eliminate the prob-
lems related to simulating the polymerization process, which requires a QM
treatment of the simulated mixture, and the difficulties in obtaining information on
polymer micro- and macrostructure due to heterogeneity, some interesting recent
attempts have been made to model imprints in the final MIP through building rough
models of chains of polymer.

To better understand the origin to the molecular memory in MIPs and to dem-
onstrate the importance of pores on MIP-template recognition, Srebnik and col-
leagues [120-122] performed a series of MD studies to investigate the mechanisms to
the imprinting effect. To shed light on the influence of pore formation, Youngermann
and Srebnik [123] investigated factors contributing to binding-site imperfections
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Fig. 1 The strategy used for all-component MD simulations, here for a bupivacaine MIP pre-
polymerization mixture [115]. a The system is constructed using all the components used in the
MIP synthesis and in the same stoichiometry as the synthesis. For small molecule templates, at
least 10 template structures are generally used. Randomized initially packing geometries are used
[110]. b After a series of energy minimization steps and equilibration, first at NVT and then at
NPT, the collection of production-phase data is undertaken (for small organic templates, typically
5-10 ns production-phase at NVT, and generally >5 systems run in parallel). ¢ Study of the
interactions of the components in the pre-polymerization mixture is performed by examining the
trajectories of all the components in the system over the production-phase, e.g., using radial
distribution functions and hydrogen bond analyses. The prevalence of a given type of component
around a particular element is illustrated using 3D grid density analyses

leading to the recognition-site heterogeneity using a series of coarse-grained MD
simulations. Through topological analyses of a modelled cross-linked polymer net-
work, before and after template removal, they suggested that the typically low yield
of imprints (10-15 %) was a result of the quality of generated pores. They also
proposed that when considering both the size and shape of the template, the best
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performing MIP should have a high degree of cross-linkage (90 %) and that the low
quality of the imprints induced by the templates resulted from the aggregation of
template during the pre-polymerization stage.

Finally, to shed further light on the physical characteristics of the MIP matrix,
MD simulations have also been used to study the role of the solvent during template
rebinding as well as to simulate the dynamics of the final MIP. In a study by Zhao
et al. [124], a cubic model of a MIP was built to represent a hydrogel network. This
model polymer matrix was studied in the presence of the template, cholesterol, and
the dynamics of this polymeric hydrogel as well as its interactions with explicit
solvent molecules were evaluated. The authors modelled this highly cross-linked
infinite polymer network based on a dummy cube inserting various numbers of
single polymeric chains of poly-methacrylic acid. Results obtained from their
simulations and subsequent analyses of the dynamics of the polymer and its
interactions with surrounding water molecules revealed a highly ordered structure
of water solvating the hydrogel. From these observations they concluded that by
adjusting the amount of carboxyl groups incorporated in the polymer matrix, they
could control the water structure and thereby the diffusion of water through the
polymer. The authors found a good correlation between experimental template
(cholesterol) diffusion data as compared with results obtained by simulation. In
subsequent work by the same group, the effect of charge on the functional
monomers positioned in a cubic methacrylate-based MIP model was investigated
through artificially changing the charge of the carboxylic acid functionalities
incorporated in the cubic lattice [125]. Results from these studies suggest that the
diffusion of the target molecule cholesterol was not affected by the polymer network
structure, and the authors notably concluded that the recognition process is solely
governed by the mesh size of the network. Interestingly, the authors also suggested
that the effect of increasing charge in the system resulted in an enhanced polymeric
structure.

Xerogels have been the subject of another recent study, where the role of adding
polyethylene glycol (PEG) for tuning the porosity of the final polymeric material
was explored by Azeha et al. using MD simulations [126]. They also examined the
sol-gel phase separation of the various components present in the damascenone
imprinted xerogel pre-gelification stage. Results presented suggested that the
presence of PEG in these mixtures had an adverse effect on template-functional
monomer association and hence no improvement in the imprinting effect of
damascenone was proposed—which was shown to be in accordance with experi-
mental findings. Notably, the addition of PEG had no effect on the interactions
related to the network structuring, and the authors proposed that the PEG molecules
were pushed out into the aqueous-methanolic sol-phase when added to the pre-
gelification mixture.

Taken together, the examples provided above clearly illustrate that MD-based
studies can provide valuable insights into pre-polymerization systems in particular,
but even into physical characteristics of the final MIP matrix.
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4 Multivariate Statistical Analyses

The application of mathematical and statistical methods to chemical data is a dis-
cipline within computational science referred to as chemometrics [127-129]; its
development has led to improved or simplified selection of optimal experimental
parameters as well as the extraction of significant information generated from
multivariate data analysis. It is important to note that in the field of chemometrics it
is recommended to use an experimental design, in which the factors are system-
atically and simultaneously varied. Through experimental design, a minimal
number of experiments can be used in order to extract a maximal amount of
information. In essence, the concept involves changing all relevant factors simul-
taneously over a series of planned experiments and then interpreting the results
using mathematical models. Traditionally, the different experimental design
methods applied to the analysis of different aspects of MIP systems are considered
to be fractional factorial [130-135], full factorial [136-140], central composite
[134, 137, 138, 140, 141], Box-Behnken [142] and Doehlert [132, 133, 135, 139,
143]. The fundamental differences between these designs are that they differ in
terms of how factors are varied and the number of experiments required. The
experimental designs discussed above may be schematically illustrated, as shown in
Fig. 2. There are no limitations, other than practical, in terms of the number of
factors that can be used in an experimental design. Full and fractional designs are
primarily used if the objective of the study is screening, and Box-Behnken and
Doehlert are used for surface modelling while central composite design is an
extension of the factorial designs intended for both optimization and surface
modelling. The molecular imprinting literature includes a growing number of
papers and even a range of different chemometric methods. We provide below a
short description of the different uses to highlight the potential of these methods.

Within the field of molecular imprinting, the synthesis of MIPs, as well as
rebinding of the template to the MIP, are good examples of experimental endeavors
that may be addressed using chemometric approaches. Examples of factors that can
be varied when working with MIPs include the types and amounts of monomer,
template, cross-linker, porogen and initiator. Other factors that can be of relevance
can include polymerization temperature, the ratio of the various reaction mixture
components (stoichiometry), and the ligand recognition or rebinding environment.
Chemometric strategies can be a powerful complement to traditional MIP analysis,
which is generally univariate in nature, i.e., first one parameter is optimized and
then that value is used to optimize the next parameter. By using the univariate
approach, the optimum found could be false. Even so, only a few efforts have been
reported on the use of chemometrics in the optimization of the MIP binding
parameters [132-135, 139-142, 144-147], and in the optimization of polymer
composition [130, 131, 136-138, 143, 148, 149].

A number of statistical methods are available for the analysis of experimental
data. A quite common example is analysis of variance (ANOVA) that is used to
analyze observations that depend on the variation of one or more factors. However,



Theoretical and Computational Strategies ... 39

Fig. 2 Schematic illustration (a) (b)
of the experimental designs
used in the analysis of MIPs.
The controlled variables in the
studies are called factors and
could be, for example, the
amount of functional
monomer, cross-linker and
porogen. Points represent
(d)

experimental runs of a three-
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as ANOVA is a univariate method, it cannot take into account the covariance of
different variables. Principal component analysis (PCA) is used in the classification
of data. The principle by which PCA functions is to find the so-called principal
components (PCs). The various PCs are graphically represented by vectors, where
the first PC approximates the maximum variance direction in the data. The second
PC is chosen so that it is orthogonal to the first PC and approximates the second
maximum variance direction, and so forth. Through the identification of the PCs
describing most of the variation, patterns in the data may be revealed as well as the
factors that have the most influence on the variance. Different methods used in
multivariate calibration of data include partial least squares regression (PLSR),
principal component regression (PCR), and multiple linear regression (MLR) [127].
The major differences between these calibration methods are found in how they
handle covariance. If the variables are independent, MLR is the preferred regression
method, while PCR and PLSR handle covariance better.

Another method used to calibrate data is artificial neural network (ANN) con-
struction [150]. The neural network is comprised of different layers and it functions
as an associative memory by using experimental data to program itself. The input
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layer receives input data, the hidden layer performs processing and transformation
of the input data and the output layer processes the final results [17]. Numerical
values, known as weights, are assigned to the connections between nodes of the
various layers. These express the relative strength of the input data. The commonly
used “back-propagation of error” algorithm is a supervised learning method used in
ANN, meaning that it requires both the input and output to be known in advance.
The weights are adjusted accordingly with respect to the error, which is calculated
from the difference between the actual and predicted values.

The optimization of the composition of MIPs has been combined with different
chemometric approaches in several papers. For example, PLSR was used to analyze
a first order model for the composition of a bisphenol A-imprinted polymer [130].
By varying the amount of template, monomer (MAA or 4VP), cross-linker [EDMA
or trimethylpropane trimethacrylate (TRIM)], initiator (2,2'-azobis(isobutyronitrile,
AIBN), porogenic solvent (tetrahydrofuran, chloroform, toluene or acetonitrile) and
the polymerization method (thermal or UV), mini-MIPs were prepared and eval-
vated through rebinding experiments in acetonitrile. After identification of the
polymer composition that yielded the maximum specific binding, it was prepared
on a larger scale in order to validate the prediction power of the model. It is
important to note that validation is a critical step in the optimization process,
although in this work it had its weakness in that only one part of the model (the
optimum) was validated. The screening and evaluation of a small library of small-
scale piroxicam-imprinted polymers was performed by Navarro-Villoslada and
Takeuchi [131]. They did this by using a fractional factorial design for polymer
compositions, and varying the amount of monomer (4VP), cross-linker (EDMA,
TRIM, divinylbenzene or bisphenol A dimethacrylate), template (piroxicam), ini-
tiator (AIBN), porogenic solvent (acetonitrile), and polymerization method (thermal
or UV). A first order calibration curve was used for the fitting of the experimental
data and for cross-validation.

A central composite design was used by Kempe and Kempe [137] in another
approach for the optimization of polymer composition—in this case for propran-
olol-imprinted polymer beads. They used the regression method MLR to analyze
the variable factors: amount of monomer (MAA), cross-linker (TRIM), and poro-
genic solvent (acetonitrile). Propranolol rebinding was measured by a binding assay
and the resulting quadratic model was validated. Davis et al. concluded in another
paper that difficulties arise when using commonly used protocols when introducing
new templates into molecular imprinting [136]. Consequently, they proposed a
chemometric approach for the design of a polymer imprinted with sulfamethazine.
They based their experimental study on an HPLC multi-analyte competition re-
binding assay. A three-level full factorial design was used for the experimental
setup, and a quadratic regression model containing squared terms was used for data
fitting. Two factors [amount of monomer (MAA) and cross-linker (EDMA)] were
considered. ANOVA was subsequently used for validating the model.

It is important to note that a chemometrics-based approach to polymer compo-
sition optimization provides no guarantee of finding the optimal MIP design.
A general problem in this regard is evident in cases when the optimum is found in a
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corner of the experimental region [130, 131, 136, 143, 148, 149]. In such cases,
extension of the experimental region until a local optimum can clearly be seen as
important in order to allow the drawing of more conclusions regarding MIP design.

Parameter analysis with respect to ligand rebinding to a MIP offers further
opportunities for the optimization of molecular imprinting systems. One of the
strengths of chemometrics is that the analysis methods can handle a great number of
variables while also selecting the most important ones. Baggiani et al.used the semi-
empirical quantum-chemical method AM1 for geometry optimization of the mol-
ecules studied and, on the basis of the optimized structures, molecular descriptors
were calculated and used as variables in the chemometric methods [144]. The
thermally polymerized pentachlorophenol MIP was comprised of 4VP as the
functional monomer and EDMA as the cross-linking monomers, respectively. An
analysis of the correlation of HPLC column selectivity with molecular descriptors
was performed with PCA and PCR. The results obtained in this study showed that
the pentachlorophenol-imprinted polymer demonstrates a pattern of selectivity
towards several related phenols, and which steric and electronic molecular
descriptors could be used to explain the selectivity. In another study, the binding of
bupivacaine to imprinted polymers in different solvent mixtures and at various
temperatures using equilibrium binding studies was investigated by Rosengren et al.
[145]. By using PLSR, it was shown that binding could be described in terms of
temperature and dielectric constant following a third-degree equation with cross-
terms. The models developed in this work were validated using independent
binding data obtained with a separate batch of polymers. Moreover, the complexity
of the relationship highlighted the necessity for a robust validation process when
building models.

The rebinding of chloroguaiacol to a MIP by utilizing a flow pre-concentration
system coupled to amperometric detection was the subject of a study by Tarley
et al. [132]. A fractional factorial design was initially used to establish an experi-
ment for the study of the influence of the mobile phase physical properties (pH,
flow rate, KCI concentration, elution flow rate and eluent volume). Analysis of
these factors identified those most important with respect to rebinding. A Doehlert
design yielded a quadratic model with cross terms and was used for the final
optimization of the rebinding with the most important factors (pH and KCI
concentration).

Nantasenamat et al. used literature data as the basis for a similar approach [146,
151]. They applied ANN to correlate imprinting factors from diverse published
HPLC studies with molecular descriptors and mobile phase compositions [152].
The mobile phase descriptors were measured (pH and ionic strength) or taken from
the literature (dielectric constant). Back-propagation of error algorithm was then
used to calculate the model. The data-set was subsequently divided into two groups
that were analyzed separately. Interestingly, one group consisted of data from
uniformly sized MIPs and the other consisted of data from irregularly sized MIPs.

An interesting contribution to the literature involved the use of a stochastic
simulation to examine the interaction between the components present in the pre-
polymerization mixture [15]. Here, monomer-template binding affinities were used
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in a stochastic algorithm [16] to position the monomer and template units in a lattice
matrix. Subsequently, the cross-linker was added, the template removed, and the
binding sites analyzed for heterogeneity. This modelling resulted in simulated MIPs
that display the same trends as the MIPs formed under the corresponding imprinting
conditions.

5 Conclusions and Future Perspectives

Recent years have witnessed exceptional growth in the number of studies using
computational and theoretical techniques for describing, predicting and analyzing
molecular imprinting systems. In many respects, the improvements in the acces-
sibility of computational power and software have helped drive the development of
MIP science and technology. As we can anticipate further improvements in com-
puter hardware and software technologies, it is reasonable to assume that this trend
will continue, and new, as well as barely addressed aspects of molecular imprinting,
e.g., the investigation of relationships between morphology and polymer compo-
sition, may be studied, and steps taking us closer to truly rationally designed MIPs
will be demonstrated.
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Characterization of the Binding Properties
of Molecularly Imprinted Polymers

Richard J. Ansell

Abstract The defining characteristic of the binding sites of any particular molecu-
larly imprinted material is heterogeneity: that is, they are not all identical. None-
theless, it is useful to study their fundamental binding properties, and to obtain
average properties. In particular, it has been instructive to compare the binding
properties of imprinted and non-imprinted materials. This chapter begins by con-
sidering the origins of this site heterogeneity. Next, the properties of interest of
imprinted binding sites are described in brief: affinity, selectivity, and kinetics. The
binding/adsorption isotherm, the graph of concentration of analyte bound to a MIP
versus concentration of free analyte at equilibrium, over a range of total concentra-
tions, is described in some detail. Following this, the techniques for studying the
imprinted sites are described (batch-binding assays, radioligand binding assays, zonal
chromatography, frontal chromatography, calorimetry, and others). Thereafter,
the parameters that influence affinity, selectivity and kinetics are discussed (solvent,
modifiers of organic solvents, pH of aqueous solvents, temperature). Finally, math-
ematical attempts to fit the adsorption isotherms for imprinted materials, so as to
obtain information about the range of binding affinities characterizing the imprinted
sites, are summarized.

Keywords Batch binding - Binding isotherms - Binding site heterogeneity -
Chromatographic analysis - Selectivity
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1 Properties of Molecularly Imprinted Binding Sites

The defining characteristic of molecularly imprinted binding sites is heterogeneity:
that is, they are not all identical (in the manner of monoclonal antibodies, or synthetic
receptors such as crown ethers), but differ in the exact spatial arrangement of func-
tional groups, the access to the site, the polarity of the immediate environment, etc.
Thus, they are more analogous to polyclonal antibodies, where different sequences
give different structures at the antigen binding sites. In the case of non-covalently
imprinted materials, much of this heterogeneity arises from the fact that the monomer-
template interactions are governed by equilibria such that a range of monomer-
template complexes, along with free, uncomplexed monomers, are present in the pre-
polymerization mixture (Fig. la), and this diversity is preserved in the macromo-
lecular material after polymerization (Fig. 1b). Processing of the material (e.g., by
grinding and sieving), removal of the template, and exchange of the polymerization
solvent with a different solvent to study the binding properties, can all lead to further
heterogeneity by damaging binding sites, sites collapsing on template removal, and
locally variable swelling/collapse of the polymer in a different solvent (Fig. 1c).
The binding site heterogeneity is usually acknowledged, at least insofar as
authors discuss “specific” and “non-specific” binding to imprinted materials. At the
simplest level, we might consider sites arising from any form of monomer-template
complex in the pre-polymerization mixture (i—vi in Fig. 1) to be “specific”: these are
expected to have a higher affinity for the template (and similar structures), and to be
more selective in not binding dissimilar ones (due to “the precise arrangement of
the functional groups” and “shape selectivity”). Sites arising from free, non-com-
plexed monomer in the pre-polymerization mixture (vii and viii in Fig. 1) are
proposed to give “non-specific” sites: these are expected to have lower affinity for
the template and to bind other species indiscriminately, just as a polymer with
randomly arranged functional monomer (e.g., a non-imprinted polymer, prepared in
the absence of template) would be expected to behave. However, while this
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(a)

Fig. 1 Two-dimensional cartoon representation of the origins of heterogeneity in molecularly
imprinted binding sites. a The species present in the pre-polymerization equilibria. Gray shape
represents the template, black triangles represent monomer. Cross-linker not shown, for clarity. The
template has three distinct sites to interact with monomer and a 2:1 ratio of monomer:template is
shown. i and ii are 1:1 complexes, iii is a 1:1 complex but with a different form of monomer-template
interaction, iv and v are 2:1 complexes, vi is a 3:1 complex, vii and viii are free uncomplexed
monomer. b The structure post-polymerization. Previously equivalent structures i and ii have yielded
different binding sites due to different outer-sphere interactions, i.e., different polymer backbone
conformation, and different site accessibility. Likewise, iv and v, and vii and viii. ¢ The structure after
polymer processing, template removal, and solvent exchange. Site i has collapsed after template
removal. Sites iv and vi have been damaged by polymer fracturing (and generated two new weak and
non-selective sites: ix and x). All sites have been modified by the swelling of the polymer

simplistic dichotomy between “specific sites” and “non-specific sites” (or
“imprinted sites” and “non-imprinted sites”) can be useful, it certainly does not
capture the full picture, which is of a continuous spectrum of sites from weaker
binding, less selective, to stronger binding, more selective.
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The diversity of species in the pre-polymerization mixture will be even greater
than suggested in Fig. 1a if there is more than one type of monomer present, or if
the monomer or the template are capable of interactions with the cross-linker, or if
“clusters” of template are present [1—4]. The thesis that the pre-polymerization
species (Fig. la) are precisely replicated in the polymerized material (Fig. 1b) is
probably naive, several studies having suggested that these structures change during
the course of polymerization [5]; however, the broader principle that diversity is
preserved or enhanced is certainly valid (e.g., due to the polymeric chains being
folded in different ways around different sites, “outer sphere” interactions for each
site will be different).

Although the model in Fig. 1 particularly illustrates the case for non-covalent
imprinting of organic monomers, which polymerize into cross-linked chains, the
principle is applicable to all forms of imprinting:

e Stoichiometric non-covalent/covalent/semi-covalent/metal-mediated imprinting.
Although these strategies all involve entirely (or almost entirely) 1:1 complexes
of monomer and template, such that there are (in theory) no free monomers, nor
any 2:1 or higher complexes, diversity will still be generated due to the different
“outer-sphere” interactions in the polymerized material, different site accessi-
bility, plus changes due to site damage in polymer processing, site collapse, and
swelling/collapse of the polymer after solvent exchange.

e Sol-gel imprinting. The monomeric species may form more than one covalent
bond with the cross-linker, the cross-linker may be multivalent, and the poly-
merization ionic rather than free-radical, but the principles of Fig. 1 remain. The
cross-linked gel is an amorphous material, even if it is inorganic, without
crystalline form, so the structure is just as heterogeneous.

e Surface imprinting. The 2-dimensional nature of Fig. 1 demonstrates clearly
how the same principles will apply in imprinting in 2-dimensions on a surface.
When the monomer-template interaction is non-covalent, a range of monomer-
template complexes will be present initially. If the imprinting is done on a
homogeneous surface and the monomers form a monolayer, then the difference
in “outer-sphere” environments of the binding sites will certainly be limited.
However, even with stoichiometric monomer-template interactions and a
monolayer approach, there will still be differences in the exact orientation of
functional groups on the surface and defects in the structure.

e Pre-polymer imprinting. Polymer chains can be “fixed” in the presence of a
template by phase-inversion precipitation [6] or solvent evaporation [7]; the
chains are cross-linked physically, but not chemically. These approaches are
closely related to “bioimprinting” in proteins whose structure is “frozen” by
lyophilization or chemical cross-linking in the presence of a template [8]. A
range of structures will be present initially as the template interacts with the
linear polymer, and the heterogeneity of folded structures formed during pre-
cipitation will be no less than when the polymer chains cross-link covalently.

A great deal of effort has been invested in reducing the heterogeneity of the pre-
polymerization mixture for non-covalent imprinting as represented in Fig. 1a, by
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studying the monomer-template equilibria to optimize the monomer-template ratio
[9], by choosing/creating new monomers such that the monomer-template inter-
action is as strong as possible [10-15], and at the simplest level by choosing a
solvent in which the interactions are strongest. However, diversity in the binding
sites cannot be avoided, for the same reasons that it is present even in covalent
imprinting.

For some applications, some binding site diversity (for example, a range of
different binding site affinities) may be useful [16]; however, in most applications it
is considered a hindrance (e.g., in zonal chromatography, where it leads to the
tailing of chromatographic peaks and consequently poor column efficiency and
resolution), and it is perceived by the wider scientific community as a limitation.
Certainly, in order to design imprinted materials for specific applications, it is
essential to have an understanding of the binding site heterogeneity and how it
arises.

When characterizing the binding properties, there are three properties of par-
ticular interest:

e Binding site affinity. The binding/unbinding of analyte to/from the imprinted
binding sites can be represented as an equilibrium:

free analyte + binding site & bound analyte (1)

where K, is the association constant (in mol ™! L), and if all sites are identical, then
K, might be expressed as

oun 1
K, — —bound __ 2)
Nempty X F Kd

where K, is the dissociation constant (in mol Lfl), Npound 1S the mols of bound
analyte, F is the concentration of free analyte in solution (in mol L_l) and ey 1S
the mols of empty binding sites. Unfortunately, because the binding sites are not
equivalent (as outlined above), each site (in the same material) will have a different
K,. The quotient (Mpound/(fempty X F)) will change even as the total amount of
analyte changes. Moreover, the number of empty binding sites is not a parameter
that can be readily measured, hence the calculation of association constants for a
MIP polymer is not straightforward (see Sects. 2 and 5). Instead, the binding under
a specified set of conditions is usually expressed simply as 7poung, Or as % bound
(Mbound/Manatyte X 100 %, where nanaiyee is the total mols of analyte present in the
experiment), or as a distribution ratio D (in L gfl)

B und /M,
D=2 _ Npo d/ MIP (3)
F nfree/V
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where B is the concentration of bound analyte (in mol gfl), Mynp 1s the mass of
MIP polymer (in g), V is the volume of solution in which the material is incubated
and 7. 1s the amount of free analyte in solution (in mol) such that

Nanalyte = Mbound + Nfree (4)

e Binding site selectivity. The presence of “imprinted sites” is usually verified by
comparing an imprinted polymer with one made under the same conditions but
in the absence of template (the non-imprinted polymer, NIP). One commonly
calculated parameter is the imprinting factor, IF, best defined as the ratio of the
distribution ratio for a particular analyte, under a particular set of conditions, on
the imprinted polymer, to the distribution ratio for the same analyte, under
identical conditions, on the NIP:

IF — Dvip  Bwip/ Fuiip __ Mbound MIP [ Rfree MIP (5)

Dnxip Bnip/FNip - Mbound NIP/ Pfree NIP

where the volume V is the same for the MIP as for the NIP, and Myp is the same as
Muyip. The IF should have a value greater than 1; the higher the value, the greater the
difference between the imprinted and non-imprinted case. It is important to bear in
mind, however, that the NIP may bind less analyte than the MIP because monomer
self-association occurs to a higher extent in the NIP and reduces the number of free
functional groups. Moreover, Baggiani et al. [17] have suggested that when opti-
mizing MIP composition, the MIP with the highest affinity and selectivity towards
its template usually corresponds to a NIP that binds the template strongly too.
Hence, a high IF may not be the best indicator of a useful MIP: comparing the
binding of the template-analyte to a MIP with the binding of the template-analyte to
a polymer imprinted with a different template may be a better measure of successful
imprinting. Further, a high IF does not prove that the “imprinted sites” are selective.
In order to demonstrate this, the rebinding of the template (or the target analyte, if
different) to the MIP must be compared with the binding of a competitor, again
under identical conditions:

o o Danalyle,MIP - Banalyte,MIP/Fanalyle.MIP (6)
competitor] — -
D competitor] , MIP B competitor],MIP / F competitorl , MIP

The selectivity factor, o, should have a value greater than 1, and high values of a
for a range of competitors provide evidence of selectivity.

e Binding/unbinding kinetics. The binding/rebinding process can be represented as

free analyte + binding site—bound analyte (7)
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where the rate constant k; (in mol ! L s™') is such that

dnbuund
et ki X Rempyy X F (8)

The unbinding process is represented as
bound analyteﬁfree analyte + binding site 9)

where the rate constant k_; (in s~ ') is such that

dnemply _ _ dnpound —k
dr dr

—1 X Npound (10)

from which it follows that, under conditions of dynamic equilibrium

k_1 X Npouna = k1 X Nempty X F (11)
and so
n k 1
Npound :—1=Ka:— (12)
Nempty x F k*l Kd

Unfortunately, just as every different site on the imprinted material has a dif-
ferent association constant K,, so it will also have different on (k) and off (k_,) rate
constants. Nonetheless, under a specific set of conditions it is possible to measure
effective constants, K,’,k;" and k_,’. The rate constants for binding and unbinding
on a MIP may be considered to be governed by mass transfer—that is, the transfer
between the solution phase and the solid phase. This can be quite slow, because of
the need for analyte to diffuse through the (albeit usually porous) solid material.
Kinetics are usually faster for surface-imprinted and thin-film-imprinted materials
than for monolithic materials, or particles where the binding sites are in the interior.

2 The Binding/Adsorption Isotherm

2.1 Collecting Experimental Data

Although the binding of analyte is frequently reported as npoung, % bound or
D under a single set of conditions, this is a poor way to characterize MIP binding.
Each of these values will vary, even for the same combination of polymer, analyte
and solvent, if 7,p,1ye, V O Myprp are changed. This will effect both the binding to
MIP and to a control polymer, and binding of competitors, such that IF and o will
also change with ngnaye, V and Myyp [18, 19]. Moreover, comparison between
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different MIPs is extremely difficult if binding is only recorded under a single set of
conditions. Both Allender et al. [20] and Horvai et al. [18, 19] have blamed the
common use of single-point characterization for the confusion of many researchers
from other fields when approaching the molecular imprinting literature.

According to both of these groups (and the current author), a far more useful
way to characterize analyte binding is to measure/calculate values of the bound
concentration B and free concentration F for a fixed amount of polymer and range
of concentrations of added analyte: the graph of B versus F yields a binding
isotherm as illustrated in Fig. 2. This can be achieved in various ways, the simplest
being to vary ngnaiy While V and Myyp are kept constant; then, once equilibrium is
achieved, measure F and calculate B. This method is commonly referred to as a
batch-binding or batch-rebinding assay—it and other methods to derive the iso-
therm are discussed in Sect. 3. Using B = npouna/Mmip and Eq. 4, B can be cal-
culated from 7,pa1y¢e and F:

B — Nanalyte — Nfree _ Nanalyte _ Vv « F (13)
Myip My Mwip

The data points may be connected by curves as shown in Fig. 2, either empir-
ically or based on a particular model of the type of binding sites present, as dis-
cussed in Sect. 2.2. “Isotherm” refers to the temperature being kept constant:
binding will change with temperature, so it is important that all measurements are
made at a constant temperature (and that the temperature is reported), just as it is
important that the solution conditions (solvent, buffer, pH, etc.) are also the same
for all points on the experimental isotherm.

150 1
8 MIP
® NIP
2 100 1
=]
E
=
@ 50 4

0 100 200 300 400 500
F(uM)

Fig. 2 A typical standard equilibrium bound (nmol/mg)/free (uM) isotherm for a molecularly
imprinted polymer (MIP) and a control non-imprinted polymer (NIP). In this example, the data
describe binding isotherms for a propranolol-imprinted poly(ethyleneglycoldimethacrylate-co-
methacrylic acid) MIP and its corresponding NIP. Polymers were prepared by precipitation
polymerization [21]. Figure reproduced with permission from [20]
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The experimental isotherm should ideally be derived from as many measure-
ments, covering as wide a range of n,qa1y¢e as possible. The isotherm for a MIP is
not expected to be linear; rather, it usually flattens off at high F, as in Fig. 2. This
indicates saturation: all of the binding sites on the MIP are occupied so that B can
increase no further, even if more analyte is added to the solution. The curvature of
the binding isotherm can only be properly visualized if a wide enough range of
concentration is studied.

Commonly, binding to a NIP (made under identical conditions and with identical
constitution to the MIP except for the absence of the template molecule) is used as
an indicator of non-specific binding (although this model is slightly naive, as dis-
cussed in Sect. 1). The NIP is considered to possess functional groups randomly
arranged on its surface, and these interact with the analyte and cause it to bind to
some extent, although (hopefully) more weakly than it does to the MIP. The dif-
ference in binding to the MIP and the NIP is attributed to specific binding, i.e., the
additional binding that occurs due to the presence of selective imprinted sites. For
applications where selectivity for the analyte is important, efforts are usually made
to maximize the specific binding, i.e., the difference between the MIP and the non-
imprinted control.

For consistency and ease of comparison, it is important that the isotherm is
indeed expressed as a plot of B versus F. Other representations (e.g., with % bound
OF 7lpouna ON the y-axis, and/or with the total concentration of analyte 7,paiyie/V, or
just m on the x-axis) are less useful for direct comparison, and unhelpful if
parameters such as Myyp or V are not given. Whereas F may indeed be similar to
the total concentration of analyte when the % bound is very small (because binding
is extremely weak and/or because My p is small compared to the amount of ana-
lyte), these quantities will be different when % bound increases, and the visuali-
zation of B versus F'is far more useful than B versus total concentration, as we shall
see below.

One benefit of expressing the isotherm as B versus F and fitting data to an
empirical curve is that we can draw, on the same graph, a straight line to represent
the range of possible values for B and F, given particular values of nanarye, V and
Myyp [20]. This “line of ligand conservation” is simply Eq. 13, and its y-intercept is
the limiting value of B if all the analyte binds while its x-intercept is the limiting
value of F if none of the analyte binds.

For example, Fig. 3 combines the isotherm with two straight lines representing
different combinations of 7,paryie, V and Myp. Where the straight line intersects, the
empirical isotherm gives the expected values of B and F under these conditions.
Under the theoretical conditions of Experiment 1, the MIP is expected to give
B ~ 92 nmol mg™ ' and F ~ 110 pmol dm ™ and the NIP B ~ 52 nmol g~' and
F ~ 195 pmol dm™>. These values correspond to D for the MIP ~ 0.84 mL mg ™"
and for the NIP ~ 0.27 mL mg~"', giving an IF of ~3.1.

Under the theoretical conditions of Experiment 2 (in Fig. 3), where napany(c is much
higher than in Experiment 1, the MIP is expected to give B ~ 128 nmol mg~' and
F ~ 410 umol dm ™ and the NIP B ~ 110 nmol g~ ' and F ~ 420 pmol dm . These
values correspond to D for the MIP ~ 0.31 mL mg " and for the NIP ~ 0.26 mL mg ",
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Fig. 3 An example of how distribution ratio (D) and imprinting factor (/F) are influenced by
experimental parameters of ligand concentration, incubation volume, and polymer mass. In
Experiment 1, 0.5 ml of 300 uM ligand and 1 mg of polymer results in an IF of 3.1, whereas in
Experiment 2, for 1 mg of the same MIP and NIP, a larger volume (10 ml) of 450 uM ligand
solution gives an IF of 1.2. Figure reproduced with permission from [20]

giving an imprinting factor of ~1.2. Thus, the model described in Fig. 3 helps
illustrate and explain how, as 71,n,1ytc increases relative to Myyp:

® yound iNCreases, but due to the curvature of the MIP isotherm, not as rapidly as
Manalyte- HeENCE

® Dyp, falls, while

e Dyyp does not change so much, because the isotherm for the NIP is more linear.
Hence

e [F decreases.

Therefore, to obtain a good IF in single-point experiments, measurements are
usually made with a very low ratio of n,na1y(c t0 Myip- However, this may not reflect
the conditions under which the MIP is intended to be used in a real application.

2.2 Fitting the Experimental Data to a Model

Where sufficient data points are collected and the errors are shown to be sufficiently
low, data points on the binding isotherm may be fitted to a curve that can be either
empirically based, or based on a theoretical model of the number of binding sites
and their binding affinities. In Fig. 2, the isotherm is fitted to an arbitrary expo-
nential function B = 129.7(1 — e %0135,
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When the flattening of the curve at high values of F'is clear, as it is in Fig. 2, it is
possible to measure two empirical parameters B/, , which is the value of B when all
of the binding sites are occupied and must usually be extrapolated, and K, which is
the value of F (free analyte concentration) at which B = 0.5 x B/ .. From Fig. 2,

values are obtained of B, = 130 nmol mg~' and K} = 61 uM. Allender et al.
[20] have suggested that B . and K| should be used commonly as a measure of the
affinity of a MIP, and they have conducted a meta-analysis of data on 47 MIPs from
various publications between 2004 and 2008, which suggests that B . values
commonly range between ~1 nmol and ~1 pmol per mg of polymer, while K}
values commonly range between ~1 uM and 8§ mM.

In order to understand the imprinting process better and improve the future
design of MIPs, researchers have fitted MIP adsorption isotherms to various the-
oretical models of the number of binding sites and their binding affinities (for a
review, see [22]). The features of the models used are summarized in Table 1.

The simplest (and most optimistic) model used has been the Langmuir isotherm,
which assumes that all binding sites are identical, with a binding (association)
constant K, and dissociation constant K4 = 1/K,. From the equation in Table 1, it
may be seen that when F' = Ky then B = 0.5 X B,,x. Thus the empirical constants
B, and K}, described above are interpreted, in the Langmuir model, as the density
of binding sites and the dissociation constant of those sites. Experimental values of
B/F may be fitted to the isotherm using graph-fitting software; for example, Fig. 4
shows data for caffeine binding to a caffeine-imprinted polymer fitted to the
Langmuir isotherm using OriginPro™. Values are obtained from the data fit of
Buax = (47 £ 1) nmol mg ™" and K4 = (2650 £ 140) uM.

Prior to the availability of simple graph-fitting software, various approaches
were used in which the Langmuir isotherm was linearized, to give a straight-line
equation where y and x correspond to combinations of B and F. Best known of these

Table 1 Models used to fit experimental MIP adsorption isotherms

Model Equation Classes of sites Linearises Saturates
name
Langmuir | B = FKX*’i";x One, homogeneous Yes Yes
d
Bis- B = By DxBnao Two No Yes
. dl " T
Langmuir
Tri- — FxByya | FXBywo | FXBma | Three No Yes
. B Kai+F + Kop+F + Koz +F
Langmuir
Freundlich |B=A x F" Continuous Yes No
distribution—infinite
number of v weak
sites decaying to few
v strong ones
Langmuir- |B = B"er:i:;r Gaussian distribution | Yes, but Yes
Freundlich with clear maximum | requires

estimation
of B max
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Fig. 4 Experimental B—F data for a caffeine-imprinted MIP determined by radioassay using the
binding of '*C-caffeine probe [23]. Assays performed in 1 mL volume of heptane/THF (3:1 v/v)
using 8 mg of MIP and varying amounts of unlabelled caffeine. Data fitted to Langmuir isotherm
using OriginPro™. Inset magnifies data at low F

is the Scatchard plot, where B/F is plotted against B. The Langmuir equation can be
rearranged to show

B 1 B
—=——XxB+—= (14)
F Ky Ky
Hence, a plot of B/F against B should be a straight line with gradient —1/K; and
y-intercept Bp./Kq4. Figure 5 shows the corresponding representation of the same
data as in Fig. 4:

Fig. 5 Scatchard plot for 0.204
binding data for a caffeine- I
imprinted MIP determined by a
radioassay using the binding 0.16+
of *C-caffeine probe, same —
conditions as Fig. 4 [23] g; 0.124
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The data do not fit a straight line, confirming the inappropriateness of the
Langmuir model in this case. However, it does appear (and is frequently observed
with MIPs) that the Scatchard plot could be fitted with two separate straight lines—
one line passing through the 7 points at lowest B values, and another through the 3
points at highest B values. This approach is often taken, with the gradients and
intercepts of the two lines being used to derive two sets of B, and K4 values—one
attributed to “strong” binding sites and the other to “weak” binding sites. However,
this yields poor estimates of the parameters (see Ref. [24]).

The bi-Langmuir isotherm (Table 1) is a model with two classes of binding sites
(one with By, and Ky, the other with Bj,,x» and Ky,). This expression cannot be
linearized in any combination of B and F, but non-linear graph-fitting software can
be used to fit data. It was used initially by Mosbach et al. to fit isotherms obtained in
MIP radioligand binding assays [25, 26] and has been very widely applied ever
since (e.g., [27-30]). Figure 6 shows the same data as in Fig. 4, fitted to the bi-
Langmuir isotherm: the fit is much better, particularly at low F values. The fitted
parameters are Bp,.x; = (1.09 = 0.16) nmol mg71 and Ky4; = (30.4 £ 10.9) uM,
Bumax> = (48.8 + 0.4) nmol mg ™" and Ky, = (3220 + 90) uM.

The bi-Langmuir model is appealing, as it corresponds neatly to the simplistic
picture of specific, imprinted sites (the stronger binding sites, of which there are but
a few, in this case described by Bj.x1and Ky;), and the non-specific, non-imprinted
sites (the weaker sites, of which there are relatively many, in this case described by
Baxoand Ky,). Variations such as tri- (Table 1) and tetra-Langmuir isotherms can
be created by adding third and fourth terms to the equation, describing additional
classes of sites; however, it is important to acknowledge that adding additional
parameters will inherently improve the fit between any model and data, and the
inclusion of these additional parameters is only justified if the improvement in the
fit is statistically significant as proven, for instance, by use of an F-test [22].

Models with two, three or even more classes of sites remain an oversimplifi-
cation of the real situation in most cases, where there is likely to be a broad range of

Fig. 6 Experimental B—F 354
data for a caffeine-imprinted 1
MIP as in Fig. 4 [23]. Data 304

fitted to bi-Langmuir isotherm
using OriginPro™. Inset
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binding sites, each with slightly different conformations of functional groups and
slightly different arrangements of polymeric chains, so that a more-or-less contin-
uous range of binding sites with varying Ky values is more realistic.

An isotherm model that allows for a continuous range of binding sites with
different affinities is the Freundlich isotherm (Table 1). A (cm® mgfl) and
m (dimensionless) are empirical constants. m can be interpreted as a measure of site
heterogeneity (m = 1 corresponding to homogeneous sites), and both parameters
may be related to the binding site densities and dissociation constants, but non-
trivially (Sect. 5). In the case of the data from Fig. 4, the Freundlich isotherm fits
rather poorly (Fig. 7), giving A = (0.19 + 0.03) cm® mg™" and m = 0.60 = 0.02.

Although the Freundlich isotherm fits poorly in this case, it has been fitted more
successfully to data from other MIPs, being used first by Guiochon et al. [29], and
subsequently by the groups of Shimizu [31-33], Spivak [5] and many others.
However, it does have some disadvantages, in comparison with other binding
models [33]:

e It does not allow for binding saturation (that is, however much F is increased,
the isotherm predicts that more analyte can bind to the polymer indefinitely);
and

e the distribution of binding sites underlying the model is an exponentially
decaying distribution that predicts an infinite number of binding sites with
Kd =0.

One advantage of the Freundlich isotherm is that it can be linearized, as in
Eq. 15, such that the graph of log B versus log F has gradient m and intercept log A:

logB =logA+mx logF (15)

When the data from Fig. 4 are transformed and plotted in this way (Fig. 8), the
line of best fit yields A = (0.068 = 0.005) cm® mg ™' and m = 0.762 + 0.015. The

Fig. 7 Experimental B—F 35+
data for a caffeine-imprinted 1
MIP as in Fig. 4 [23]. Data 30
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using OriginPro™. Inset g 25+
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Fig. 8 Log-log plot of 24
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discrepancy between these values and those obtained above for non-linear fitting of
the data in Fig. 7 directly reflects the fact that non-linear fitting of the raw data
effectively weights the higher F data points more, while linear fitting of the log-log
plot weights the lower F data points more.

The fourth commonly-applied model is the Langmuir-Freundlich isotherm
(Table 1), which was first applied to MIP binding data by Shimizu et al. [34], and
has since been used by the groups of Martin-Esteban [35-37], Tovar [27], Diaz-
Garcia [38], and many others. As in the Freundlich isotherm, a (dm3 pmolfl) and
m (dimensionless) are empirical constants, which may be related to the binding site
densities and dissociation constants, but non-trivially (Sect. 5). When m = 1, the
equation reduces to the Langmuir isotherm, while when F' is extremely small, it
reduces to the Freundlich isotherm (with A = B,.x % a). The equation is equivalent
to the Hill Equation, used in biochemistry, in which the coefficient m indicates the
co-operativity of binding (m > 1 indicates positive co-operativity, while m < 1
indicates negative co-operativity). The Langmuir-Freundlich isotherm does satu-
rate, such that B, is the maximum density of bound analyte at very high F. It can
also be shown that the concentration of free ligand at which B = 0.5 X B, is given
by K| = (a)~"/™.

Fitting the data from Fig. 4 to the Langmuir-Freundlich isotherm yields B.x
(609 + 32) nmol mg™', a = (7.69 = 0.87) x 10°* dm’ pmol™ and
m = 0.845 + 0.021, hence Ké = 4840 4+ 570 umol dm™3. The fit is better than for
the Freundlich isotherm although not, in this case, as good as for the bi-Langmuir
isotherm (Fig. 9). The Langmuir-Freundlich isotherm also has the advantage that it
may be linearized in the form

B
In———=Ina+mx InF (16)

max
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Since Bpax is unknown, it must be estimated from the B—F data and systemat-
ically optimized until the plot of In(B/(B,.x — B)) versus InF gives the best straight
line possible.

3 Methods for the Characterization of Imprinted
Binding Sites

3.1 Batch-Binding Studies

The simplest possible experiment to characterize the properties of an imprinted
material involves incubating a known mass of material (Myyp, in g) with a known
quantity of analyte (72,nalyie, in mol) in a known volume of solvent (V, in L or mL).
Once equilibrium has been reached (minutes or hours, depending on the nature of
the material), some will have bound to the material and some remains free in
solution (Eq. 1). The material is separated from the solution and the free concen-
tration F remaining in solution is measured. It is usually simpler (and more reliable)
to measure F (from which ng.. may be calculated) rather than B (which can then be
calculated using Eq. 13).

In early research, Wulff et al. [39] performed batch-binding experiments, for
example with racemic 4-nitrophenyl-mannopyranoside binding to a 4-nitrophenyl-
a-D-mannopyranoside-imprinted  vinylphenylboronic  acid-co-DVB  polymer.
However, the batch-binding method was first applied to derive MIP adsorption
isotherms by Shea et al. [40], but has subsequently been used in hundreds of
publications, among others [27, 35, 38, 41-47].

The measurement of F must be as accurate and precise as possible, particularly if
F is only slightly less than the total concentration, since B must be calculated from
F as in Eq. 13. The experiment should be designed so as to minimize the error in the
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measured F. Spectroscopic quantification—e.g., by absorbance at a single
wavelength—may suffer from interferences, for example by any species released
from the polymer. Since such a method is not selective, it is preferable to quantify
F by a selective method such as HPLC. When the analyte is the same as the
template molecule, bleeding of the template from the polymer will distort the results
at Iow n,payte; hence it is essential that the MIP be washed exhaustively before
characterization. To check for the absence of error due to template bleeding, a
control experiment where MIP is incubated in the assay solvent with 7,n,1y = 0
should be conducted. In all cases, experimental procedures should be thoroughly
described and, where possible, uncertainties should be estimated and propagated in
the calculation of B and F and shown as error bars on the isotherm.

Frequently, the isotherms on the MIP and an equivalent NIP are compared, as in
Fig. 2. It was shown above that consideration of the MIP and NIP isotherm explains
why IF is dependent on the ratio of analyte to polymer. Batch-binding experiments
can also be applied to derive selectivity factors. The MIP is incubated together with
the target analyte, and an equivalent experiment is set up with a competitor, under
identical conditions. Measurement of the free concentrations of analyte, and of
competitor, then allows calculation of the selectivity factor a via Eq. 6. Consid-
eration of a wider range of data for a target analyte and a competitor, presented as
binding isotherms as in Fig. 10, allows us to see why a is also dependent on naparyies
and may increase for lower ratios of 7ynaiyic 10 Mpp.

100 -,
1%, Myparye = 1.5 umol: o= 38/0.9 = 3.9
14713
80
B \ ”:m:-.i_-‘.uz 0.75 !lmOk a= 3—4 /0.25=10.6
9/07
60 -

d — LR T S
0.0 0.5 1.0 1.5 20 25 3.0

Quantity of phosphonate adsorbed by the polymer (umolig)

Free phosphonate concentration (mM)

Fig. 10 An example of how distribution ratio (D) and selectivity factor (@) are influenced by
ligand concentration. Data are for pinacolyl methylphosphonate (PMP, squares) and diphenyl-
phosphinic acid (DPPA, triangles), incubated in 1 mL of toluene with 15 mg of PMP-imprinted
MAA-co-DVB. Lines of ligand conservation drawn for n,pa1ye = 1.5 pmol and 0.75 pmol. For the
higher n,naiyte; Dpmp = 42 mL g_1 and a = 3.9, while for the lower n,naiyte; Dpmp = 136 mL ¢ 'and
o = 10.6. Figure adapted with permission from [47]
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Fig. 11 Kinetic batch rebinding of hemoglobin (0.4 mg ml™") on hemoglobin-imprinted chitosan
beads (0.5 g in 25 ml buffer). Concentration determined after sedimentation of beads by
absorbance at 280 nm. Figure reproduced with permission from [41]

Batch-binding experiments can finally be applied to derive kinetic parameters.
The MIP is incubated together with the target analyte, and after a specified time
period the polymer is separated, the free analyte concentration F is measured, and
the bound concentration B calculated using Eq. 13. This procedure is repeated at
various time intervals, allowing a curve to be drawn as in Fig. 11.

The example in Fig. 11 is of extremely slow rebinding kinetics—attributable to
the large size of the template (hemoglobin) which has been imprinted within large
polymer particles. In contrast, kinetic batch-binding studies of a small molecule
binding to a MIP can show much faster kinetics (for example, for chloramphenicol
binding to a chloramphenicol-imprinted diethylaminoethylmethacrylate-co-EDMA
polymer particles in THF, binding was observed to be essentially complete within
2 min [38]).

3.2 Radioligand Binding Studies

A variation on the batch-binding assay is where rather than incubating polymer and
analyte in the assay solvent, a mixture of polymer, analyte and radiolabelled probe
is incubated in the assay solvent. When the radiolabelled probe is simply an isotopic
variant of the analyte, it may be assumed that the probe binding directly reflects the
analyte binding (Eq. 17, where e probe 18 the amount of free radiolabelled probe in
mol, and npope iS the total amount of radiolabelled probe in the assay, in mol).

Nfree _ Nfree probe ( 1 7)

Nanalyte Nprobe

Miree probe Can be measured, after separation of the solution from the polymer, by
scintillation counting, and 7,0he can be quantified by a control with no polymer.
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Thereafter, Eqs. 3 and 4 are used to derive B and F: the amount of probe is
considered to be insignificant, such that the total amount of analyte, 7,na1yte, 1S just
equal to the unlabeled amount. An advantage of this approach is that it is adaptable
to a huge range of (unlabelled) analyte concentration: Since 7pne is the same in
every assay, the measurement of Zgee probe Should not fall outside the instruments’
linear range, even as Nypaiyee is varied over 5 or more orders of magnitude. Binding
assays have been performed in this way by the Mosbach group [25, 26, 48] and
others [49], and data obtained in this way are shown in Figs. 4, 6, 7 and 9. It must
be stressed that this approach assumes the absence of any isotopic fractionation—
i.e., the radiolabelled probe is assumed to bind in exactly the same way as the
unlabeled analyte. If this condition is broken, Eq. 17 does not hold.

Selectivity can also be demonstrated using radioligand binding studies, where a
mixture of polymer, analyte and radiolabelled probe in the assay solvent is com-
pared with a mixture of polymer, competitor and radiolabelled probe. The ability of
the analyte to displace the probe is compared with that of the competitor. The
results may be plotted as npound probe VErsus [ligand]io Where [ligand]ioe is the
initial, added concentration (not the free concentration) of either the target analyte
or the competitor. This is the principle of the competitive binding assay, or
molecular imprint sorbent assay (MIA) first demonstrated for MIPs in a seminal
Nature paper by Mosbach et al. in 1993 [25]. For best results, npone is chosen to be
as low as possible (subject to the need for the proportion free in solution to be
measured accurately by scintillation counting); the solvent and amount of imprinted
material are then chosen such that when there is no additional target analyte or
COMPELLOr, Mpoundprobe/Mprobe 1S 1N the range of 0.5-0.8. Results for caffeine and
theophylline binding to a caffeine-imprinted polymer are shown in Fig. 12.

The increased displacement of the probe from the MIP as the total concentration of
target analyte is increased may be understood in terms of the binding isotherm for

0.8 7
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Fig. 12 Data for an MIA measuring the displacement of '*C-caffeine probe from a caffeine-
imprinted MIP by non-labelled caffeine (diamonds) and by theophylline (squares) [23]. Assays
performed in 1 mL volume of heptane/THF (3:1 v/v) using 8 mg of MIP and varying amounts of
unlabelled caffeine /theophylline
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caffeine on this polymer, as shown in Fig. 6. At very low concentrations, the distri-
bution ratio B/F takes a relatively high value (e.g., 0.004 nmol mg '/0.02
M = 0.2 mL mg_l, from which it may be calculated npouna/Manatye ~ 0.6, in
agreement with Fig. 12). At high concentrations, B/F takes a lower value, due to the
curvature of the isotherm data (e.g., 30 nmol mg~ /5000 uM = 0.006 mL mg ", from
which it may be calculated npounda/Manatye ~ 0.04, also in agreement). At about
F =10 uM, the experimental data suggest a B value of ~ 0.5 nmol mg™ ", giving
B/F = 0.05 mL mg_l, from which it may be calculated npouna/Manatyee ~ 0.3. The
intermediate value where npoundprobe/Mprobe 18 €Xactly half the value it was in the
absence of any non-labelled analyte, is known as the IC50. The relationship between
the adsorption isotherm and the radioligand competition displacement curve is further
discussed by Pap and Horvai [16].

Comparison of IC50 values for the target analyte and a particular competitor
provides evidence for selectivity: If the sites that bind the probe are selective, then a
competitor should be less effective at displacing the probe than the target analyte,
and have a higher IC50. From Fig. 6 it may be seen that for this polymer, the IC50
for theophylline is in excess of 3 mM, and using Eq. 18, the MIA cross-reactivity is
consequently ~0.3 %. However, while the IC50 for the analyte can be related to
the isotherm, as outlined above, there is no such simple relationship between the
isotherm for the competitor and the IC50 value of the competitor, and the MIA
cross-reactivity cannot readily be related to the selectivity of a batch-binding
experiment as described in Eq. 6.

IC5 Oanalyte

MIA cross-reactivity = —————
ICSOcompetitor

x 100 % (18)

3.3 Zonal Chromatography

In many works, imprinted materials have been characterized by packing them into
chromatography columns and measuring the retention times (fg) of the analyte, and
of competitors, when these are injected into a mobile phase flowing through the
column. If the analyte exhibits a longer #z than the competitor, this provides evi-
dence for selectivity. This approach has been used in particular to demonstrate the
separation of chiral mixtures, where one of the two enantiomers has been used as
the template compound to generate an imprinted chiral stationary phase [50].

In conventional zonal chromatography under ideal, linear conditions, the
retention time for an analyte should be related to its distribution ratio via Eqs. 19
and 20:

/
/ o tR,analyte o tR.analyte — 1
analyte — -

1
0 0 (19)
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and

’ M. stationary phase (2 0)

analyte
Y Vmobile phase

where 1, is the void time (the retention time for a non-retained species), fg 4,1y 18 the

corrected retention time (=tg — fo), kéma,yte

mass of stationary phase (e.g., MIP or NIP, in g) and Vinpie phase 1S the volume of
mobile phase (in mL). In theory, then, measurement of 7z enables calculation of D.
This simple model has been extended by various authors to consider the effects
of the concentration of a modifier (/strong eluent) in the (weak) eluent on k..,
and, hence, to propose the stoichiometry and affinity of the modifier-analyte, ana-
lyte-binding site and modifier-binding site interactions [51-53].
If tg is measured for a competitor, then

is the capacity factor, Mugonary phase 18 the

/ /
o = Danalyte o kanalyte o tR,analyte

(1)

. L Y
D competitor kR,competitor tR,compelitor

In this way, selectivity factors are frequently calculated for the separation of peaks
due to the imprinted and non-imprinted enantiomers on an imprinted chiral sta-
tionary phase (Fig. 13). However, this approach (like those in the previous para-
graph) is based on the assumption that D is independent of the total amount of
analyte injected, i.e., that the isotherm is linear, whereas in practice the isotherm is
curved, so that D falls as the total amount of analyte increases (this can be seen
from the chromatograms for increasing concentration of analyte in Fig. 14). Again,
the highest values for o will usually be calculated when the ratio n,pa1ye/Mmip is as

80 1 t,.=4.70
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o
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Fig. 13 Separation of enantiomers of ephedrine by zonal chromatography on a MIP stationary
phase. (—)-ephedrine imprinted MAA-EDMA copolymer packed into 250 x 4.6 mm column.
200 pg (+)-ephedrine injected, chromatogram recorded at 254 nm using mobile phase of 20 %
AcOH in DCM, at 1.0 mL min~" and 30 °C [54]
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Fig. 14 Typical effect of increasing the amount of analyte injected on a MIP stationary phase in
HPLC. MIP column is the same as for Fig. 13, chromatograms recorded at 254 nm using mobile
phase of 5 % BuNH, in DCM, at 1.0 mL min "' and 30 °C. Injections of increasing amounts of (—)-
ephedrine: 10 pg (bottom), 20, 40, 100, 200 pg (top). Peak at ~3 min is the void peak due to the
solvent in which analyte is injected [54]

small as possible, i.e., when the lowest detectable amounts of analyte and
competitor are injected into the column (and when both the imprinted, and non-
imprinted enantiomers will have longer retention times).

Three measures of the quality of a chromatographic separation that are com-
monly encountered are the plate number N (which describes the sharpness of a
peak), the asymmetry A, (which describes the tailing or fronting of a peak) and the
resolution Ry (which is a ratio of the separation of two peaks over their width). In
the ideal case, N and R, are independent of the amount of analyte loaded, and
A = 1.0. When these parameters are compared, MIPs usually appear inferior to
conventional stationary phases such as octadecylsilica.

The extreme tailing of the peaks often observed for zonal chromatography of
analytes on MIPs (in particular, for the imprinted molecule itself) is attributed to the
inhomogeneity of the binding sites and to slow binding/unbinding kinetics (the
shape of the peaks can usually be improved by increasing the temperature of the
column, which speeds up the rates) [55]. In Fig. 14 one can imagine the peak for
10 pg of analyte representing the binding to the strongest binding sites on the
polymer: When 20 pg are injected, there is too much analyte for the strongest
binding sites, so that weaker sites are occupied too, giving a “front” to the 10 pg
peak. Likewise, one can picture the peak for 40 pg of analyte building on the front
of the 20 pg peak, that for 100 pg of analyte building on the front of the 40 pg peak
etc., as the extra analyte may only be retained by occupying weaker and weaker
sites.

More sophisticated models of chromatographic behavior incorporating non-
ideality and/or non-linearity begin with the general rate model, in which the mass
balance for an analyte at distance z along the column and time ¢ after injection is
given by:
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dC udC (1—g)dC,  6°C

ot & oz e ot Fop

(22)

where C is the analyte concentration in the mobile phase (cf. F, mol L"), uis the
linear flow rate (cm s '), ¢ is the porosity as a fraction of the column volume, Cpis
the analyte concentration in the pores (such that ¢ x total volume x C, = M x B) and
D, is the dispersion coefficient (cm?s™"), which is largely due to axial diffusion.
This equation cannot be solved analytically, but with various additional assump-
tions, non-ideal and non-linear behavior can be modelled and various predictions
can be derived. Thus, Guiochon et al. [56-60] have used a model derived from
Eq. 22, together with binding isotherms derived separately by frontal chromatog-
raphys, to fit the peak shapes for (large volume and large concentration) injections of
Fmoc-Trp enantiomers on an Fmoc-L-imprinted MIP, and derived kinetic param-
eters. Horvai et al. [18, 61] have shown that if ideal behavior (neglecting kinetic
effects) is assumed, points on the trailing edge of a peak such as one of those in
Fig. 14 can be related to points on the isotherm (the “elution by characteristic point”
method). Seebach and Seidel-Morgenstern [62] used a similar relationship between
the retention times for the peak maxima at a series of injected concentrations and B/
F to derive an isotherm for Z-L-Phe binding to a Z-L-Phe MIP. Baggiani et al. [63]
used a model derived from Eq. 22, but assuming a Langmuir-type isotherm to fit the
complete peak shape for injections of pyrimethanil on pyrimethanil-imprinted
MIPs, deriving apparent site densities and affinity constants as well as kinetic
parameters. Lee et al. [64] have modelled the effect of sample concentration and
affinity constant on the plate number and peak asymmetry.

3.4 Frontal Chromatography

In simple (“rectangular pulse”) frontal chromatography, instead of injecting a short
pulse of analyte, the mobile phase is altered to contain a specific concentration of
analyte that is run continuously through the column [65-67]. Initially, as it first
enters the column, the analyte binds to binding sites on the stationary phase;
however, once the bound concentration of analyte reaches equilibrium with the
concentration in the mobile phase over the whole of the column (as may be
expressed via the distribution ratio for the analyte under those conditions), no more
analyte can bind, and the analyte begins to elute from the column, the concentration
in the eluent soon becoming the same as in the mobile phase that continues to be
fed onto the column. The measured parameter is the breakthrough time, fyreakihrough
[or, frequently, the breakthrough volume, V, in mL, which is just #yreakthrougn X the
volumetric flow rate (f, L minfl)], which is the interval from the point at which the
mobile phase is changed, to the time when the analyte appears in the eluent.
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The amount of analyte bound to the stationary phase is given by:
Nbound :f X (tbreaklhrough - t()) X [A] (23)

where 7, is the void time as before (and will correspond (0 fyreathrougn if none of the
analyte was to bind to the stationary phase), and [A] is the concentration (mol L™")
of analyte added to the mobile phase. The distribution ratio (Eq. 3) is given by:

_ E _f X (tbreaklhrough - IO)
F Mmip

D

(24)

and hence the binding isotherm can be derived. Data obtained in this way can
readily be fitted to a model assuming that all binding sites are equivalent (i.e., a
Langmuir model). If this is the case, the total number of binding sites 7, 1S given
by Niotal = Nempty T Mbound and (from Eq 2)

_ Pempy X F _ Total X F _

Kq F (25)
Npound Npound
substituting F = [A] and for npoung as in Eq. 23 gives
Ky Niotal _ [A] (26)

_f X (tbreakthrough - tO)

Thus, a series of experiments are performed, applying various concentrations of
analyte in the mobile phase. fyeakihrough 15 measured, then the column regenerated to
remove all bound analyte and the experiment repeated using a different concen-
tration. A plot of 1/([A] X fX(tyreakthrough — %0)) against 1/[A] should give a straight
line with y-intercept 1/n, and x-intercept —1/Kj,.

Mosbach et al. [68, 69] were the first to apply this approach to MIPs, deriving
apparent 71, values in the range 18-28 pmol g~ of polymer, Kgs in the range 1.6—
8.1 mM, and showing that MIPs had lower K, values (indicating stronger binding)
for their template than its optical antipode, and lower Kys than the corresponding
NIPs, as expected. Andersson et al. [70] applied frontal chromatography to a model
system of pyridines and bipyridines binding to 4,4'-bipyridyl-imprinted MAA-co-
EDMA in order to demonstrate the increased strength of binding when more than
one analyte-monomer interaction is present within the imprinted site. The approach
has also been used extensively by Baggiani et al. [71, 72] and others [73, 74]. In
one intriguing study, Baggiani’s group compared the rebinding of 2,4,5-trichloro-
phenoxyacetic acid (2,4,5-T) to a conventional 2,4,5-T-imprinted 4-vinylpyridine-
co-EDMA polymer and a polymer which, additionally, incorporated a covalently
bound template analogue, and showed that the latter polymer had a lower binding
capacity (lower ng) but lower Ky (i.e., the covalently incorporated template
analogue appeared to increase the strength of template re-binding) [3].

A variant of frontal chromatography is staircase frontal chromatography in
which, once the detector signal has stabilized showing that the analyte is present in
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the eluent at the same concentration as in the injected mobile phase, the mobile
phase is altered to contain a higher concentration of the analyte, and the process
repeated, giving a chromatogram with the appearance of a staircase, indicating a
series of concentration steps. This approach was first applied to MIPs by Guiochon
et al. [29]. On proceeding from step i to step i + 1, the additional amount of analyte
bound to the stationary phase can be calculated as:

Nbound,i+1 — Mbound,i =fx (tbreakthrough - tO) X ([A],'+| _[A]i> (27)

from which the isotherm can be derived in a shorter time than would be required by
the rectangular pulse method (where the column must be regenerated between each
change in concentration). Figure 15 shows typical data.

The shape of the “front,” or breakthrough curve, can also give information about
the shape of the isotherm, as well as the kinetics of analyte binding to the stationary
phase. For example, Fig. 16 shows a typical breakthrough curve obtained by
Guiochon et al. fyreakihrough 18 the time corresponding to half-height of the front, i.e.,
the center of mass of the concentration step—in this case 6.75 min. A classical
transport model was applied to model the breakthrough curve, involving numerical
solutions of an equation derived from Eq. 22. The modelled curves require as an
input a relationship between B and F for any particular F at equilibrium (i.e., a
theoretical isotherm—see Sect. 2), and an estimated value for the mass transfer rate
coefficient k¢ (in min_l), which is related to, although not identical to, the forwards
rate constant k; in Eqgs. 7 and 8, and defined as:

OB
5 = b (Bem — B) (28)
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Fig. 15 Partial frontal chromatogram of caffeic acid on caffeic acid-imprinted MAA-co-EDMA
monolith in a200 % 4.6 mm column with THF mobile phase at 25 °C and 0.5 mL min~!, monitored at
280 nm. Volume of effluent equals retention time multiplied by flow rate. Arrows mark introduction
of sample solutions having the concentration indicated. Reproduced with permission from [28]
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Fig. 16 Experimental breakthrough curve (symbols) and fitted curves (lines) for L-Phe-An applied
to a L-Phe-An imprinted MAA-co-EDMA polymer, packed into a 100 x 4.6 mm column. Mobile
phase of MeCN-0.05 M potassium phosphate (7:3 v/v) at 1.0 mL min~"' and 40 °C, monitored at
260 nm. The concentration step shown is from C, = 0.0l to C,,; = 0.02 g/l. Calculated
breakthrough curves for k= 10 min~", ke=110 min~" and for the rate coefficient that best fits the
experimental data, k, = 40 min~"' (the larger k; the steeper the curve). Solid lines Bi-Langmuir
model. Dashed lines Freundlich model. Reproduced with permission from [29]

For the concentration step shown in Fig. 16, the classical transport model
provides the best fit to the data when the isotherm is considered to be of the bis-
Langmuir form and &;is given the value 40 min~". For a sequence of concentration
steps, k¢ was found to increase with an increase in [A], to increase with temperature,
and to be lower for the imprinted enantiomer than its optical antipode (particularly
at lower concentrations). The latter effect may be rationalized by the strongest, most
selective binding sites also being the less accessible, hence slower- binding ones
[29]. The values of k;found are low in comparison with other types of stationary
phase, supporting the thesis that slow mass transfer contributes to the poor peak
shapes seen in zonal chromatography, as well as binding site heterogeneity.

Staircase frontal chromatography was used further, in combination with models
of non-ideal, non-linear chromatographic behavior, in a series of works by Guio-
chon et al. to show the effects of heat-treating the MIP [75, 76], the effects of the pH
[77] and temperature [60] of the mobile phase, the effects of different organic
mobile phases [78], of organic modifiers added to an acetonitrile mobile phase [79,
80], and of water in an organic-aqueous cosolvent mobile phase [58], to compare
particulate and monolithic MIP stationary phases [81], to compare the retention of
template analogues [82] and to deconvolute the effects of different kinetic processes
in the lumped mass transfer rate coefficient k;: It was shown that in some cases,
diffusion within the pores of the MIP particles makes the largest contribution to the
slow rate constants [83], and in other cases surface diffusion [56, 57].
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3.5 Calorimetry

When the target analyte (or a competitor) binds to an imprinted binding site, there is
expected to be a change in enthalpy H. If the binding process is thermodynamically
favorable, then the change in Gibbs free energy, AG for the process must be
negative, where AG is related to the changes in enthalpy and entropy, S:

AG = AH —T x AS (29)

Hence a spontaneous (exergonic) process can be driven by a negative
AH (exothermic) or by a positive AS (increase in entropy). Bond formation is
usually exothermic.

Isothermal titration calorimetry (ITC) was first applied to imprinted materials by
Chen et al. [84] and has subsequently been used by others [85-90], while batch
calorimetry has also been used to study slow binding processes [88, 91, 92]. In
batch calorimetry, two solutions are allowed to reach thermal equilibrium separately
within the calorimeter, then mixed, and the heat produced Q is measured over time.
ITC is similar, except that one solution—the titrant—is added via automated syr-
inge in very small aliquots to the other, which is in a cell in the calorimeter. The
heat is measured as the power (W, Js~') that is produced/taken in by the cell as a
function of time, producing a spike on each injection (e.g., Fig. 17a), which can be
integrated and divided by the amount of titrant added to give a decaying profile
such as Fig. 17b.

The sample in the cell might be the imprinted material, with the target analyte
added from the syringe, but in the experiment shown in Fig. 17, the set up was with
the target analyte (Boc-Phe-An) in the cell and a suspension of imprinted nano-
particles in the syringe [90]. When the adsorption isotherm has been obtained
independently, it may be possible to know exactly how much analyte binds to the
imprinted polymer in each St€p (pound after step ~ Mbound before step)> 1N Which case:

Qstep = AH x (nbound after step — 7?bound before step) (30)

If the binding isotherm is not known, the data can be converted to display

Ocumulative against [titrant], and fitted with a function assuming a single class of
identical binding sites, derived from Eqs. 31-32:

Ocumulative = AH X Npound cumulative (31)

Npound = Ka X (ntotal - nbound) X ([analyte]toml_nbound X M/ V) (32)

where M and V have their usual meaning. This yields npounq as the root of a
quadratic, and the function can be fit to yield AH, ny, and K, (in the case of Weber
et al. [90], n Was estimated independently).
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In these or equivalent ways, quite varying values of AH have been obtained:
+8 kJ mol™" for 2,4-D binding to an imprinted VPy/EDMA polymer in aqueous
buffer [84], +6.6 kJ mol™' for phenyl mannopyranoside binding to a vinyl-
phenylboronic acid/EDMA polymer in acetonitrile [88], —21 kJ mol ™! for Boc-L-
Phe-An binding to the polymer shown in Fig. 17 [90], =8 kJ mol™" for riboflavin
binding to a 2,6-bis(acylamido)pyridine polymer in water/ethanol/formic acid
(90.6:4.7:4.7 vIv/Iv).

In some cases, the further extension has been made that if the conditions can be
approximated to standard conditions,

AH = AH" = AG’ + T x AS’ (29)
and since
AG” = —RTInK, (30)

the entropy change on binding, S may also be estimated. There seem to be rather too
many assumptions underlying quantitative estimates like this; however, it may
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certainly be said that if the process is observed to be endothermic, as in Chen et al.’s
study of 2,4-D binding to an imprinted VPy/EDMA polymer in aqueous buffer [84],
then the binding must be driven instead by an increase in entropy. This makes sense
in the case of binding in water, where hydrophobic interactions are well known to
be entropically driven.

3.6 Other Methods

Since the application envisaged for many MIPs is in solid-phase extraction/sample
clean-up of a dilute analyte in a complex matrix prior to quantitative analysis by
HPLC, LC-MS or GC, Martin-Esteban et al. [35, 36, 93] have attempted to derive
isotherms for analytes binding to MIPs under SPE-type conditions. In an experi-
ment that is similar to a batch-binding experiment, analyte in binding solvent
(1 mL, 0.05-500 mg L™") was loaded onto pre-conditioned MIP (100 mg) packed
into an SPE cartridge. Some, but not all, of the analytes bound under these con-
ditions. A washing solvent was applied, followed by the elution solvent (3—8 mL).
The eluted fraction was concentrated, and analyzed by HPLC to determine nyoung-
Ngee Was calculated as the difference between the amount loaded, nna1yee, and
Npound- Data were then fitted using Langmuir-Freundlich isotherms. Although the
approach was certainly useful in characterizing MIPs for SPE, the validity of the
isotherm fits is questionable because binding did not necessarily occur under
equilibrium conditions, and there is no way of assessing the effect of kinetic
limitations.

Spectroscopic interrogation of a MIP, in its clean state and after binding of
analyte, forms the basis of many proposed applications of MIPs in chemical
sensing. However, such an approach can also provide useful information about the
nature of analyte-binding site interactions, including some indication of their
strength. Hsu et al. [94] used infrared (IR) spectroscopy to monitor the binding of
thymine to thymine-imprinted diacryloyl-2,6-diaminopyridine-co-tripropyleneglcol
diacrylate polymer films in chloroform. Distinctive absorbances were observed due
to the bound and non-bound thymine: by assuming the measured absorbances to be
proportional to B and to F, apparent binding constants K] could be calculated.
Resmini et al. [95] used a similar approach based on the quenching of the visible
absorbance (435 nm) of a phosphate template when it rebinds to an arginine-
containing MIP in DMSO, to calculate the binding site population (assuming a
stoichiometric rebinding). Haupt et al. [96] used the Raman signal produced when
propranolol was added to a propranolol-imprinted MIP and an NIP in MeCN to plot
a form of isotherm and calculate apparent binding constants K (their approach
assumes that the free propranolol concentration is identical to the added
concentration).
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In each of these examples, the sensor response (change in absorbance of the
polymer) is assumed to be proportional to B (Or npoung)- This assumption was tested
for two MIP systems by Ng and Narayanaswamy [97]. Cu®* binding to copper-
imprinted 4-vinylpyridine-co-hydroxyethylmethacrylate-co-EDMA polymer parti-
cles in water was measured both by batch-binding (supernatant added to eriochrome
cyanine R and absorbance recorded at 568 nm) and by reflectance measurements at
750 nm on a layer of particles deposited on the tip of a fibre-optic bundle. N-
phenyl-1-naphthylamine (NPN) binding to NPN-imprinted 2,4-diisocyanate cross-
linked B-cyclodextrin particles in methanol was measured by batch-binding (direct
measurement of supernatant absorbance at 340 nm) and fluorescence measurements
(Aex = 365 nm, A, = 495 nm) on particles trapped in a fluorescence flow cell. The
authors suggest a good correlation in each case, although a simple comparison of
signal and B for differing F is not presented; more studies of this kind are needed in
order to correlate sensor signals with binding isotherms.

Apparent isotherms can be recorded, and apparent affinity constants calculated,
using other sensor techniques, such as surface plasmon resonance [98] and quartz
crystal microbalance [99, 100]. Such analyses again rely on the assumption that the
sensor response is proportional to B (0T fpound)-

Another experimental measurement of analyte-MIP interactions that has been
proposed is force measurements using AFM. In the first example of such work by
Haupt et al. [101], the binding of cytochrome-C (immobilized on an AFM tip) to
protein-imprinted acrylamide-co-bisacrylamide hydrogel films covalently coupled
to glass slides was measured by force measurements. The interaction with imprinted
films was stronger than with non-imprinted ones, and was correlated with the
binding of fluorescein-labelled cytochrome-C from aqueous buffer. Recent work by
Reddy et al. [102] yielded similar data for the binding of bovine hemoglobin
(immobilized on an AFM tip) to protein-imprinted hydrogel particles.

In parallel with experimental studies, the interactions of analytes with MIPs have
been modelled in silico [103]. Although there are fewer examples of computational
studies on MIPs than on the pre-polymerization mixture (reflecting the greater
complexity of the polymerized material), this is a field of increasing activity.

4 Parameters Influencing Rebinding

4.1 Polymer Design

MIP design cannot be dealt with in this chapter, but it should be emphasized that
the binding properties of a MIP (and NIP) are inextricable from its composition and
method of preparation. The major factors influencing the binding properties of the
resulting polymer include the type of functional monomer and monomer:template
ratio [1, 9, 104-106] and the porogenic solvent [105, 107].
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4.2 Rebinding Solvent (Organic Solvents)

For MIPs prepared via non-covalent imprinting using hydrogen-bonding interac-
tions (e.g., the vast majority of MIPs produced used MAA as functional monomer),
a non-polar organic solvent is commonly used as a porogen (to promote the
monomer-template interactions), and the strongest and most selective rebinding is
also often observed in a non-polar organic solvent. Dogma suggests that for this
class of MIPs, the rebinding will be strongest and most selective in the same solvent
that was used as the porogen (because the swelling of the MIP is assumed to be
different in different solvents, affecting the binding site integrity). This is frequently
the case (e.g., 4-nitrophenol-imprinted 4-vinylpyridine-co-DVB particles gave the
best separation between 4-nitrophenol and its isomers in zonal chromatography
using a chloroform mobile phase if the porogen was chloroform, and using an
MeCN mobile phase if the porogen was MeCN [107] ), but not always (2-(mor-
pholin-4-yl)ethyl (2-methoxyphenyl)carbamate-imprinted MAA-co-EDMA parti-
cles made with toluene porogen gave stronger binding of the template and its
isomers in zonal chromatography using a toluene mobile phase than using MeOH,
but the separation factors and IFs were higher using MeOH than using toluene
[108]). Guiochon et al. [78] obtained isotherms for Fmoc-L-Trp on a Fmoc-L-Trp-
imprinted 4-VPy-co-EDMA particles using staircase frontal analysis: the MIP was
made with MeCN as porogen and exhibited higher affinity and selectivity for the
template in MeCN than in DCM, chloroform, or THF. The isotherm in MeCN was
well fitted to a tri-Langmuir model, but in the other solvents a bi-Langmuir model
fit best, suggesting that the strongest adsorbing sites were absent. The influence of
solvent dielectric constant and Snyder polarity index on rebinding of bupivacaine to
a bupivacaine-imprinted MAA-co-EDMA in single-point experiments has been
studied by Rosengren et al. [109].

Usually, a polar organic modifier is added to the organic solvent in which
analyte binding to a MIP is being studied—the modifier serves to reduce the
strength of binding. This is often desirable in order to promote selective binding,
rather than non-selective—i.e., the modifier is thought to reduce binding to the
weak, non-selective hydrogen bonding sites of the polymer more than it reduces
binding to the strong, selective sites [9]. In MIA binding assays, in SPE, and in the
use of MIPs as stationary phases in chromatography, the effect of increasing
amounts of modifier on binding to the MIP and NIP is often compared, to find the
modifier concentration at which the IF is maximized. The influence of type and
concentration of modifiers on the binding of Fmoc-L-Trp to Fmoc-L-Trp-imprinted
4-VPy-co-EDMA particles was also studied in detail by Guiochon et al. [79, 80],
using staircase frontal analysis. Isotherms were obtained and fitted to tri- or tetra-
Langmuir models. Modifiers were found to reduce the density, B,.x of the strongest
binding sites more than the K, but reduce the K, of the weak binding sites more
than their By ,.
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4.3 Rebinding pH and Cosolvent (Aqueous)

MIPs that are dependent on weak hydrogen bonds between the template and
binding site do certainly work best in organic solvents, and furthermore the sugar-
imprinted polymers studied by Wulff in the 1970s and 1980s (based on the covalent
interactions between sugars and boronic acids) had a similar preference. This led to
a prejudice among the wider scientific community that MIPs could not work in
aqueous solvents. Nowadays there are numerous examples of MIPs both made in,
and applied in, aqueous buffers or aqueous/organic cosolvent mixtures. MAA- or 4-
VPy-based polymers can show good binding and selectivity in aqueous buffers if
the analyte-polymer interaction is strong [110, 111].

Often for small molecules, an organic-aqueous cosolvent mixture is used. Pure
aqueous conditions lead to significant hydrophobic interactions, which for MIPs
made in organic solvents using DVB or EDMA as a cross-linker, lead to significant
non-specific adsorption of the analyte, outside of the more selective sites. A certain
amount of organic cosolvent can minimize these non-specific interactions, but must
usually be carefully optimized. For example, Dong et al. [112] have optimized an
organic-aqueous mobile phase for zonal chromatographic separation of the enan-
tiomers of ephedrine on a (+)-ephedrine-imprinted MAA-co-EDMA polymer.
Furthermore, the pH of the aqueous phase is usually critical when the analyte and/or
functional groups of the MIP are ionizable. Sellergren and Shea [113] proposed a
model for the influence of pH on retention and separation of the enantiomers of
Phe-An on a Phe-L-An-imprinted MAA-co-EDMA polymer in zonal chromatog-
raphy. At pH 4 and below, both the analyte and the carboxylate groups of the MIP
are protonated, and the cationic analyte interacts only weakly with the neutral
polymer. At pH 8 and above, both the analyte and the carboxylate groups of the
MIP are deprotonated; the neutral analyte, however, interacts only weakly with the
anionic polymer. In the intervening region, there is some overlap between the
carboxylate groups being deprotonated and anionic and the analyte protonated and
cationic—so binding is strongest. However, selectivity peaks at about pH 6, which
was proposed to correlate with the carboxylate functions of the strongest, most
selective sites having a lower average pK, than the weaker, non-selective sites.

Guiochon et al have also studied the influence of the fraction and pH of aqueous
cosolvent in an acetonitrile mobile phase on the isotherms for Phe-An [77] and
Fmoc-Trp [58] enantiomers on their respective MIPs, obtained via staircase frontal
analysis. In the former case, the isotherms supported the conclusions of Sellergren
and Shea, with the number of weak binding sites increasing faster with pH than the
number of strong binding sites. For Fmoc-Trp, the highest number of binding sites
was calculated at pH 3.8, where both the analyte and polymer (4-VPy based) are
neutral: this corresponded to zonal chromatography where the highest retention was
at this pH. Selective binding in this case appears to be driven more by hydrophobic
interactions and hydrogen bonds than by ion-pair formation.
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4.4 Temperature

The first detailed study of the effect of temperature on MIP binding properties was
reported by Sellergren and Shea [55]. The binding of the enantiomers of Phe-An to
an L-Phe-An-imprinted MAA-co-EDMA polymer was studied in zonal chroma-
tography using an MeCN-aqueous buffer mobile phase and an MeCN-AcOH
mobile phase at temperatures between 20 and 80 °C. For the aqueous mobile phase,
increasing temperature led to a partial improvement in the peak shape (suggesting
an acceleration of the kinetics), a decrease in the retention of both enantiomers
(suggesting binding is an exothermic, enthalpy-driven process), and a decrease in
separation (suggesting that binding of the imprinted enantiomer is more exothermic
than that of its optical antipode). For the organic mobile phase, a partial
improvement in the peak shape was again observed, but there was an increase in the
retention of both enantiomers (suggesting that binding is an endothermic, entropy-
driven process) and an increase in separation.

Hsu et al. [94] also studied the effect of temperature on the K; values obtained
for thymine binding to their thymine-imprinted diacryloyl-2,6-diaminopyridine-co-
tripropyleneglcol diacrylate polymer films in chloroform, observed using IR as
described in Sect. 3.6. The apparent binding strength decreased with an increase in
temperature, and an exothermic AH and corresponding AS were calculated.

Guiochon et al. [56, 57, 60] also studied the influence of the temperature on the
isotherms for Fmoc-Trp enantiomers on the Fmoc-L-Trp-imprinted MIP, via
staircase frontal analysis with an MeCN-AcOH (99:1 v/v) mobile phase. AH,
AS and kinetic parameters were calculated for the various classes of sites that
appeared to contribute to the isotherms fitted with bi- and tri-Langmuir models.
While it was concluded that binding overall was enthalpy-driven, the dominant
driving force for transfer of the imprinted enantiomer to the strongest, most
selective sites was proposed to be entropic.

5 Binding Site Affinity Distributions

The number of binding sites and their binding affinities are parameters in the
Langmuir, bi-, tri- and multi-Langmuir isotherms; hence, when an isotherm is fitted
using these models, a simplistic picture of the classes of sites (each class having a
unique K, and B,,.,) is immediately available. In reality, however, as explained in
the introduction, there will not be distinct classes of binding sites but rather a
continuum, from strong and selective sites present in small numbers to weaker and
less selective sites present at far greater densities. Both the Freundlich and Lang-
muir-Freundlich isotherms allow for such a distribution of sites, and the number of
sites B; with a particular affinity constant K,; can be calculated from the isotherm
fitting and displayed as an affinity distribution (Fig. 18). These models are
restrictive, however, in that the shape of the distribution is fixed (for the Freundlich
isotherm, it is an exponentially decaying distribution starting with an infinite
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Fig. 18 Affinity distributions, calculated from B—F data for a caffeine-imprinted MIP as in Fig. 4
[23]. Curves for affinity distributions calculated using a numerical model without imposing an
isotherm (solid line), or imposing Freundlich (dot-dash) and Langmuir-Freundlich (dashed)
isotherms, all calculated and displayed using Microsoft Excel™. Step size InK,;—InK,;—, for the
Langmuir-Freundlich and numerical affinity spectra is 0.2

number of binding sites with K, = 0; for Langmuir-Freundlich, it is a Gaussian
distribution). An alternative approach involves converting the isotherm data directly
to an affinity distribution without applying any fixed isotherm model; such an
approach is valuable but depends on data of extremely high quality.

Shimizu et al. [114] were the first to calculate an affinity distribution from
binding data for a MIP. The method is non-trivial. First, it is assumed that the
concentration of bound ligand for a particular free ligand concentration is obtained
by integration over all binding sites with differing affinities K,; (Eq. 31):

% B X F X Ky

= [ ————d(log Ky 31
Tk loeK) (1)

This expression cannot be solved analytically for any particular set of B and
F'values. However, an approximate solution was developed by Hunston (Egs. 32-36):

o B1 —B2 _O( X ((33 —B4) —2(B1 —Bz))
' 2loga 2(—1)* x loga

(32)

Equation 32 gives the density of binding sites for a particular value of K,; where

o
Bi=B atF=-— (33)

ai

BQZB at F =

4
OCXKaj (3)
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2

o
B3 =B at F= K_ai (35)
B,=B atF ! (36)
= al = -
4 o2 x Ky

o is the step size [i.e., B; is actually the density of binding sites with association
constants in the interval B; to (B; + a)]. The values B;—B,4 must be interpolated from
the calculated B—F data, and precise values are essential. To avoid imposing any
model on the data, they are fitted using a smoothed spline. In this way, the values of
B; displayed in Fig. 18 are obtained. Note that the treatment has any validity only in
the range 1/F . < K, < 1/Fy;, wWhere Fi.« and Fo;, are the highest and lowest
values of F in the measured binding data. In this case, the numerical model
interestingly produces a curve with two maxima, suggesting two broad site popu-
lations, which are not too different from the points corresponding to the two classes
of binding sites calculated from the bis-Langmuir model.

An alternative method for solving Eq. 31 to produce an experimental affinity
distribution without imposing any model on the B—F data has been described by
Guiochon et al. [115].

More simply than the numerical methods, which make no assumptions of any
particular isotherm, Eq. 31 can be solved analytically if a Freundlich isotherm is
assumed [32], and while it cannot be solved analytically for the Langmuir-Freundlich
isotherm, if B—F data are fitted to the Langmuir-Freundlich, then the fitted parameters
can be used to calculate B,—B, for differing values of K,; in Eqs. 33-36 above [34] and
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Fig. 19 Affinity distributions, calculated from B—F data for a caffeine-imprinted MIP as in Fig. 4
[23]. Curves for Freundlich (dot-dash) and Langmuir-Freundlich (dashed) isotherms calculated
and displayed using Microsoft Excel™. Dotted line indicates the homogeneous binding site
population predicted by the Langmuir isotherm, and solid lines the two homeogeneous populations
predicted by the bi-Langmuir isotherm. Inset shows the values at high K;, to emphasize the high-
affinity sites in the bi-Langmuir approximation at ~ 30,000 ML Step size InK,—InK, ;1) for the
Langmuir-Freundlich isotherm is 0.2. The region where K,; < 1/F,;,, for which the fits are not
really valid, is grayed out
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hence the affinity distribution can be derived. These methods were used to derive the
curves in Figs. 18 and 19. Clearly the Freundlich isotherm gives rise to an expo-
nentially decaying distribution, while the Langmuir-Freundlich isotherm gives rise to
a Gaussian distribution with a clear maximum. Of course, neither model is really valid
in the range K; < 1/F .« (in this case, K,; <200 M, the region grayed outin Fig. 11),
and both models are in reasonable agreement at higher K;.

Batch rebinding data have been fitted to the Freundlich isotherm and converted
to affinity distributions by Mizaikoff et al. [116], Diaz-Garcia et al. [38], and others.
The alternative methods to derive affinity distributions have been reviewed by
Shimizu et al. [30].

6 Conclusions

The binding properties of molecularly imprinted polymers have been reviewed,
with particular emphasis on the binding/adsorption isotherm and on the methods
used to characterize binding strength, selectivity and kinetics.

The defining characteristic of the binding sites in a MIP is heterogeneity, such
that single-point measurements (i.e., studying binding using a unique concentration
of analyte and amount of polymer) will always yield different values for the binding
strength, selectivity and kinetics. Experimental capture of an isotherm is desirable,
although it may not always be necessary if the MIP is being synthesized for a
specific use and can easily be tested for efficacy in that application.

The detailed and extensive studies by Guiochon et al. have been exemplary in
characterizing binding properties and their dependence on solvent composition and
temperature. The simplistic model of one class of strong, selective sites and one of
weak, non-selective sites has been shown to be a great simplification of the real
situation, but remains a useful picture.
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Abstract Molecularly imprinted polymers (MIPs) are artificial materials capable of
molecular recognition for target molecules. Currently MIPs have been prepared
without further modification after polymerization, and used for predetermined
single purposes. Post-imprinting modifications (PIMs) presented here can provide
site-specific modifications within the molecularly imprinted binding cavities after
polymerization, enabling MIPs to become more complex functional materials as
were the cases of naturally occurring conjugated proteins. We present an overview
of the research on MIPs involving PIMs, including transformation of binding sites,
on/off switching of binding activity, introduction of desirable functions such as
fluorescent signalling functions, catalytic activity, and so on. The combination of
PIMs with molecular imprinting appears to be a powerful tool for preparing a
diverse range of biomimetic functional materials.
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1 Introduction

In nature, biomacromolecules, including enzymes and antibodies, perform a mul-
titude of functions, and have attracted attention for their almost unlimited capability
as bio-based functional materials. One of the unique features of biomacromolecules
is that complicated biofunctions can be performed and/or are activated by conju-
gating nonprotein cofactors, including metal ions and small molecules, within or
near their active sites [1]. For example, Zn>* ions are bound by carbonic anhydrase
to activate the catalytic function, and pyridoxal phosphate is bound by glycogen
phosphorylase for activation. Such phenomena naturally occur in organisms under
autonomous control to maintain necessary biological functions.

Molecularly imprinted polymers (MIPs) [2-6] have been prepared as mono-
functioned materials for single-purpose use. Therefore, with post-polymerization
modifications, MIPs could be exploited for use in more complex functional mate-
rials. Efforts have been made to develop post-imprinting modifications (PIMs),
which are defined as site-specific modifications within the molecularly imprinted
binding cavities after polymerization (Fig. 1). The technique is a powerful tool for

7Y

Functional
D —
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Target molecule  formation formation
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Post-Imprinting Modification
Chemical modification Transformation of Introduction of
‘ of binding site E functional group further function

Fig. 1 Schematic illustration of MIPs and PIMs of the binding cavities of MIPs
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realizing the preparation of mimics of biologically important functional macro-
molecules such as conjugated proteins.

In this chapter, we overview the research on MIPs involving PIMs, and provide
several fascinating points of this technique, including transformation of binding
sites in molecular recognition cavities, introduction of additional functions, and
conjugated protein mimics. Early PIMs-related research published before 2001 has
been reviewed elsewhere [7].

2 Transformation of Binding Sites in Molecular
Recognition Cavities

The binding sites in molecularly imprinted cavities play a critical role in molecular
recognition, because binding activity is strongly dependent upon the interaction
between target molecules and the binding sites within the cavity. In this section, we
overview important examples of PIMs that transform functional groups within
molecular recognition cavities.

Takeuchi et al. [8] successfully produced dopamine recognition-MIPs bearing two-
point binding sites in a cavity utilizing the designed dummy template molecule, (5-[2-
(allyldithio)ethyl]-2-(4-vinylphenyl)benzo[1,3,2]dioxaborole) (Fig. 2), in which a
disulfide and a phenylboronic acid cyclic diester were aligned, where the dummy
template molecule is defined as a structurally related analogue of the target molecule.
The dummy template molecule was copolymerized with styrene and divinylbenzene
(DVB), and then the phenylboronic acid cyclic diester and the disulfide linkage were
cleaved by hydrolysis and reduced to obtain binding cavities possessing both phen-
ylboronic acid and thiol residues. Oxidative transformation of the thiol group into
sulfonic acid was performed, yielding a site with strong interaction toward the amino
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Fig. 2 Schematic illustration of preparation of MIPs for dopamine via PIMs
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group of dopamine only inside the binding cavity, which synergistically facilitated
dopamine binding with the phenylboronic acid residue, which was capable of cyclic
diester formation with the catechol moiety of dopamine. In chromatographic analysis
with MIPs as separation media, the dopamine retention factor dramatically increased,
becoming 400 times greater than that of the MIP before oxidation. When selectivity
was investigated using tyramine, catechol, 3,4-dihydroxyphenylacetic acid, homo-
vanillic acid, epinephrine, and norepinephrin as reference compounds, dopamine was
found to have the highest affinity. Thus, the activity of the MIP was significantly
improved by employing the PIMs.

Binding site transformation in molecular recognition cavities by PIMs has also
been applied to the preparation of molecularly imprinted catalysts (MICs). Yane
et al. reported an acid MIC for methanolysis of atrazine, a triazine herbicide that is
harmful to humans (Fig. 3) [9]. Methanolysis of atrazine transforms it into the less-
toxic atraton by replacing the 6-position C1 with OCHj. For this purpose, a dummy
template molecule was designed with the following important properties: (i) crea-
tion of atrazine recognition cavities using a molecular imprinting process, and (ii)
introduction of a catalytic site inside the imprinted cavity only, using PIMs,
comprised of the atrazine structure and a styryl or an allyl group via a disulfide
linker at the 6-position. The MIC was prepared using the following process. First,
the designed template molecule, methacrylic acid, styrene, and DVB were
copolymerized, and then the disulfide linker of the copolymerized template mole-
cule residues was reduced with NaBH, to remove the atrazine moiety, yielding an
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removal of template —
N -

‘ post-imprinting
treatment
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Fig. 3 Schematic illustration of the preparation of a molecularly imprinted catalyst (MIC) for
atrazine transformation (reproduced from Ref. [9] with permission from The Royal Society of
Chemistry)
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Fig. 4 Schematic illustration of preparation of a bisphenol A (BPA)-imprinted polymer using a
dummy template (VB-DADPM) and post-imprinting oxidation to generate the interacting sites
(reproduced from Ref. [10] with permission from Taylor & Francis)

atrazine-imprinted cavity. The following oxidation transformed the thiol residue
into sulfonic acid via post-imprinting H,O, treatment, in order to construct an acid
catalytic site within the atrazine-binding cavity. The resulting MIC showed selec-
tive adsorption behavior for atrazine and other triazine herbicides compared to other
types of pesticides, and catalytic activity for the methanolysis of atrazine with
Michaelis—Menten kinetics-like behavior.

As another example of oxidative PIMs, Takano et al. reported MIPs for
bisphenol A (BPA), a well-known endocrine disruptor, prepared using a dummy
template containing Schiff base linkage (Fig. 4) [10]. A dummy template molecule,
N,N'-bis(3-vinylbenzylidene)-4,4'-diaminodiphenylmethane (VB-DADPM), con-
taining two Schiff bases comprised of 3-formyl styrenes and diaminophenylme-
thane was designed. After copolymerization with styrene and DVB, the Schiff bases
were hydrolyzed, yielding two benzaldehyde residues in the imprinted cavity. Then
an oxidative post-imprinting transformation from aldehyde to carboxylic acid was
performed by H,O, treatment to obtain a binding cavity in which two benzoic acid
moieties were located at suitable positions for BPA binding. The post-imprinting
transformed BPA-MIPs showed high affinity and selectivity toward BPA, and the
binding constant was estimated to be 1.3 x 10° M~! using a binding isotherm.

Using this strategy, Taguchi et al. [11] designed an optical sensing system for
BPA, in which BPA-MIP nanoparticles (BPA-MIP NPs) were prepared and used as
molecular recognition elements for BPA sensing, combined with a slab-type optical
waveguide (s_OWG)-based microfluidic surface plasmon resonance (SPR) mea-
surement system. The s_OWG-type SPR sensor was equipped with a high refrac-
tive index glass substrate with gold and silver thin-layer bands, which can detect
changes in refractive index and permittivity near the surface of the gold/silver thin-
layer band. BPA-MIP NPs were immobilized onto the BPA-grafted s_ OWG



100 T. Takeuchi et al.

substrate via the interaction between the BPA-MIP NPs and the BPA immobilized
on the substrate. BPA sensing was successfully demonstrated in a competitive
binding manner, using BPA-modified gold NPs as competitors.

3 Conjugated Protein Mimics

In nature, proteins coupled with nonprotein prosthetic groups and cofactors, called
conjugated proteins, are common; they display a diverse range of functions and play
important roles in the activity of biosystems [1]. The routes by which these mol-
ecules are synthesized, involving post-translational modifications to obtain various
functional proteins, [12] can be mimicked by molecular imprinting in conjunction
with PIMs, producing more highly complex functional MIPs.

Murakami et al. synthesized cofactor-binding MIPs involving the subsequent
post-imprinting introduction of a metalloporphyrin, which mimics hemoproteins and
functions as an “on” switch for specific binding ability (Fig. 5) [13]. In this work,
methacryloyl D-tyrosine anilide (D-TyrAN) was used as a template monomer, and
Zn"-5,10,15-tris(4-methacryloyloxyphenyl)-20-phyenylporphyrin (Zn-TMPP) was

Cleavage

—;——0 \ ’
OH

o} :
- )AKOH——\ Reconstruction

Apo-type Holo-type
Fig. 5 Schematic illustration of preparation of a D-tyrosine anilide (D-TyrAN) imprinted polymer
using methacryloyl D-tyrosine anilide as a template and Zn"-5,10,15-tris(4-methacryloyloxyphe-
nyl)-20-phyenylporphyrin (Zn-TMPP) as a functional monomer (reproduced from Ref. [13] with
permission from The Chemical Society of Japan)
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used as a functional monomer. After copolymerization with styrene and DVB, D-
TyrAN and Zn-TMPP moieties were removed from the MIP by hydrolysis using
KOH, resulting in an apo-type MIP lacking a cofactor. Zn"-5-(3,5-dioctyloxyphe-
nyl)-10,15,20-tri-4-pyridylporphyrin (Zn-TPyP), which is an analogue of Zn-TMPP
that contains pyridyl groups instead of 4-methacryloyloxyphenyl groups, was added
to reconstruct the binding field (holo-type MIP) via conjugation with Zn-TPyP,
which is capable of complex formation with residual methacrylic acids within the
apo-type MIP. The resulting holo-type MIP showed enantioselective binding activity
for D-TyrAN, although the apo-type MIP did not show any enantioselectivity. This
may be due to the synergetic activity of a methacrylic acid residue located on the
upper portion of Zn-TPyP. Because reversed enantioselectivity was produced when
the corresponding antipod, methacryloyl L-TyrAN, was used as the template mol-
ecule, precise reconstitution of the binding cavities was confirmed, recalling the
structure of the template molecule, even after replacement of the original porphyrin
by a structurally related cofactor.

The concept of conjugated protein mimics involving prosthetic groups and
cofactors was expanded to the construction of MIPs tunable for binding activity
toward bisphenol A (BPA). Takeda et al. synthesized template molecules con-
taining two allyl(4-carboxyphenyl) disulfide groups linked with BPA (BPA-D), and
MIPs were synthesized by copolymerizing BPA-D, styrene, and DVB (Fig. 6) [14].
The disulfide groups were then reduced with LiAlH,, resulting in the formation of
an apo-type MIP containing two SH groups in the cavity, which showed negligible
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Fig. 6 Schematic illustration of the preparation of conjugated protein mimics involving prosthetic
groups and cofactors (reprinted with permission from Ref. [14]. Copyright (2009) American
Chemical Society)
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binding activity toward BPA. The authors attempted to tune the binding properties
of the MIP by covalent introduction of a prosthetic group of (i) benzoic acid or (ii)
pyridine using a disulfide exchange reaction. Following the introduction of benzoic
acid groups to transform the holo-type MIP (Holo-COOH), binding ability toward
BPA was activated. A binding test for Holo-COOH indicated that BPA was
selectively recognized by the Holo-COOH, except 4,4'-diaminophenylmethane,
which contains two amino groups suitable for the benzoic acid residues in the
cavity. This low selectivity was successfully improved by replacing the benzoic
acid group with the basic pyridyl group, preventing the nonspecific binding caused
by electrostatic interaction, where the pyridyl groups could be inserted at suitable
positions for specific BPA binding, as the position of two hydroxyl groups on the
BPA structure were memorized in the apo-type MIP.

Furthermore, a noncovalent-based cofactor was applied to the tuning of BPA
binding affinity using oxidative PIMs. The thiol group in apo-type MIP was oxi-
dized into sulfonic acid, and then 1,2-diaminoethane (DAE) was added to form
sulfonate salt with sulfonic acid residues in the oxidative apo-type MIP cavity,
resulting in the improvement of the binding properties of MIPs, due to the intro-
duction of the space-filling interactive cofactor toward BPA. Notably, the binding
properties were easily tuned using the DAE concentration, and the addition of
competitive binding agents, such as mono- and diamines of various sizes, was
effective for affinity control. Testing the control of binding properties in MIPs by
introduction/removal of prosthetic groups/cofactors clearly showed the strong
potential of PIM techniques for fine-tuning MIPs to mimic natural proteins.

4 Introduction of Desirable Functions

The detection of specific biomolecules related to diseases, health status, food quality,
and environmental conditions is increasingly important. Antibodies have commonly
been used as analytical tools for these purposes, but they have several drawbacks,
including low stability, high production costs, and short shelf lives. Therefore, efforts
have been made to develop substitutes for antibodies and other functional biomac-
romolecules. MIPs are excellent candidates for resolving these problematic issues,
because signalling functions for the readout of binding events can easily be incor-
porated into MIPs through the design of template molecules and functional mono-
mers prior to polymerization. Many researchers have investigated MIPs for proteins,
[15, 16] and various detection techniques have been adopted including optical,
electrical, and frequency signals. In particular, fluorescent sensing is a powerful tool
for the detection and imaging of biologically relevant compounds.

Sunayama et al. [17] developed fluorescent MIPs for proteins prepared by
specific post-imprinting introduction of fluorescent dye into the imprinted cavity
(Fig. 7). In this study, a designed functional monomer, 4-[2-(N-methacrylamido)
ethylaminomethyl]benzoic acid (MABA) bearing three components (a polymeriz-
able methacryl group, a benzoic acid moiety to interact with template proteins, and
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Fig. 7 Schematic illustration of preparation of a protein-imprinted polymer using MABA as a
functional monomer and post-imprinting introduction of FITC as a fluorescent reporter dye within
the binding cavity

a secondary amine for post-imprinting conjugation with a fluorescent reporter
molecule) was synthesized and lysozyme-MIP thin films were prepared on a glass
substrate by copolymerization of the designed functional monomer, acrylamide,
and N,N'-methylenebisacrylamide in the presence of lysozyme. After removal of the
lysozyme, fluorescein isothiocyanate (FITC) was conjugated with the secondary
amino group of the functional monomer residues located within the binding cavity.
The MIPs produced fluorescence at 520 nm (Aex 490 nm) derived from fluorescein,
and the fluorescence intensity increased with lysozyme concentration; the magni-
tude of the relative change in fluorescence intensity (Al/ly) was greater than that of
the nonimprinted polymer (NIP) film prepared without lysozyme.

These results indicate that the imprinted cavity was created via the imprinting
process, and the fluorescence dye was successfully introduced into the lysozyme-
imprinted cavity. The SPR response to lysozyme binding of NIPs prepared on gold-
coated SPR sensor chips (in the same manner as the glass substrates) was found to be
greater than the corresponding fluorescence response, because most of the SPR
response from the NIP film may be caused by nonspecific binding to randomly
located functional monomer residues and the polymer matrix; changes in fluores-
cence could be observed only when lysozyme was properly bound to the fluorophore-
labelled imprinted cavity. These results imply that the present post-imprinting
introduction of fluorescent dye provides a method to prepare fluorescent MIPs in
which only specific binding events are transduced into changes in fluorescence,
due to specific labelling of the functional monomer residues within the imprinted
binding cavity.

Post-imprinting transformations were also performed using silica-based molec-
ular imprinting as well as organic polymer-based molecular imprinting. Tao et al.
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Fig. 8 Schematic illustration of the protein imprinted xerogel fabrication process

successfully applied molecularly imprinted xerogels for specific protein sensing,
where the site-selective introduction of fluorescent molecules utilizing a PIM
technique was performed for fluorescence detection of target proteins (Fig. 8) [18].
First, ovalbumin-imprinted xerogels were synthesized by sol-gel reactions with four
types of monomers, including tetraethyl orthosilicate, 3-aminopropyltriethoxysi-
lane, n-octyltrimethoxysilane, and bis(2-hydroxyethyl)aminopropyltriethoxysilane.
The sol solution, including H,O and HCI, was initially mixed with 10 mM phos-
phate buffer (pH 7.0), followed by the addition of ovalbumin dissolved in the same
buffer. After the formation of xerogels, the ovalbumin was washed out with 5 M
aqueous urea or dilute phosphoric acid, yielding ovalbumin-imprinted xerogels.
The site-selective introduction of a fluorescent molecule, azidated BODIPY, was
carried out using an ovalbumin-azidated BODIPY adduct as a labelling agent;
ovalbumin played the role of carrier to deliver the azidated BODIPY to the binding
cavities with ovalbumin affinity, followed by photoinitiated covalent bond forma-
tion between the xerogels and the BODIPY azide. A greater change in fluorescence
intensity was observed as ovalbumin concentrations increased, and the xerogels
recognized ovalbumin over human serum albumin and phenylsulfonamidated
ovalbumin. Moreover, human interleukin-alpha (human IL-1a)-imprinted xerogels
containing site-selectively introduced fluorescent molecules were prepared in a
similar manner; these showed that the xerogels recognized human IL-la over
human IL-1b and porcine-1la, with an extremely low limit of detection of approx-
imately 2 pg/mL.
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5 Outlook

As described above, it has been clearly demonstrated that by using PIM-directed
template molecules and functional monomers, site-specific labelling of reporter
molecules that respond to binding events can be achieved, providing various MIPs
with biologically relevant functions. The combination of PIMs with MIP synthesis
is a powerful tool for the creation of a diverse range of advanced functional
materials. In recent years, the number of reports on MIPs combined with PIMs has
gradually increased, indicating that the focus of the MIPs field has gradually shifted
to the synthesis of increasingly complicated and biomimetic receptors. We believe
that PIMs would be of considerable interest to researchers in the fields of functional
materials science, biomimetic chemistry, and even life science because of the
enormous potential of the existing methods for the development of new classes of
synthetic materials possessing a variety of posteriori functions, such as artificial
enzymes, signalling plastic antibodies, drug-delivery systems, antidotes, restoration
materials, stimuli-responsive materials, and tools for logic circuits. We hope this
chapter will help readers to create more advanced materials.
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Molecularly Imprinted Polymers
for Catalysis and Synthesis

Fosca Mirata and Marina Resmini

Abstract The area of biomimetic catalysis based on molecular imprinted polymers
has progressed considerably over the last two decades, with research efforts focused
on developing catalysts for challenging reactions and on understanding the key
factors in template structure and polymer morphology that influence efficiency and
selectivity. Recent advances and significant achievements in the field presented in
this chapter are organized according to four topics: hydrolytic reactions of chal-
lenging substrates, oxidase mimics, metallo-enzyme mimics, and polymers that
display unusual reactivity, such as in the case of reactions for which enzymes don’t
exist, such as Diels—Alder and Kemp elimination. For each theme, significant
examples for recent literature are presented and discussed.
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Enzymes have been developed by nature to efficiently catalyze a large variety of
chemical transformations, thanks to specific interactions in the active site between
key amino acid residues and substrates and intermediates of the reaction [1].
The efficiency and specificity of these proteins can rarely be matched by synthetic
mimics, but low stability in organic solvents, in extreme temperatures and pHs,
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significantly limits applications. For this reason researchers have investigated
various approaches to develop artificial mimics, of which catalytic antibodies and
molecularly imprinted polymers are two important examples. With both systems,
catalysis of important reactions for which no enzyme exists, such as Diels—Alder [2]
and hetero-Diels—Alder [3] have been achieved, together with examples of stereo-
controlled chemical reactions [4], although in the case of catalytic antibodies, their
protein structure still has the same limitations as enzymes.

The molecular imprinting technique uses a templating approach, where the target
molecule forms a self-assembled complex with specific functional monomers and
cross-linkers, which after polymerization and removal of the target leaves a mac-
romolecular system with cavities that have specific molecular recognition charac-
teristics. When the chemical structure of the template is designed to resemble the
transition state or the intermediate of a reaction, the polymers display enzyme-like
catalytic activity.

The late 1980s saw important developments in the field of catalytic-imprinted
polymers with seminal papers by Neckers [5] and Shea [6] on the stereocontrol of
chemical reactions, by Wulff [7] on enantioselective synthesis, and by Mosbach [8]
on imprinting using substrate analogues. In 1989 Mosbach [9] also reported the first
example of polymer imprinting using a transition state analogue (TSA) that lay the
foundation for a flourishing field. A number of different systems for the formation
of the target-functional monomer complex have been studied, such as the covalent
approach used by Shea [10] and the stoichiometric non-covalent imprinting
developed by Wulff [11], while a significant variety of chemical reactions, such as
the dehydrofluorination [12], the f-elimination [13], the aldolase type II [14], the
Diels—Alder cycloaddition [15], the phosphate hydrolysis [16], and the Suzuki
cross-coupling [17] have been studied with varying results in terms of catalytic
efficiency and substrate specificities.

After the initial proof of concept, research in the field of catalytic-imprinted
polymers focused the efforts towards understanding the mechanisms that control
catalytic efficiency and molecular recognition, with the aim of achieving catalytic
activities much more similar to the ones obtained with enzymes [18-21].

This chapter will provide an overview of the most recent work done in the area
of imprinted polymers used as catalysts and for synthetic purposes; the most sig-
nificant findings are presented in four different groupings: hydrolysis reactions on
challenging substrates, oxidase mimics, polymers mimicking metallo-enzymes, and
polymers with unusual reactivity.

1 Hydrolytic Reactions on Challenging Substrates

In living organisms, hydrolytic reactions are constantly performed by various
enzymes, e.g., hydrolases, esterases, and amidases, whose mechanisms of action
have been studied in great detail [22], leading to the identification of important
concepts such as the TSA [23]. For these very reasons, the hydrolysis of esters and
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carbonates has been among the first types of reactions to be catalyzed by imprinted
polymers [24].

In the last few years there has been a clear drive towards studying chemical
reactions that are significantly more challenging from the point of view of energy,
and among these organophosphates, hydrolysis has attracted considerable interest
[25, 26]. Organophosphates are esters of phosphoric acid, and this class of com-
pounds includes many important biomolecules such as DNA, RNA, and some
cofactors, but also highly toxic organic pollutants such as pesticides, insecticides,
and nerve gas agents. The latter are of particular concern, given their threat to
human health, and therefore their detection, quantification, and especially decom-
position into non-toxic products is a key priority. In the last few years, researchers
have attempted to develop efficient catalysts for the hydrolysis of organophosphates
by using novel approaches based on molecularly imprinted polymers. Prior to 2009,
a few attempts in the synthesis of catalysts based on MIPs were made, but without
achieving significant rate accelerations [27-29].

In 2013 Guo et al. [30] published an interesting work on the preparation of a
dual-templated imprinted capsule that catalyzes the hydrolysis of organophosphate-
based pesticides. The authors used an original approach, based on imprinting the
substrate and the product at the same time. The aim was to obtain a material that can
act as a catalyst with high efficiency and selectivity in the degradation of the
pesticide target while simultaneously catalyzing an elimination reaction. The
imprinted polymer was prepared as a hollow structure to minimize the degradation
of the substrate and the product inhibition. Paraoxon was used as the model sub-
strate; this is one of the most potent acetylcholinesterase-inhibiting insecticides
currently available, and it is now rarely used due to the toxicity to humans and other
animals. Zinc dimethacrylate (MAA-Zn) was used as a monomer, with divinyl-
benzene (DVB) as the cross-linker, while p-nitrophenol was used as the first
template. Vinyl-bearing silica microspheres (v-SiO,) were used as the seed around
which the polymerization occurred. The core-shell microspheres were prepared first
by precipitation polymerization; the copolymerization of MAA-Zn and DVB in the
presence of paraoxon as the second template took place around the core-shell
microsphere by precipitation polymerization. After removing the v-SiO,, the dual-
templated hollow microsphere was obtained (Fig. 1). The material was character-
ized by an paraoxon-imprinted outer shell, acting as the hydrolytic catalyst, and by
a p-nitrophenol-imprinted inner shell, representing the adsorption layer. This layer
acts as reservoir to enrich p-nitrophenol and to further promote hydrolysis of
paraoxon by decreasing the concentration of the product in the medium.

Various polymers were prepared by using similar experiment conditions: non-
imprinted polymer (NIP), MIP imprinted with the reactant, paraoxon (MIP-P), MIP
imprinted both with paraoxon and p-nitrophenol, reactant and product (MIP-N/P),
and H-MIP-N/P, obtained following the removal of the first seed. Results showed
higher catalytic efficiency towards paraoxon when H-MIP-N/P is used; compared
with MIP-N/P, it showed significant catalysis efficiency with a rate of 59.6 x 10>
mM min~', which is 1.88-fold higher than that of MIP-N/P and 272-fold higher
than that of paraoxon self-hydrolysis. This significant result is due to the synergistic
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Fig. 1 Schematic representation of the synthesis of dual-templates imprinted capsule. First
imprinting p-nitrophenol, then imprinting paraoxon, at the surface of vinyl-bearing silica seeds,
followed by the removal of the silica seeds and templates [30]

effect of the two layers. Paraoxon-imprinted sites could catalyze the hydrolysis of
paraoxon, which generates p-nitrophenol, which could be adsorbed in the p-nitro-
phenol-imprinted sites, resulting in the decrease of p-nitrophenol concentration. At
the same time, besides showing higher catalysis efficiency towards paraoxon,
H-MIP-N/P could also eliminate p-nitrophenol effectively. Moreover, the catalyst
has an excellent catalytic efficacy; up to 80 % of the catalytic ability is indeed
retained after three catalytic cycles using the same H-MIP-N/P. All the results prove
that the catalyst has very good potential application in the environmental field,
especially in the degradation of organophosphate-based toxic pollutants.

That same year, Carboni et al. [31] studied the hydrolysis of organophosphates
by using an innovative strategy that involved the use of a complex between lan-
thanum and an organophosphate as template for molecular imprinted titanium-
based mesoporous films. The metal was used because of its high affinity and strong
interaction with organophosphates, acting as the catalytic center able to increase the
reaction rate, while the mesoporous structure favors substrate binding and allows
the easy removal of the template. The metal is integrated and dispersed in the
matrix, giving rise to a mesoporous La-doped titanium film. Kinetic studies indi-
cated that NIF provides a 17 % rate acceleration compared to the background, while
MIF shows a 27 % increase in initial rate. This material was shown to have a very
high number of active sites, and by using the density of active sites, the authors
were able to determine also the catalytic loading corresponding to the area of the
film used for the kinetics. These films have given promising results as catalysts,
proving to be versatile tools for the degradation of organophosphate-based
pollutants.

Another interesting study in the area of novel MIPs, catalyzing the hydrolysis of
interesting substrates, was reported by Striegler and colleagues [32] (Fig. 2). Her
work focused on the hydrolysis of glycoside by using catalytic microgels imprinted
with carbonates. Glycosides are very important organic molecules in which a
carbohydrate is bound to another functional group via a glycosidic bond on its
anomeric carbon. In living organisms, the glycoside bond is cleaved by glycosi-
dases, a family of enzymes that is able to hydrolyze the glycoside bonds. In organic



Molecularly Imprinted Polymers for Catalysis and Synthesis 111

Fig. 2 Catalytic HO o HO. o
hyd'rolysis of . H%o _ Cat | HMH N '0\©\
p-nitrophenylglycopyranoside \©\ NO,
and structure of the catalyst NO,

used [32]

oo
_.Cu_. Cu._
Cat: | SN o TNF i
AN AN I
O O
}\

X

chemistry, glycosidase can be used as synthetic catalysts to form glycosidic bonds,
through either reverse hydrolysis or by transglycosylation. The long-term goal of
the authors is to use the developed catalyst to selectively form glycosidic bonds by
transglycosylation. Data presented in a previous paper (published a year earlier
[33]) showed that the hydrolysis of p-nitrophenyl-a-D-galactopyranoside can be
accelerated 11,000 times over the background reaction when binuclear complex
Cu,(bpdpo)(OAc) is used as catalyst; however, despite the high rate of acceleration,
significant product inhibition limits its application.

In order to increase the rate of the reaction even more and to avoid product
inhibition, the metal complex was anchored on a polymeric matrix. The synthesized
polymerizable ligand was immobilized in a co-polymer of styrene and butylacrylate
in aqueous miniemulsion and activated by coordination of Cu(II) ions. Although the
reaction catalyzed by the macromolecular catalyst showed an increased value of
keatlknon (from 11,000 to 100,000 M), the selectivity ability of the catalyst towards
glycosidic bonds was very poor; indeed, neither the anomeric nor the epimeric form
was discriminated. To overcome this limitation and supply the catalyst with higher
selectivity, turnover rate, and catalytic efficiency, the imprinted approach was
investigated and sugar-templated microgels were prepared. The miniemulsion was
prepared in water from styrene, butyl acrylate and the carbohydrate metal complex
by radical polymerization. The catalyst showed an increased catalytic efficiency
(keadknon = 6.6 X 10° M), as well as turnover (0.151 min™ "), that was 4 times higher
than the value obtained for the macromolecular catalyst. These results, together
with the enhanced selectivity of the catalyst towards the structure of the carbohy-
drates involved in the glycosidic bond (epimeric forms), provide evidence for the
positive contribution of the template approach, even though the selectivity for the
nature of the bond (anomeric forms) was not achieved.

Another interesting example of MIP catalyzing interesting reactions is the work
of Abbate et al. [34] who in 2011 reported the first example of MIPs that shows
catalytic activity on reactions involving silicon-based substrates. Hydrolysis and
condensation reactions of alkoxysilane compounds were studied using trimethy-
lethoxysilane (TMES) as a model molecule. The preparation of MIPs is based on
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the non-covalent approach, which results in an easier and more efficient removal of
the template from the MIP. Ethylene glycol dimethacrylate (EDGMA) and a-azo-
iso-butyronitrile (AIBN) were used as cross-linker and initiator, respectively.
Methacrylic acid (MAA) and diphenylsilanediol were used as functional monomer
and template; the former was chosen due to its ability to form hydrogen bonds,
while the latter, diphenylsilanediol, was used as a TSA. The polymerization, either
thermal or photochemical, provided the polymer as a rigid monolith, which was
manually ground and sieved to give particles ranging from 50 to 150 pm. The
polymer was characterized in the solid state via FT-IR, solid-state NMR and SEM-
EDS, the latter showing the polymer surface with high porosity and a sponge-like
appearance. The porosity is believed to favor the fast exchange of substrates in and
out of the polymer. Condensation of trimethylsilanol to hexamethyldisiloxane and
hydrolysis of trimethylethoxysilane (TMES) to Me;SiOH were conducted both
with MIPs and NIPs (non-imprinted polymers), and the results showed that the MIP
favors the condensation reaction, on the basis of the higher amount of HDMS
product formed. Me;SiOH, the hydrolysis product was, however, obtained in the
same quantity with MIP- and NIP-catalyzed reactions, as a result of the non-specific
catalysis mediated by randomly positioned functional monomers.

Good results were obtained in terms of reproducibility of the data. In the same
study, the authors also presented MIPs able to catalyze the biomimetic synthesis of
silica by hydrolysis and polycondensation of tetramethoxysilane (TMOS). The MIP
was prepared by using the same experimental conditions using a pentacoordinate
silicon compound as TSA-template and different functional monomers, either MAA
or HEMA-VPY (2-hydroxyethyl methacrylate, HEMA, 4-vinylpyridine, VPY). The
MIPs prepared in this way showed the ability to precipitate amorphous silica under
ambient conditions.

As reactions with challenging substrates were investigated, there has also been a
new drive towards studying more traditional reactions, such as the hydrolysis of
esters and carbonates using novel polymeric formats. Li et al. [35] developed a new
hydrolytic system designed to catalyze ester hydrolysis with an on-off switch. MIPs
using NIPAM-based thermoresponsive polymers were prepared and used to cata-
lyze hydrolysis of p-nitrophenylacetate. The innovation of this material lies on its
temperature-dependent hydrophilicity/hydrophobicity, which gives a temperature-
regulated catalysis; this is enhanced at a relatively low temperature (20 °C), thanks
to its hydrophilic networks that enable access to the imprinted sites for analytes in
water, whereas at a high temperature (40 °C), the hydrophobicity is increased and
hence the polymer shows poor catalytic activity due to the reduced access to the
imprinted matrix because the polymer has been shrunk. This characteristic is given
by the presence of poly(N-isopropylacrylamide) (PNIPAm), which has a unique
structure that changes hydrophilicity and hydrophobicity at its lower critical solu-
tion temperature (LCST).

Several studies have been conducted on this material, such as template-monomer
interaction and stoichiometric amounts of monomer via UV spectra, FTIR spectra
and SEM morphology, specific interactions between polymers and analyte via
TPD (temperature-programmed desorption), thermosensitive hydrophilicity/
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hydrophobicity via DLS (dynamic light scattering) analysis, and switchable binding
behavior via DCV (dynamic desorbing cyclic voltammetry). The results and the
number of advantages of the material-like stability, ease of preparation, and reus-
ability, demonstrate the feasibility of the switchable catalysis by the clever and
catalytic imprinted polymer obtained with this approach.

Two years later, the same group presented an original material, a nanoreactor based
on molecularly imprinted polymer containing Ag nanoparticles [36]. The originality
lies in the ability of the nanoreactor to catalyze cascade reactions—contrary to the
conventional nanoreactors, which promote just one single reaction per time. Substrate
recognition, catalytic selectivity—besides significantly decreasing the cost and
number of steps—are just a few of the advantages of the new material. The model
reaction used was the synthesis of aminophenol (AP). A common method for
obtaining AP is based on the nitration of phenol, followed by catalytic reduction in the
presence of an Ag, Au or Fe catalyst. This process is complicated and involves many
separation steps; therefore, the proposed nanoreactor has a positive potential
application.

The proposed reaction starts from the hydrolysis of 4-nitrophenyl acetate (NPA),
followed by a further reduction (in which Ag is involved) of nitrophenol (NP) in
order to obtain AP (Fig. 3). Since the nanoreactor catalyzes two consecutive
reactions, it was imprinted with two molecular templates—NPA, and NP in the
form of a complex with Ag. A classic molecular imprinting technology was used in
the preparation of the nanoreactor. The templates, NPA and the AgNP complex, the
functional monomer 1-vinylimidazole, the backbone monomer divinylbenzene, and
the initiator AIBN were dissolved in a mixture of alcohol and dimethylsulfoxide. A
photochemical polymerization was used; the system was irradiated with ultraviolet
light (365 nm) overnight. Following removal of the templates, the nanoreactor
(MIP-NPA-AgNP) was obtained. Two more control nanoreactors were prepared
using the same experimental conditions, MIP—AgNP (without using NPA, NP and
NPA), NIP-Ag (without using NP, NPA and Ag), and NIP. The catalytic activity of
the nanoreactors was tested and compared in order to identify the cooperation
between Ag nanoparticles and the imprinted polymers in relation to the sequence of
reactions. The data demonstrate that successive-reaction catalysis can be realized by
using this novel and unique imprinted nanoreactor, which opens up new opportu-
nities for developing functional catalysts for complicated chemical processes.

NO, NO, NH,
9 HO
)J\O 1st catalytlc }\ Hydroly5|s HO 2nd catalytic HO

step
NPA NP AP

Fig. 3 Consecutive steps showing the conversion of 4-nitrophenyl acetate into 4-nitrophenol and
subsequently into 4-aminophenol [35]
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2 Oxidase Mimics

Another class of reaction largely studied, both in terms of bio-mimicking and
catalytic effect of MIPs, is oxidation—in particular when applied to substrate of
interest, such as phosphonate-based compounds and toxic environmental agents.
Shiraishi et al. [37] in 2010 proposed a new way to degrade toxic pollutants using
an oxidation reaction instead of hydrolysis. The innovative method was based on
photooxidation, and chlorophenols (CPs) were used as the model. CPs are part of a
class of organochloride of phenols that contains a covalently bonded chlorine atom.
One molecule may contain one or more chlorine atoms up to five (pentachloro-
phenol), and monochlorophenol presents three isomers: 2-chlorophenol (2CP), 3-
cholorophenol (3CP), 4-cholorophenol (4CP). These compounds are widely used in
various industries as pesticides, herbicides and insecticides. Both the U.S. Envi-
ronmental Protection Agency and the European Parliament and Council of the
European Union listed the CPs as priority pollutants. However, CPs degrade slowly
in the environment and can produce more complicated and toxic molecules, hence
the need for a system that allows fast purification. A MIP containing Rose Bengal
(RB), a photosensitizer able to selectively photooxidate CPs in water in the pres-
ence of O, by simple irradiation with visible light, was obtained. Radical thermal
polymerization was used, and MAA, 4-chloromethylstyrene (CMS), EGDMA,
AIBN and chlorophenol were used as functional and backbone monomer, cross-
linker, initiator, and template, respectively. The RB was later added to the solution,
followed by warming up and stirring together with the polymer. Three MIPs were
prepared with each of the three isomers of chlorophenol as template substrate,
obtaining IP-x with x = 2CP, 3CP, 4CP.

In order to test the selectivity and the photosensitization activity of the materials,
photooxydation was evaluated by adding the respective IP-x in a sealed tube
containing an aqueous solution of the substrates (2CP, 3CP, 4CP plus phenol) in
which O, was bubbled; the tube was then photoirradiated with visible light at a
wavelength greater than 530 nm. The same reaction was conducted with only
unpolymerized RB as a sensitizer and with NIP (non-imprinted polymer), and the
results were compared. With RB, no differences were observed in the conversion of
all the substrates. IP-x shows specifically high conversion for the corresponding
substrate used as templates for polymer synthesis, although the quantity of con-
version of all substrates obtained with IP-x and NIP are lower than that obtained
with RB. The selective activity of IP-x was therefore demonstrated and also con-
firmed by IR analysis and absorption experiments. The recognition site in the MIP
selectively attracts the target CP via hydrogen bonding; the 'O, produced by energy
transfer from RB can oxidize the substrate during diffusion within its lifetime.
However, the efficiency of IP-x was found to be not very high due to the hetero-
geneous character of the energy transfer from exited RB units to O, and oxidation
of substrates by 'O,.

Oxydoreductases are some of the most important enzymes in living organisms
due to their essential role in the respiratory processes. Jakubiak-Marcinkowska et al.
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[38] reported a new MIP able to mimic oxygenases, enzymes part of the oxydo-
reductases family that catalyze insertion of oxygen atoms on substrates. These
enzymes carry Cu(Il) ions in the active centers, which are coordinated by histidine
ligands—among others, amino acids residues, responsible for electron transfer and
reagent binding. Unlike the other examples of catalytic MIPs, this material carries
the recognition sites only on the inner surface of the polymer surface. This char-
acteristic solves the diffusion issues and hence makes the transport of reagents in the
medium easier. The surface imprinting technique was used in order to synthesize
the MIPs; this is based on W/O emulsion on organic-aqueous interface, which is
used as a recognition field for template molecules to assure correct orientation of the
functional groups toward target molecules fixed at this interface.

The model reaction was the oxidation of hydroquinone (HQ) to quinine (Q) by
H,0,. A complex of Cu(Il) and 4-methoxybenzyl alcohol was used as template;
this is a common strategy; indeed, other examples of metal complexes used
as templates have already been studied within the hydrolysis catalysis sec-
tion. 1-Vinylimadazole was used as functional monomer due to its similarity to the
histydyl ligand present in the natural enzymes. The cross-linker, 1,1,1-tris
(hydroxymethyl)propane trimethacrylate, gave a porous and rigid structure to the
material (Fig. 4). Moreover, two more monomers were added to the monomer
mixture during polymerization: acrylonitrile for the purpose of increasing the
rigidity and porosity without using a high level of cross-linker, and 4-vyn-
yloxybutylstearate, a surface active monomer, to improve the stability of water/oil
emulsion, allowing an easier removal of metal ions.

Once the Cu(II)-complexes’ templates were removed and the surface MIPs were
obtained, they were further loaded with Cu(Il) ions to prepare the catalysts with
active centers. The Cu(Il) ions interact with the imidazole nitrogen and with the
carboxyl group formed by hydrolysis of the cross-linker during the polymerization.
The catalyst was characterized by EPR, which highlighted the interactions taking
place within the active center. In order to improve the catalytic efficiency of the
materials, the authors modified the active center with ionic liquids (ILs) in a process
that involves two steps, a first bromoalkylation and an ion-exchange of bromine.
ILs are a salt-like material in the liquid state, and among their various properties, an
excellent thermal and chemical stability, and miscibility with water and organic
solvents stand out. Moreover, their high polarity, reactivity towards transition metal
ions and ability to work in a two-phase system make these substances very useful
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Fig. 4 From right to left: structures of template, functional monomer, and cross-linker [38]
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for catalysis and polymer chemistry. Two series of surface MIPs were synthesized
—a modified one and a non-modified one; EPR spectra were recorded and
experimental spectra were computer simulated. Both results were compared,
showing that protonation of the imidazole nitrogen and the introduction of groups
with strong electrostatic properties in the cavities resulted in a clear increase in
catalytic activity, with over a 50 % enhancement. These findings provide a very
interesting example of how the addition of free active groups in a catalytic site can
impact activity by making the metal loading less relevant for high efficiency.

Among biomimetic MIPs applied to catalyze oxidation reactions, there is an
interesting study published by Diaz-Diaz et al. [39] in 2011 in which they devel-
oped MIPs with catalytic activity towards 2,4,6-trichlorophenol (TCP) mimicking
the chloroperoxidase (CPO)s activity. CPO is a versatile heme-containing enzyme,
where the heme group acts as the prostetic group, which is part of the family of
oxidoreductases. Although the primary biological function of CPO is chlorination
of organic compounds, CPO can also catalyze oxidative reactions, characteristic of
other heme peroxidises. CPs, as mentioned earlier, are highly toxic pollutants that
are persistent in the environment and are found in the ground and in wastewater.
TCP especially is the most harmful of CPs due to the pulmonary lesions that it
causes. Peroxidases have already been shown to degrade these pollutants, and
therefore CPO was taken as a model system in order to catalyze the oxidative
dehalogenation of TCP to 2,6-dichloro-1,4-benzoquinone (DCQ).

In this study, a general computational method for the rational design of an
artificial oxidative hemeprotein was proposed. Density functional theory (DFT)
calculations were applied in order to select the most suitable functional monomer
that stabilizes both the pre-polymerization adduct and the intermediate in the cat-
alytic reaction. Quantum chemical methods are very convenient due to their ability
to ability to accurately predict the stabilization energies for the reactive complexes,
which are then synthesized and analyzed. Four different functional monomers with
different acid/base groups (trifloromethacrylic acid, TFMAA; methacrylic acid,
MAA; methacrylamide, MA; and 4-vinylpyridine, VPY) and six solvents were
screened. Methacrylamide (MA) and 4-vinylpyridine (VPY) gave the most stable
interaction with the template in DMSO. MIPs were then synthesized by radical
polymerization using AIBN and EGDMA with each of the four functional mono-
mers and tested with DFT plus chlorohemin in the catalytic center, which is
covalently included in the polymer backbone and which mimics the prostetic group
of the natural CPO. SEM and TEM analysis were carried out; furthermore, the
catalytic activity, the selectivity and the binding efficiency towards TCP were
investigated on each prepared MIP. In accordance with the theoretical predictions,
only TCP-imprinted polymers synthesized with MAA or VPY as functional
monomers showed catalytic activity in oxidative dehalogenation of TCP. Moreover,
the two catalysts produce regioselective transformation of the substrate, therefore
acting as artificial mimics of CPO.

One year later, the same group published further findings on the synthesis of a
new MIP containing both the neutral MAA and the 4-vinyl pyridine unit, mim-
icking the amino acid residues of CPO [40]. Different ratios of the two monomers
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were screened to better understand their roles and to optimize the catalytic effi-
ciency of the MIP. The polymers were prepared by radical polymerization using
chlorohemin, TCP, MA-VPY in different ratios (3:1, 1:1, 9:1), EGDMA and AIBN;
the polymers were characterized using ICP-MS to determine the amount of iron,
SEM for the morphological characterization, as well as kinetics studies together
with binding and selectivity experiments. Oxidative dehalogenation of TCP was
carried out with both NIPs and MIPs as catalysts. The formation of the DCQ as the
main oxidation product proves that the catalysts are regioselective. The highest
catalytic efficiency was shown by the MIP with the lower VPY content (9:1 ratio),
unlike the natural counterpart, which exhibits a 3:1 acid:base character in the cat-
alytic center.

3 Polymers Mimicking Metallo-Enzymes

The use of metals in catalysis is widespread and these systems often suffer from a
lack of substrate specificity; this is the reason that there has been considerable
interest in coupling the metal containing centers with the imprinting approach.

Czulak, in collaboration with Jakubiak-Marcinkowska, prepared MIPs with
catalytic centers containing transition metal ions in order to mimic the active sites of
metalloenzymes, using the oxidation of hydroquinone by hydrogen peroxide as a
model reaction [41]. The suspension polymerization technique was used in order to
obtain two kinds of cavities: in the volume, and on the surface of the polymer
matrix. Volume molecularly imprinted polymers were obtained from an organic
phase that contained 4-vinylpyridine (VPY) and acrylonitrile (AN) as functional
monomers; trimethylolpropane trimethacrylate (TMPMA) as a cross-linker;
4-methoxybenzyl alcohol (MBA) as template, with its structural similarity to the
reagent, 2,2-azobisisobutyrronitrile (AIBN) as the initiator; and metal ions. VPY
creates an acid-base interaction between imprinted metal ions and the pyridine
nitrogen atom; a second functional monomer is used in order to facilitate the
formation of porous structure. Surface molecularly imprinted polymers were
obtained by adding aqueous phase containing metal ions solution to an organic
phase containing the same functional monomers, cross-link agent, template and
initiator seen above. In order to enhance the stability of the pre-polymerization
emulsion, 4-vinyloxybutylstearate (VOBS) was added to the organic mixture.
Characterization of the polymers was carried out by analyzing nitrogen content,
surface area, porosity and sorption of metal ions. The authors synthesized nine
polymers in total, using both volume and surface imprinting technique, using four
transition metals: Cu(Il), Co(IT), Mn(II), and Zn(II). However the last two ions, Mn
and Zn, were used only in volumetric imprinting due to their low stability and
loading in the cavities.

The catalytic activity of the polymers was tested and compared. The highest and
most efficient activity in the oxidation reaction of hydroquinone was showed by the
MIP containing Cu(II), due to the formation of a stable complex between template,
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metal ion and functional monomers during the polymerization step. In particular,
the complex stability followed this series: Mn(II) < Fe(Il) < Co(II) < Ni(Il) < Cu
(II) > Zn(II). Moreover, the surface imprinted polymers provided better results than
the volumetric imprinted ones for the same metal ion and similar loading; in the
latter, the substrate had to diffuse through the polymer matrix into the internal
cavities while there was no requirement for diffusion surface cavities.

Another interesting and innovative investigation on catalytic Metals-based MIPs
was reported by Yang et al. A molecularly imprinted Fe;0,/SiO, core-shell mag-
netic composites (Fe;0,4/SiO,-MIP) was prepared in order to selectively catalyze
ozonation of p-nitrophenol (p-NP) (Fig. 5) [42].

Phenolic compounds are toxic and carcinogenic and very difficult to remove
from the environment due to their stability and bioaccumulation. A possible
approach involved the development of catalysts with high recognition and selec-
tivity ability designed to remove these compounds from wastewater by ozonation
processes; selectivity is crucial, given the large presence of other organic con-
taminants in polluted water. In order to synthesize the catalyst, Fe;O, particles were
prepared by precipitation, followed by Fe;04/SiO, core-shell particles prepared by
dispersing tetracthoxysilane (TEOS) in a Fe;O, solution. Fe;04/Si0,-MIPs were
further obtained by surface imprinting using Fe;0,/Si0, core-shell particles mixed
together with 3-amynopropyltriethoxysilane, frequently used in functionalization of
surfaces with alkoxysilane groups. The Fe;0,/SiO, particles with terminated amino
groups obtained this way were vacuum dried and then dispersed in a solution
containing the template p-NP, and the functional groups, o-phenylenediamine
(OPDA) and ammonium persulfate.

The final polymer was isolated by magnetic separation and the template was
removed. XRD, SEM and FT-IR were performed on the products. The adsorption
ability of the catalyst was determined by calculating the organic mass balance
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Fig. 5 Synthesis of molecularly imprinted Fe30,/SiO, and structures of the used materials [42]
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before and after the sorption; the conducted adsorption experiments showed that the
adsorption ability of p-NP using Fe;04/SiO,-MIP was enhanced, compared to that
of Fe30,4/SiO,-NIP, synthesized in the absence of template. The reason for this
enhanced ability of MIP could be due to the strong bonding between p-NP and the
molecular imprinting layer. The catalytic ozonation activity was investigated by
evaluating the degradation of p-NP. The degradation efficiency of p-NP using
Fe;04/Si0,-MIP in the presence of O reached approximately 75 % within 60 min,
significantly higher than that using Fe;0,/SiO,-MIP in the absence of Oj;. The
enhanced activity of catalytic ozonation using Fe;04/SiO,-MIP can be ascribed to
the production of hydroxyl radicals in the catalytic ozonation process. The degra-
dation efficiency of p-NP by catalytic ozonation using Fe;04/SiO,-MIP is much
higher than that using Fe;0,/SiO,-NIP, due to the binding between p-NP and the
molecular imprinted layer on the MIP. Thus, Fe;0,/SiO,-MIP demonstrated a
preferential catalytic ozonation of p-NP by the recognition ability of the molecu-
larly imprinted layer to the target p-NP molecules. Moreover, tests on the recog-
nition ability and selectivity of Fe;04/SiO,-MIP to p-NP, when other organic
contaminants (i.e., phenols) are present in the sample, were necessary. The deg-
radation efficiency of p-NP and phenol by catalytic ozonation using Fe;0,4/Si0,-
MIP in p-NP solution containing phenol is approximately 75 and 40 %, respec-
tively, and the difference in the degradation efficiency between p-NP and phenol
using Fe;0,4/Si0,-MIP is about 35 %. In contrast, the degradation efficiency of
p-NP and phenol by catalytic ozonation using Fe;04/SiO,-NIP in p-NP solution
containing phenol is about 39 and 31 %, respectively, and the difference in the
degradation efficiency between p-NP and phenol is approximately 8 %. Thus,
Fe;0,4/Si0,-MIP composites have higher recognition and selectivity to p-NP target
compounds than phenol compounds in the catalytic ozonation process, even in the
presence of coexistent non-target phenol. This material could hence be used in
water purification.

Another interesting example of molecular surface-imprinted polymer was pre-
sented by Erdem et al. in 2010 [43]. Methacryloylhistidine-Co?*, -Ni**, -Zn>*
(MAH-M?*) monomers were used to synthesize MIPs in the form of beads (PIBs),
which were used to hydrolyze paraoxon, the high toxic organophosphate used as
pesticides. The technique used was suspension polymerization, which is carried out
by stirring together the functional monomers, MAH-M?*, and the template,
paraoxon, the mixture to which the cross-linker, EDMA, is added, and then, the
initiator, AIBN; the resulting solution is then transferred to the dispersion medium
and heated. The precipitated PIBs are filtered off and washed in order to remove the
template and leave the empty cavities. The polymers were characterized by UV-Vis,
Zetasizer, surface area measurements, ICP-OES in order to calculate the amount of
metals in the catalyst, and SEM. The hydrolytic catalytic activity was determined
by monitoring the absorbance increase of 4-nitrophenoxide ions, the product of
paraoxon hydrolysis. The rate of the paraoxon hydrolysis was enhanced both by
PIBs and NIBs (non-imprinted beads), compared to the non-catalyzed reaction,
although PIBs accelerate the hydrolysis more than NIBs due to their morphology,
surface texture, and easy access and binding of paraoxon to the metal ions in
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cavities that have the same shape and size of the analyte. The best results were
obtained with MAH—C02+, which provided 365 times rate enhancement relative to
the rate of non-catalyzed paraoxon hydrolysis. The effect of the temperature was
also studied, and the initial rate was shown to increase as the temperature was
raised.

4 Polymers with Unusual Reactivity

In this last section of the chapter, the focus will be on the preparation of MIPs that
catalyze a variety of interesting chemical transformations, such as the asymmetric
transfer hydrogenation, Weng et al. [44] presented the first example of a molecu-
larly imprinted Ru-complex catalyst supported on an oxide surface for a catalytic
reaction in water media. The immobilization of a metal-complex precursor on a
support surface was already a well-known technique for the preparation of heter-
ogeneous catalysts. In order to improve the characteristic of heterogeneous cata-
lysts, a molecularly imprinted cavity was prepared close to the catalytically active
sites, giving rise to a molecularly imprinted metal complex, thus enhancing the
selectivity and efficiency.

The studied reaction was the asymmetric transfer hydrogenation (ATH) of
o-fluoroacetophenone in water. The product of the reaction (R)-1-(o-fluorophenyl)
ethanol was coordinated to a SiO,-supported Ru-complex as template. Hydrophobic
organic polymer matrices were stacked on the surface of SiO, by photopolymer-
ization of ThreeBond 3026E (acrylate oligomer (65-75 %), 2-hydroxyethyl
methacrylate (20-30 %), acrylic acid (1.4 %), and photoinitiator (1-5 %)). As a first
step, the Ru-complex ([(p-cymene)Ru{(1R,2R)-NH,CH(Ph)CH(Ph)-NSO,CgH;}
Cl]) was prepared; later on, p-styryl-functionalized SiO, was obtained by refluxing
p-styryltrimethoxysilane with calcinated SiO, while the Ru-complex was attached
to the surface by the two p-styryl moieties in the presence of AIBN, to give the
supported catalyst. Subsequently, the salt of the template, (R)-1-(o-fluorophenyl)
ethanol, was chemically coordinated to the supported Ru-complex and polymer-
matrix overlayers were stacked on the surface of the SiO, surrounding the metal
complex. The final MIP matrix was obtained following removal of the template.
The stacking of polymer-matrix overlayers were conducted with four methods:
photopolymerization of ThreeBond 3026E containing acrylate oligomer and
2-hydroxyethyl methacrylate (PH); vapor deposition polymerization of styrene and
divinylbenzene (VPD); precipitation polymerization of methylmethacrylate and
ethyleneglycol dimethacrylate (PP); and hydrolysis polymerization of Si(OCH3)4,
(HP). The structure and the amount of stacked material were investigated by XPS,
and results showed that the PH and VPD methods gave a better surface covering.
Moreover, systematic investigation of the heights of polymer matrices revealed that
the polymer matrices prepared by the PH method provided efficient reaction space
on the active Ru-complex, with shape-selective and enantioselective behaviors for
ATH. Solid-state NMR, DR-UV/vis, XPS, XRF, ICP, TGA, and SEM were used to
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characterize the structures of the molecularly imprinted Ru-complex catalysts; the
catalyst prepared in this way showed a high catalytic activity.

Li et al. [45] presented a substrate-selective nanoreactor based on the high
selectivity and recognition ability of MIPs, and the model reaction studied was the
reduction of 4-nitrophenol (NP). The catalyst was obtained by bulk polymerization
using vinylpyridine, divinylbenzene and AIBN as functional monomer, cross-linker
and initiator respectively, whereas a complex between NP and Ag"™ was used as
template during the imprinting process; the Ag precursor was then reduced and the
imprinted NP was washed away. Three more control MIPs were prepared using
comparable conditions, MIP-Ag (MIP imprinted with only Ag nanoparticles), MIP-
NP (MIP imprinted with only NP) and NIP (non-imprinted polymer). The polymers
were characterized by FTIR, SEM, BET and SPR, and the imprinted nanoreactors
showed a higher surface area and pore volumes compared with non-imprinted NIP,
with the presence of Ag causing larger pore volumes and smaller surface areas. The
catalytic specificity was investigated by testing the nanoreactors’ activity towards
two analogues of NP, 4-nitrophenyl acetate (NPA) and 2,6-dimethyl-4-nitrophenol
(DNP). Specific interactions between the nanoreactors and the substrates were
investigated by TPD profiles (temperature-programmed desorption). The NP-
imprinted MIP-Ag-NP and MIP-NP demonstrated stronger interactions with NP
than the non-NP-imprinted, MIP-Ag and NIP. Even though NPA and DNP are
structurally similar to NP, MIP-Ag-NP and MIP-NP did not demonstrate any sig-
nificant resolution for either of them. Moreover, the catalytic efficiency of the
materials was tested and the results were compared with the four polymers pre-
pared. Although the MIP-Ag-NP had the highest selectivity towards the substrate, it
showed a lower catalytic activity compared to the MIP-Ag, which may be due to the
larger pore volume of the latter, whereas the MIP-NP and NIP did not show
significant catalysis. The substrate-selectivity was further demonstrated by pre-
paring an additional nanoreactor MIP-Ag-DNP using DNP as template, and the
catalyst showed a strong interaction and high selectivity towards the DNP.

The same group published two more papers in the following two years. In 2010
they presented an improvement of the Ag nanoparticles-based nanoreactor by
making it temperature-responsive [46]. Two functional polymers, poly(acrylamide)
(PAAm) and poly(2-acrylamide-2-methylpropanesulfonic acid) (PAMPS), were
used together in order to supply a positive response to temperature. Both monomers
are soluble in aqueous media and form strong electrostatic interactions. At a rela-
tively low temperature (20 °C), an interpolymeric complexation between PAAm
and PAMPS occurs, leading to a restricted access to the encapsulated Ag nano-
particles, therefore showing weak reactivity of the nanoreactor. At a relatively high
temperature (40 °C) instead, the interpolmeric complexation is dissociated with a
resulting simplified access of reactants to the Ag nanoparticles, increasing the
catalytic activity of the nanoreactor. The nanoreactor was synthesized via a four-
step process using a polystyrene core latex, prepared by emulsion polymerization,
as a seed. MBA was the cross-linker used, while AMPS and AAm were used as
functional monomers, in a stoichiometric amount in order to obtain the best ther-
mosensitive responsiveness. The Ag* was then added to the shell network and
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subsequently reduced in order to obtain the thermo-sensitive product. The mor-
phology of the prepared nanoreactor was studied using TEM and SPR (surface
plasma resonance), and results showed that it exihibited core-shell-type structures.
Moreover, the interaction within the nanoreactors was investigated by DLS, which
confirmed the expected behavior of the nanoreactor as a function of the
temperature.

The following year Li et al. [47] presented another thermosensitive MIPs-based
catalyst using the hydrolysis of 4-nitrophenyl acetate (NPA) as the model reaction.
The idea behind the new catalyst was similar to what had already been published.
The interpolimeric complexation between the functional polymers that occurs at
low temperatures blocks the access to the active site inhibiting the catalysis; at high
temperatures, the catalysis is increased due to the dissociation of the polymers,
which facilitates the access to the active site. The thermosensitive monomers used
were 2-trifluoromethylacrylic acid (TFMA) and poly(1-vinylimidazole) (VI) in
stoichiometric amounts. Photopolymerization was used as the polymerization
technique in order to obtain the catalyst; 4-nitrophenyl phosphate (NPP) was chosen
as template since it is the TSA of NP. The morphology was investigated by SEM,
and TPD analysis gave some information about the interaction between the poly-
mers and the analyte, which was shown to be highly specific and selective. DLS
was used to evaluate interpolymer interaction within the prepared polymers. The
catalytic efficiency was also assessed, and at 40 °C, the MIP showed significant
catalysis for the hydrolysis of NPA. However, at 20 °C, the catalytic activity
resulted decreased. The study demonstrated that the prepared MIPs showed a
thermo-switched catalytic mechanism.

Regarding MIPs-based stimuli-responsive catalysts, another interesting investi-
gation was published in 2010 by Chen et al. [48]. Nanospheric imprinted hydrogels,
shown to be pH-sensitive and water-soluble, were prepared in order to mimic the
enzyme horseradish peroxidase (HRP).

The hydrogels were prepared by precipitation polymerization using four func-
tional monomers: N-isopropylacrylamide (NIPAM), hemin, acrylamide (AAm),
and 4-vinylpyridine (VP); ethylene glycol dimethacrylate (EDMA) was used as
cross-linker and homovanillic acid (HVA) as template (Fig. 6). The analyzed
reaction was the oxidation of HVA to a biphenyl dimer. The morphology of the
material was evaluated by ESEM (environmental scanning electron microscopy),
which showed that the polymers had a spherical shape. The pH is a factor that
influences the catalytic activity of enzymes, and for natural HRP, the optimum pH
is 8.5. The dependence of the catalytic rates of the prepared hydrogels as a function
of pH were investigated; an increase of about tenfold of the catalytic rate was
observed within the pH range of 7.5-9.5, with a maximum of 8.5, compared to a
non-soluble MIP presented in a previous paper.

The results were correlated with the polymers’ morphology, as ESEM analysis
showed the polymers swollen under both acidic and basic conditions while having a
compact state at pH 8.0. Moreover, the diameter of the imprinted nanospheres was
investigated by DLS; the particles’ size changed—depending on the value of the pH
—due to the presence of specific groups in the network. At increasing pH values,
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Fig. 6 Differences in size and charges expression of the hydrogels, depending on the pH. In acidic
and basic conditions the hydrogel is swollen, while at pH between 7 and 8, it shrinks [48]

the carboxyl groups of hemin are deprotonated so that a negative electrostatic
repulsion is created within the polymer, causing the gel network to swell. While
under acidic conditions, the pyridine residues in the polymer are protonated and the
positive repulsion forces increase so that the polymer gel also swells. In the pH 7-8
range, the negative and positive charges are balanced, so the gel particles turn to a
compact hydrophobic spherical state. The decrease in the catalytic rate at higher or
lower pH may result from a decrease in the hydrophobic affinity in the swollen gel
for the substrate.

Kirsch et al. [49] presented a MIP able to catalyze Diels—Alder reactions. This is
a cycloaddition reaction that is very useful in synthetic organic chemistry as a
method for forming 6-membered systems with good control over regio- and ste-
reochemical properties. The studied reaction was that of a 1-substituted diene and
N,N-dimethylacrylamide, which affords a mixture of the endo- and exo-cycload-
dition products. The starting material, the diene, as well as the endo- and exo-
products and their TSAs, were synthesized and used as references. MIPs were
prepared by photopolymerization using MAA as functional monomer, DVB
(divinylbenzene) as cross-linker, and ACHN (azobis(cyclohexanecarbonitrile)) as a
photoinitiator. The chosen templates were the TSA of the endo- and exo-products,
thus obtaining the Pgnpo and Pexo MIPs; a Prgp was furthermore prepared as a
reference non-imprinted polymer. The three polymers were characterized by BET
analysis and elemental analysis; batch-binding studies were also carried out, and
good specific uptakes of the polymers were demonstrated.

Studies of the influence of the polymers on the reaction were performed in the
presence (or absence) of the three polymers. The formation of the dominant
Diels—Alder product (the endo- one), was used as a basis for monitoring the
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reaction outcome. At room temperature, an increase up to 20-fold in the reaction
rate relative to the non-catalyzed reaction, was observed when the three polymers
were used. Although Pgnpo and Pexo provided a slight increase in the rate over
that of Prgf, no significant differences between the results for Pgnpo and Pexo were
evident—which indicates that there is no selectivity activity for the endo- and exo-
TSAs in the active site of polymers. The same test carried out at 120 °C showed that
the non-catalyzed reaction was faster than the reaction conducted with the three
polymers. Moreover, the elemental composition of the polymers before and after
the use as catalyst at room temperature did not change, whereas at high tempera-
tures the elemental analysis of the recovered polymers revealed a difference in
nitrogen content. These results suggested that at a high temperature, the polymers
not only failed to exert an influence over the reaction outcome but seemed to inhibit
the reaction.

Another experiment was carried out using TSAs as inhibitor of the catalysts, in
order to prove the role of the TSA-selective sites on the reaction rate increase. The
reactions were, therefore, performed in the presence of the endo-TSA at room
temperature; this did not show any effect on the rate of the solution reaction, but a
30 % reduction in the performance of both Pgnpo and Pgxo were observed.
Comparable results were obtained using the exo-TSA. The outcome implies that
sites selective for the TSAs are responsible for the superior activity of both poly-
mers. This indicates that approximately 30 % of the observed product arises from
reactions that take place within the imprinted sites. The polymers were therefore
found to enhance the rate of the reaction due to the presence of the selective sites,
but only at room temperature; however, the prepared polymers showed no diaste-
reoselective ability. The lack of discrimination between the reaction pathways
leading to the two products may be due to physical closeness of the active sites that
does not allow a sufficient difference in the corresponding polymers.

Two years later, the same group evaluated the influence of the cross-linker and
temperature in the catalytic activity of the catalyst [50]. EGMA (ethylene glycol
dimethacrylate) was used as cross-linker, while MAA, the two TSAs, and ACHN
were kept in the polymerization mixture. Penpo, Pexo and the Prgr were syn-
thesized using the new cross-linker and tested as catalyst. The reaction carried out at
room temperature in the presence of Pgnpo or Pexo increased the rate of formation
of the endo-product approximately sixfold, while the Prgr gave an increase of 4.5
times as compared to the solvent reaction. The only difference between the EGMA-
based and DVB-based MIPs lies in the specific binding of the template to the MIP,
which is higher in the former; however,the higher specific binding observed does
not lead to a higher reaction rate as just seen. Although the rate of the reaction is
increased when the catalyst is present, the catalysts are not diastereoselective; there
is no observable difference in endo-product formation between the polymers
imprinted with endo- and exo-TSAs.

The reaction was also carried out at 120 °C; at this temperature, the formation of
the endo- product is slightly faster when the polymers are present in the reaction,
but only during the first 20 h; after that, the non-catalyzed reaction is faster. In the
case of the exo-product, the concentration in the presence of a polymer is at all
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times lower than for the non-catalyzed reaction. As for the room temperature study,
stereoselectivity in terms of products formed in the presence of different polymers
could not be observed. Moreover, the reaction was carried out at 40 °C in order to
further investigate the temperature dependence of the reaction. At this temperature,
the formation of the endo-product is up to 9.5 times faster in the presence of
polymer than in its absence, while a twofold enhancement of the reaction rate is
obtained for the formation of the exo-product. No differences between imprinted
and non-imprinted polymers were found in the formation of both products. In
conclusion, the synthesized MIPs enhanced the rate of reaction only at room
temperature, while at higher temperatures, the polymer participates in the reaction.

Regarding the application of MIPs as catalyst in specific classes of reactions for
which no enzymes exists, as in the case of the Diels—Alder, Bonomi et al. [51]
presented a nanogel able to catalyze the Kemp reaction. The Kemp elimination is a
base-catalyzed ring opening of benzisoxazole. This reaction is an exothermic
concerted reaction and involves an E2 mechanism; since it is not catalyzed by
enzymes, various approaches were studied to develop novel catalysts. The authors
studied several aspects that could influence the catalytic activity beside the mor-
phology and the imprinting efficiency of the nanogels, such as the amount of the
initiator used, the effect of the template/monomer ratio, and the molecular recog-
nition and substrate selectivity. The studied reaction was the isomerization of 1,2-
benzysoxazole resulting in the formation of 2-cyanophenol. The polymers were
prepared by high dilution polymerization with AIBN as initiator, EGDMA as cross-
linker and 4-vinylpyridine and indole as functional monomer and template
respectively. Initiator content of 1, 2, and 3 % of the quantity of double bonds in the
pre-polymerization mixture, were tested. Kinetic experiments using 1,2-benzys-
oxazole as substrate were carried out and the product formation was monitored by
UV-Vis. The content of initiator has an effect on the catalytic properties of the
nanogels, as the initiator is increased from 1 to 3 %; both the catalytic effect and the
imprinting efficiency is reduced, even though a higher content of initiator leads to
higher incorporation of functional monomer.

The effect of the change in template/monomer ratio was also investigated by
synthesizing imprinted polymers with two and five equivalents of indole, compared
with 4-vinylpyridine; the catalytic activity was compared with polymers prepared
with a 1:1 ratio template/functional monomer. The resulting data showed that
although the large amount of template does not affect the imprinting efficiency of the
polymers, it does have a negative effect on the catalytic activity. The kinetic
experiments showed, indeed, that the 1:1 ratio polymer has the highest catalytic
activity. The large quantity of template involves a negative effect also in the
selectivity and specificity of the polymers, leading to the generation of cavities with
high heterogeneity and poor binding activity. On the other hand, similar experiments
were carried out on imprinted polymers synthesized with an excess of the functional
monomer (7 equivalents). Results showed a lower incorporation of functional
monomer, thus a lower imprinting efficiency, even though it contained only 15 %
more pyridine units compared to the polymers with a 1:1 ratio template/functional
monomer. Both the imprinted and non-imprinted polymers, prepared under similar
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conditions, showed some catalytic activity when compared with the background
reaction, although there were no significant differences between the two polymers.

Important aspects in tailor-made catalysts are molecular recognition properties
and substrate selectivity. These two features were studied by synthesizing a poly-
mer imprinted with indole and by evaluating its catalytic activity for the Kemp
elimination using a substrate analogue, 5-Cl-benzisoxazole. Moreover, new nano-
gels were synthesized, using 5-nitroindole as the template analogue, and the cata-
Iytic activity toward 1,2-benzisoxazole and the analogue 5-Cl-benzisoxazole was
evaluated and compared. The reactions were all carried out under the same con-
ditions, and experiments were conducted with both substrates in the presence and
absence of nanogels in order to evaluate the non-catalyzed reaction rate. The kinetic
data for the substrate analogue were compared with the ones for 1,2-benzisoxazole.
The indole-imprinted nanogels were catalytically more efficient when working on
the cognate substrate than when the analogue was present, with a k., 2.75 and
1.13 min~" respectively; also, the imprinting factor in the presence of the cognate
substrate was two times higher than with the analogue. The specificity and
molecular recognition properties, coupled with specific catalytic activities of the
indole-imprinted polymers were thus demonstrated.

Regarding the template analogue-imprinted polymer, kinetic studies on its cat-
alytic activity with both substrates were carried out. The nanogel demonstrated
catalytic activity for the reaction towards both the substrates, with k., 2.25 and
1.33 min~" for the cognate and the analogue, respectively. The data indicate that the
1,2-benzisoxazole is a better substrate, giving rise to higher catalysis and imprinting
efficiency. The affinity of the 5-nitroindole-shaped cavities for a smaller molecule,
such as 1,2-benzisoxazole, is higher than in the case of a larger compound as 5-Cl-
benzisoxazole. In conclusion, the size of the substrate seems to play an important
role on its diffusion into the three-dimensional active sites of the nanogels and
therefore moderate, to a certain extent, the imprinting process. Even though the
template analogue-imprinted nanogel showed a higher activity towards the cognate
substrate than the analogue, the activity of the indole-imprinted on the 1,2 ben-
zisoxazole still remains the highest overall, although the imprinting efficiency
remained fairly similar.

5 Conclusions

The efficiency and specificity of the enzyme active site is the outcome of specific
interactions that have been optimized over time. The development of artificial
mimics that can efficiently match and complement natural catalysts has consider-
ably progressed over the past twenty years. The molecular imprinting approach has
achieved significant results thanks to the sustained efforts focusing not only on the
preparation of novel catalysts but also on understanding better the factors that
influence the catalytic act and its detailed mechanism. Imprinted polymers have
been shown to catalyze very challenging reactions such as phosphate hydrolysis,
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Diels—Alder, and Kemp elimination. The efforts and future work will now need to
focus on the polymeric matrix by developing novel formats and evaluating the
additions of metals and ILs to enhance the activity. In addition, the ability to use
materials that are stimuli responsive, for example to temperature, pH, and also UV
light, will add a new dimension, and will offer new challenges and opportunities
that are likely to lead to important applications.
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MIPs in Aqueous Environments

Ying-chun Wan, Hui-ting Ma and Bin Lu

Abstract When organic solvent-compatible molecularly imprinted polymers
(MIPs) are used in aqueous environment, how to reduce nonspecific binding is a
major challenge. By modifying the binding solvents and introducing appropriate
washing and elution steps, even relatively hydrophobic MIPs can gain optimal
rebinding selectivity in aqueous conditions. Furthermore, water-compatible MIPs
that can be used to treat aqueous samples directly have been prepared. The use of
hydrophilic co-monomers, the controlled surface modification through controlled
radical polymerization, and the new interfacial molecular imprinting methods are
different strategies to prepare water-compatible MIPs. By combining MIPs with
other techniques, both organic solvent-compatible and water-compatible MIPs can
display better functional performances in aqueous conditions. Intensive studies on
MIPs in aqueous conditions can provide new MIPs with much-improved compat-
ibilities that will lead to more interesting applications in biomedicine and
biotechnology.

Keywords Aqueous conditions « Molecularly imprinted polymers - Preparation
and application - Water-compatible - Organic solvent-compatible
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1 Introduction

Molecularly imprinted polymers (MIPs) are synthetic cross-linked polymers that
possess specific cavities designed for a target molecule (template). MIPs are fre-
quently named as artificial antibodies or plastic antibodies due to the fact that they
can recognize and bind the target analytes selectively, as the antibody does.
Compared to antibodies, MIPs are more stable to pH, temperature, and organic
solvents, with high mechanical strength, low cost, reusability, and easy to make.
MIPs have been widely used in separations, sensors, catalysis, and assays because
they are very robust and can operate under largely different conditions.

MIPs are prepared by the cross-linking of functional monomers in the presence
of a template molecule. Removal of the template from the polymer leaves cavities
of complementary size, shape, and chemical functionality in the template. The
selectivity of a MIP results from the presence of specific cavities designed for the
target analytes. MIPs can be prepared by covalent [1], non-covalent [2, 3] and semi-
covalent molecular imprinting [4]. Due to its simplicity and the easy access to
numerous commercially available functional monomers, non-covalent imprinting
has become the most widely used method to prepare MIPs for analytes present in
the environment, ranging from pure organic solvents to biological fluids. In non-
covalent imprinting, ligand-selective high-affinity binding sites in MIPs prepared in
non-covalent polymerization are achieved through weak-to-medium non-covalent
strength interactions (such as hydrogen bonding, electrostatic interactions, hydro-
phobic effect, metal-ion coordination, and Van der Waals force) between templates
and functional monomers. Water can interfere with the hydrogen bonds between the
template and the functional monomers, which will inevitably weaken the interac-
tions formed between the template and the functional monomers. Furthermore, non-
selective hydrophilic and metal-ion interaction between the sample matrix and
functional monomers will increase in water. All these factors reduce binding
selectivity of MIPs in aqueous conditions.

Because many target molecules of interest are present in aqueous media such as
bodily fluids, foods, environmental samples, MIPs with satisfactory molecular
recognition in aqueous media are greatly needed. Water generally destroys the polar
interaction between the functional monomer and the template molecule. In order to
retain selective molecular recognition in water, enhancing binding interactions



MIPs in Aqueous Environments 133

between the target molecule and the functional monomers while overcoming the
non-specific binding induced by aqueous sample matrix are both needed. In this
chapter, we focus on the preparation and application of MIPs in aqueous conditions.

2 Organic Solvent-Compatible MIPs in Aqueous
Conditions

A large number of target molecules (templates) have been used in preparing MIPs
over the past years. The majority of MIPs used in aqueous conditions are synthe-
sized in aprotic or low polar organic solvents by the non-covalent method, espe-
cially for templates with low molecular weight. Although MIPs synthesized by this
approach have exhibited recognition properties under non-aqueous and aqueous
conditions, they offer the highest binding selectivity in porogens used in the
polymerization process. Because water generally destroys the polar interaction
between the functional monomer and the template molecule, binding selectivity of
organic solvent compatible MIPs in water is generally reduced. Various approaches
are used to improve molecular recognition of organic solvent-compatible MIPs in
water.

2.1 Washing Solvents

In water, organic solvent-compatible MIPs behave like a reverse-phase sorbent.
Therefore, a washing solvent able to remove interferences and to re-distribute
nonspecifically bound analytes to the selective imprints, will enhance binding
selectivity significantly. This approach is the most frequently used strategy in
applications such as molecularly imprinted solid-phase extraction (MISPE), and
HPLC with MIP column for analysis of complex samples.

Solid phase extraction based on MIPs, also named MISPE, is by far the most
advanced application of MIPs. Typical MISPE procedures include conditioning,
sample loading, washing and eluting, either in on-line or off-line MISPEs. Aqueous
samples can be applied to MISPEs directly, or after sample pre-treatment such as
liquid-liquid extraction. Optimizing washing conditions to remove non-selective
binding but retain selective binding of target analytes with the functional monomer
is critical for good MISPE effects. Most washing solvents are generally the same or
close to the porogens with adding a small proportion of a polar modifier in order to
limit the non-specific interactions of the target analytes with the functional
monomer of the MIPs. The effects of washing solvents on the recovery of MISPEs
after water samples loading are clearly illustrated in many recent reviews about
MISPE [5-8].
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Fig. 1 Left The protocol for direct BPA analysis in water using MIP HPLC column. Middle
Chromatograms obtained by direct analysis of standard solution of BPA and its analogues
(10 nmol/L each) in a MIP column and b NIP column. / Phenol, 2 p-nitrophenol,
3 diethylstilbestrol, 4 hexoestrol, 5 Bisphenol C, and 6 Bisphenol A. Right Chromatograms
obtained by direct analysis of BPA in a tap water and b lake water. HPLC conditions: flow rate:
1 mL/min; mobile phase: direct injecting water for 40 min, 70 % methanol in water for 13 min,
then 100 % methanol for 7 min. From Ref. [9]

Organic solvent-compatible MIPs are also used as stationary phase for high-
performance liquid chromatography (HPLC). When aqueous samples are loaded
into MIP HPLC columns directly, washing solvents also needed to remove inter-
ferences rebind to MIPs through non-selective interactions. Results in Fig. 1 clearly
indicate the effect of washing solvents for optimized HPLC detection. After water
samples (40 mL) were injected into the MIP column, target analyte and interfer-
ences were retained on the column. Optimal washing solvents (70 % methanol in
water for 13 min) could remove interferences effectively but retain the selective
binding for the target analyte; then the target analyte can be quantified accurately in
100 % methanol. Trace BPA in lake and tap water can be simultaneously extracted,
enriched, separated, determined and quantified in one analysis process using one
MIPs column [9]. Recently, Liu et al. [10] reviewed the theoretical studies and
application of using MIP monoliths as HPLC stationary phases.

2.2 Two-Step Extraction

Another practical strategy to solve the problem of non-selective adsorption of
organic solvent-compatible MIPs in aqueous conditions is to use two-step extrac-
tion. Liquid-liquid extraction [11] or solid-phase extraction (SPE) are frequently
applied as an additional extraction step to transfer analytes from aqueous media to
organic phase prior to MISPE- or MIP-based solid-phase microextraction (MIS-
PME). For example, different MIPs are used as clean-up sorbents for organic
extracts obtained in a prior SPE procedure to avoid the disturbance from water [12].
But this approval is not convenient because two extraction steps are separated.
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Fig. 2 Left Schematic of the LLSME device. Right Extraction process of the LLSME technique.
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Piletska et al. [13] simplified the two-step extraction by the combination of
liquid-liquid extraction with MISPE in one step. By depositing a layer of mineral
oil onto the surface of the polymer, a hydrophobic environment is created to
improve the recognition properties of MIP in polar solvent. Following this concept,
magnetic atrazine-imprinted MIP beads were applied to aqueous media with a small
amount of n-hexane to form a co-extraction system. Compared with MIPs directly
applied in aqueous samples, the binding selectivity to seven triazines increased
3.1-6.6 times in this dual-phase co-extraction system [14].

Two-step extraction is also used in microextraction. Hu et al. combined
liquid—liquid extraction and MIP microextraction together (Fig. 2). A MIP-coated
silica fiber was protected with a length of porous polypropylene hollow fiber
membrane that was filled with water-immiscible organic phase. When immersed
into an aqueous sample, target analytes were first extracted from the aqueous
sample through organic phase residing in the pores and lumen of the membrane,
and were then finally extracted onto the MIP fiber. This three-phase microextraction
approach can effectively extract triazine herbicides in sludge water, watermelon,
milk and urine samples [15].

2.3 Hydrophilic Layer

Coating a hydrophilic layer on the surface of organic solvent compatible MIPs is an
effective method to improve the binding selectivity of MIPs in aqueous conditions.
In order to reduce the nonspecific adsorption in water, Haginaka and co-workers
coated a restricted-access hydrophilic external layer (a 1:1 mixture of glycerol
monomethacrylate and glycerol dimethacrylate) on the MIPs. Selective chiral rec-
ognition sites of (S)-naproxen remained unchanged in the surface-modified MIPs
[16]. In follow-up studies, the surface-modified MIPs could be applied to directly
analyze (S)-naproxen and (S)-ibuprofen in serum [17] and B-blockers in biological
fluids [18]. Furthermore, new restricted-access materials that combine MIPs with a
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hydrophilic external layer (glycidil methacrylate) have been prepared to enable
selective recognition of the corresponding templates including S-fluorouracil
[19, 20] in water.

Core—shell structure MIPs with a hydrophilic shell is another method to maintain
target-specific binding in an aqueous solvent. Controlled radical polymerization
(CRP) allows core—shell particles to be synthesized in one pot (Fig. 3). Hydrophilic
shell layer made of acrylamide (AA) and methacrylic acid (MAA) provided good
water compatibility, resulting in decreased nonspecific binding in water [21]. Other
hydrophilic shells, such as dopamine, also provide good performances of MIPs
achieved in aqueous conditions [22-25].

Surface-initiated reversible addition-fragmentation chain transfer (RAFT) poly-
merization is another method to graft hydrophilic monomers on the surface of
organic solvent-compatible MIPs. As a living/control radical polymerization tech-
nique, RAFT polymerization is well under control in the presence of the RAFT
agent. It has been used to prepare water-compatible MIPs with various applications
including sensor and separation materials (Table 1).

RAFT precipitation polymerization mediated by hydrophilic macromolecular
chain-transfer agents (macro-CTAs) were used to prepare water-compatible nar-
rowly dispersed hydrophilic MIP nanoparticles in one-pot synthesis. The achieved
MIPs can selectively rebind templates in a series of aqueous solutions (including
river water, diluted and undiluted milk, and bovine serum) and prevent the accu-
mulation of proteins on the nanoparticle surface. The chain length of the polymer
brushes on the MIP nanoparticles had a significant influence on the compatibility of
the nanoparticles with biological samples [26]. RAFT is also used to prepare
fluorescent MIP sensors that can perform in aqueous conditions [27, 28].

Various hydrophilic chain-transfer agents used in RAFT provided different
characters of the achieved MIPs [29-31]. Water-compatible and multiple stimuli-
responsive MIP microspheres were prepared by grafting special hydrophilic (co)
monomers such as poly(NIPAAm) (PNIPAAm), 4-((4-methacryloyloxy)-phenylazo)
benzoic acid (MPABA) brushes onto the surface of MIP particles via successive

. —
o e —
A TRIM AAmand MBA i
—_— —li
" 2 J _ o
\ y £
it — - :-
! PalyiMAA-co-TRIM) g
/ imprinted core =
PulyiAAm-te-MBA) sl -
mon-imprinted shell
o

eeThsas) mip{TRM}  1elCS{TRIM A T e

&0 wpadoll

s propranciol

Fig. 3 Left One-pot synthesis of propranolol-imprinted core-shell nanoparticles. Step 1
propranolol-imprinted sites are generated by cross-linking polymerization between MAA and
TRIM in the presence of the molecular template. Step 2 formation of hydrophilic shell by
subsequent co-polymerization with AAm and MBA. Right Uptake of the three B-blockers by the
TRIM-based nanoparticles in 25 mM citrate buffer (pH 6.0): acetonitrile (50:50). Initial
concentration of each test compound: 34 uM; polymer concentration: 5 mg/mL. From Ref. [21]
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Fig. 4 Left Schematic protocol for the preparation of narrowly dispersed water-compatible MIP
microspheres with photo-, thermos- and pH-responsive template binding properties by successive
RAFT polymerization. Right Stimuli-responsive template bindings of the grafted CS-MIP
microspheres in a propranolol solution (0.05 mM) under the photo switching conditions (i.e., UV
light on for 6 h and off for 18 h alternately at 25 °C) in water (a), at different temperatures in water
(b), and at different pH values at 40 °C in Britton—Robison buffer (c), respectively (polymer
concentration: 1 mg mL ™). From Ref. [32]

RAFT polymerization [32]. The achieved MIPs not only rebind templates selectively,
either in water or in acentroline, but also react to various stimuli including photo,
thermo and pH (Fig. 4).

Encapsulating organic solvent-compatible MIPs into water-compatible nanofi-
bers is another method. Propranol-imprinted nanoparticles were encapsulated inside
poly(ethylene terephthalate) nanofibers through electrospinning. The achieved
imprinted membranes performed selective molecular adsorption either in organic or
in aqueous (acetonitrile: 25 mM citrate buffer (pH 6.0), 50:50, v/v) solvents. The
membranes were used as MISPE sorbents to extract propranol from water effec-
tively [46]. Similarly, electrospun nanofiber membranes with multi-analyte selec-
tivity were prepared by encapsulating two types of MIP nanoparticles into
polyvinyl alcohol nanofibers (Fig. 5). The imprinted membranes maintained
selective molecular recognition in water and can extract trace templates (bispheno
A and tebuconazole) with opposite charges/polarities in vegetables and juices
simultaneously with high recoveries [47].

3 Water-Compatible MIPs in Aqueous Conditions

The non-selective binding of organic solvent compatible MIPs in the pure aqueous
system has limited their practical application. This drawback promotes the efforts
toward the synthesis of water-compatible MIPs with reduced non-specific hydro-
phobic or ionic interactions. Many methods have been developed.
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3.1 Molecular Imprinting in Polar Porogens

When synthesizing MIPs, there is a strong correlation between porogen polarity,
MIP microenvironment polarity and the imprinting effect. The combination of these
parameters eventually determines the overall binding behavior of a MIP in a given
solvent.

Water-compatible MIPs can be synthesized in a mixture of water and polar
organic solvents such as methanol. Horemans et al. studied the correlation between
porogen polarity, MIP microenvironment polarity and the imprinting effect. It was
observed that the mixture of multiple porogens with varying polarities can lead to
superior performance in aqueous environments [48]. When various ratios of water
and organic solvents were used as porogens, the achieved MIPs showed higher
selectivity in aqueous samples, including human urine and river water [49-54].

Suspension polymerization and emulsion polymerization were carried out in
various oil/water systems. Mayers and Mosbach introduced suspension polymeri-
zation to prepare polar Boc-L-Phe imprinted microspheres using perfluorocarbon as
the continuous phase. When used as a stationary phase for chromatography, small
(5 pm) beaded packings gave low back pressure and rapid diffusion, giving good
separation even at high flow rates [55].

Mono-dispersed MIPs were prepared by suspension polymerization using either
aqueous or non-aqueous continuous phases. A stabilizer is normally used. Kempe
and Kempe first introduced a stabilizer-free suspension polymerization method
using acetonitrile as a pre-polymerization solvent and mineral oil as continuous
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phase. The formation of stable suspension of acetonitrile microdroplets was
achieved by vigorous agitation in mineral oil, followed by photoinduced free-
radical polymerization [56]. Following this principle, chloroform was used as the
pre-polymerization solvent and water as a continuous phase to prepare chiral
selective MIPs with narrow size distribution. MIPs prepared by this approach
rebind target analytes selectively in aqueous conditions [57].

Templates that are suitable for suspension polymerization include metal ions,
and organic chemicals such as drugs and proteins. This heterogeneous polymeri-
zation method gives excellent heat dispersion and is easy to scale up, which makes
it suitable for industrial production of MIPs (Table 2).

Emulsion polymerization is also a widely used surface imprinting method.
Water-in-oil-in-water (W/O/W) multiple emulsion polymerization has been used to
prepare surface-imprinted MIPs with good performance in water. A water-soluble
surfactant is crucial to the stabilization of the spherical W/O/W emulsion. Mor-
phologically well-defined imprinted spheres (sizes range from 10 to 100 pm) pre-
pared through this approach displayed high binding selectivity in aqueous
conditions (Table 3).

Mini-emulsion polymerization was used for the synthesis of molecularly
imprinted nanoparticles (30—150 nm) with homogeneous binding sites (monoclonal
MIP) [88]. By using a surfactant monomer sodium N-undecenoyl glycinate (SUG)
and mini-emulsion polymerization, the achieved (S)-propranolol imprinted nano-
particles have a hydrophobic core region and a hydrophilic surface with size ranges
from 30 to 120 nm. When used in partially filled capillary electrochromatography,
there was no apparent tailing for the enantiomer peaks, and a baseline separation
with 25,000-60,000 plate number was achieved in aqueous electrolytes (10 mM
phosphate buffer containing 20 % acetonitrile solution at pH 7) (Fig. 6).

Nanoparticles tend to situate on water—oil interfaces to form stable nanoparticle-
stabilized emulsions (Pickering emulsions). In Pickering emulsion polymerization,
the monomer droplets are stabilized by nanoparticles instead of surfactants. Ye et al.
first introduced a Pickering emulsion polymerization method by using template-
modified nanoparticles as a stabilizer. The interfacial molecular imprinting was
conducted in oil-in-water Pickering emulsions, where the molecular template was
immobilized on the surface of SiO, nanoparticles during the polymerization. After
removing the nanoparticles and the template, the MIP microspheres generated had a
well-controlled hierarchical structure with easily accessible molecular binding sites
and hydrophilic surface [90]. Binding capacity and water compatibility of MIP
microspheres are enhanced by confining the actual molecular imprinting process in
the interior of the monomer droplets in the oil-in-water Pickering emulsion (Fig. 7).
Because of the special partitioning of MAA between the oil phase and the water
phase, the obtained MIP particles had a high density of carboxyl groups on their
surface, which allowed the hydrophilic MIP microspheres to display group selec-
tivity toward a series of chemicals under purely aqueous conditions. Increasing the
amount of porogen (toluene) can decrease the stability of the emulsion, as well as
increase the surface area and the nonspecific binding of the MIP beads [91].
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Template Surfactant Crosslinker
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Fig. 6 Left Synthesis of imprinted nanoparticles by miniemulsion polymerization using a
functional SUG surfactant: / pre-assembly of the imprinting complex; 2 cross-linking polymer-
ization; 3 template removal. Right CEC analysis of A rac-propranolol and B (S)-propranolol
(60 uM) demonstrating the imprinting effect and identifying the peaks. Nanoparticle hydrody-
namic injection (10 mg/mL) 0.5 psi for 10 s, sample injection 3 s at 6 kV, electrolyte 10 mM
phosphate/20 % (v/v) acetonitrile at pH 7, voltage of separation 16 kV, and temperature of the
capillary 30 °C. From Ref. [88]
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Fig. 7 Top left Schematic illustration for the synthesis of MIP microspheres via Pickering emulsion
polymerization. Bottom left SEM images of the polymer microspheres before (a) and after (b) the
silica particles have been removed. Right Chromatograms of propranolol and its analogues on a an
MIP-P2 column and b an NIP-P2 column. MIP-P2 and NIP-P2 are polymer microspheres prepared
by Pickering emulsion polymerization under optimized condition. From Ref. [90]
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Except for template-modified nanoparticles, Janus particles [92] or magnetic
halloysite nanotubes [93] were also used as stabilizers to prepare MIPs using
Pickering emulsion polymerization. The achieved MIPs also have selectivity in
aqueous conditions.

3.2 Using Hydrophilic Comonomer or Monomer

The incorporation of polar or nonpolar comonomers in the MIP matrix is another
method for preparing water-compatible MIPs. Various hydrophilic monomers or
comonomers and polymerization systems were reported. By using hydrophilic
copolymers, MIPs can be wetted by water and exhibit low nonspecific adsorption in
water (Table 4).

2-hydroxyethyl methacrylate (HEMA) and acrylamide are commonly used
hydrophilic comonomers. Sellergren et al. [112] discovered that the water compati-
bility of achieved MIPs is affected by the added amount of the hydrophilic comonomer
HEMA, the cross-linking ratio, and the porogen. MIPs prepared under optimal con-
ditions showed high imprinting factors in water. Pure water-compatible MIPs have
been successfully prepared by adding certain amounts of HEMA and acrylamide in
the molecular imprinting processes, and their improved surface hydrophilicity proved
to be responsible for the water-compatibility [112, 128, 130-140].

B-cyclodextrin (B-CD) is a series of cyclic oligosaccharides with a hydrophilic
exterior and hydrophobic cavity. f-CD forms inclusion compounds with hydro-
phobic guests in water. MIPs prepared using functionalized silica gel bonded 3-CD
and acrylamide together. The material comprised a hydrophobic moiety [the
selective recognition element (bonded B-CD)] and a hydrogen bond interaction
functional monomer (acrylamide). The bonded B-CD and AA cooperating together
improved the binding selectivity in water. The column packed with the MIPs could
separate the template from its enantiomer in the aqueous mobile phase [123]. Other
MIPs prepared using B-CD monomer have good binding selectivity in aqueous
solutions [120-127].

Primary amines such as dopamine and o-phenylenediamine are also normally
used hydrophilic monomers. By modification with primary amines in the polymer,
the obtained MIPs can specifically recognize their targets and barely bind the non-
targets in water. Incubation of a template in an alkaline dopamine solution resulted
in oxidative polymerization of dopamine and formation of a heterogeneous
imprinted polymer coating [22-25, 115-118]. This method combines the merits of
surface-imprinting and self-polymerization together. Furthermore, hydrophilic
macromolecules (such as chitosan [143]) and sugar moiety [144] have been directly
introduced into the imprinted polymers, and the resulting MIPs could separate
L-glutamic acid or phenobarbital from dilute aqueous solution.

Hydrogel, a colloidal gel using water as the dispersion medium, has been used in
biomedical and applied biology, owing to its good water permeation characteristics.
Molecularly imprinted hydrogels have highly ordered, three-dimensional (3-D)
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structures that can re-bind target analytes selectively in aqueous conditions. Crystal
3-D structures of imprinted hydrogels also have optical-, thermal- and pH-sensitive
response characters. For example, BPA-imprinted inverse opal hydrogel films
provide BPA imprinted sites within the thin walls of 3D-ordered macroporous
methacrylic acid-based inverse opal hydrogel. The resulting inverse opals were
found to display large responses to external stimuli (pH or BPA) [145]. The film
thickness was therefore shown to be a critical parameter for improving the sensing
capacities of the imprinted inverse opal hydrogel films in water. Imprinted
hydrogels have been widely used as sensors, selective adsorbents, drug release,
water treatment, etc. (Table 5).

3.3 Ion-Mediated Imprinting

Preparation of ion-imprinted polymers comprises three steps: (1) complexation of
an ion template to a polymerizable ligand; (2) polymerization of this complex; and
(3) removal of the ion template after polymerization. There are already many
reviews on ion imprinting. Recently, Mafu et al. [172] critically discussed the
synthesis, characterization, and applications of ion-imprinted polymers for sepa-
rating toxic metal ions (including arsenic, selenium, copper, nickel, cobalt, alu-
minum, and their complexes). Giakisikli et al. [173] reviewed recent developments
on novel magnetic materials as sorbents for metal pre-concentration and determi-
nation as well as their implementation in sequential injection and microfluidic
systems; therefore, we do not discuss ion imprinting in detail here.

4 Conclusions

The application of MIPs in aqueous environments faces a major challenge of
increased nonspecific binding. The main problem is caused by the hydrophobic
nature of most MIPs prepared in low polarity organic solvents. Various strategies
have been developed to minimize the non-specific adsorption on MIPs. By modi-
fying the binding solvents and introducing appropriate washing and elution steps,
even relatively hydrophobic MIPs can be applied to treat water-based analytical
samples to gain optimal results. More recently, the use of hydrophilic co-mono-
mers, the controlled surface modification through controlled radical polymerization,
and the new interfacial molecular imprinting methods have brought in truly water-
compatible MIPs that can be used to treat aqueous samples directly. These intense
studies provide more solutions to improve MIP performances in aqueous condi-
tions. By combining MIPs with other techniques, both organic compatible and
water compatible MIPs can display better functional performances in aqueous
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conditions. We foresee that more and more new MIPs can lead to more interesting
applications in biological and environmental analysis, and in more general bio-
medical and biotechnological applications.
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Abstract The crossreactivity of molecularly imprinted polymers (MIPs) and its
practical implications are discussed. Screening of MIP libraries is presented as a
fasttrack route to discovery of resins selective towards new targets, exploiting the
fact that MIPs imprinted with one type of template molecule also show recognition
to related and sometimes also to apparently unrelated molecules. Several examples
from our own and others’ studies are presented that illustrate this crossreactivity and
the pattern of recognition is discussed for selected examples.
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1 Introduction

The technology of molecular imprinting dates back to Polyakov [1] but the foun-
dations of modern molecular imprinting were laid by Wulff [2] (covalent
imprinting) and Mosbach [3] (noncovalent imprinting). In its most widely used
form, a molecularly imprinted polymer (MIP) is a highly crosslinked organic
polymer that is prepared using functional and crosslinking monomers that are
polymerized in the presence of a template molecule. The template (or imprint)
molecule is typically preassociated with appropriate functional monomer(s) to form
a covalent or noncovalent complex prior to initiation of the polymerization. A
commonly held view in the literature is that this imprinting process results in the
formation of a cavity wherein the template molecule is surrounded by both func-
tional and crosslinking monomers that together form a specific binding site. Within
this site the functional monomers are postulated to be more or less precisely
positioned to form complementary interactions (H-bond, ionic, hydrophobic, etc.),
with functional groups present in the template molecule.

A well-known example exploring the notion that MIP binding sites were anal-
ogous to biological receptors (or antibodies) was published in 1993 by Mosbach’s
group. In this work, a theophylline-imprinted polymer that could distinguish
between theophylline and the very similar molecules caffeine and theobromine were
described [4]. In a direct comparison with a natural receptor, the relative binding
selectivity obtained with the MIP showed good correspondence, contributing to the
view expressed by many authors that MIPs are “highly selective.” This view has
prevailed and is still commonly stated in the literature [5].

2 Crossreactivity of MIPs

When MIPs are prepared using the target compound as template, leakage of trace
amounts of the template molecule (so-called bleeding) from the MIP may occur
under harsh conditions. This leakage has been considered to be one of the main
reasons why MIPs cannot be reliably employed in the accurate quantification of
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trace levels of analytes [6]. Hence, when MIP development is aimed at trace
compound analysis, it is not advisable to use the target molecule as the template. In
such applications, an elegant solution has been developed that utilizes the cross-
reactivity of MIPs through using a similar compound as a “dummy template” in the
imprinting process instead of the target compound. An early example where the
bleeding problem was successfully circumvented by using a related drug derivative
as the template was presented by Andersson, Paprica, and Arvidsson for the target
pharmaceutical compound sameridine [7]. The utilization of the inherent crossre-
activity of MIPs and their ability to recognize molecules that share common
features with the template molecule was reported in that work and binding site
cavities with a sufficiently high fidelity were obtained. Figure 1 displays the slight
but decisive difference of the template molecule used and the target compound
sameridine. The mere difference lies in the replacement of a methyl group to an
ethyl group. After MIP preparation, trace analysis of sameridine was then possible
without the potential contamination of the template arising from the slight bleeding
that plagued the early MIP synthesis methods.

For use of MIPs in analytical applications, we have previously recommended a
“rule of six,” one of whose requirements is obligatory avoidance of the use of the
target analyte as a template during MIP formation [8].

In an extension of the template analogue approach, Takeuchi and coworkers
showed that the use of trialkylmelamines as template molecules led to well-func-
tioning, class-selective MIPs [9]. In this study it was shown that the use of a
nonherbicide with a sufficiently similar structure to the target herbicides was close
enough in structural agreement with the target to lead to MIPs with a selectivity
towards a whole range of triazine herbicides (Fig. 2).

NN NN s
N / N N

Template Sameridine (Analyte)

Fig. 1 Structure of the used template and the trace analyte sameridine

J

HN Cl
XL A
AOSNTONTONTS N7 N7 ONTS
H H H H
Triethylmelamine (Template) Atrazine (Target)

Fig. 2 Structures of the trialkylmelamine dummy template and a triazine herbicide
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Fig. 3 Structures of the template and the fluorescent probe

A noteworthy study of chiral MIPs and an investigation on their crossreactivity
was presented by Ramstrom et al. where an ephedrine-imprinted polymer as an
artificial adrenergic receptor was described. The MIP was able to both recognize
different alpha and beta adrenergic compounds and furthermore, the chirally
imprinted polymer could separate both alpha and beta adrenergic enantiomers.
Apparently, the chiral site created by (+)-ephedrine could harbor other similar small
compounds in the chiral cavity, even though alpha and beta adrenergic compounds
differ slightly in their molecular structure [10].

As another example on this theme, Haupt, Mayes, and Mosbach described a
2,4-dichlorophenoxyacetic acid imprinted polymer that displayed an extended
crossreactivity profile. In these experiments, the group showed that other com-
pounds with the phenoxyacetic acid moiety, such as the fluorescent compound
7-carboxymethoxy-4-methylcoumarine, could compete well with the binding of the
target (Fig. 3). As a consequence, the resulting MIPs could be utilized in selective
displacement assays [11].

MIPs have also been found in some cases to recognize molecules that are, at first
sight, not obviously related to the template molecule. When Martin, Wilson, and
Wilson imprinted the beta antagonist propranolol, they found that this MIP also
displayed selectivity and an imprinting effect towards tamoxifen, a compound used
in the treatment of breast cancer. Incidentally, this example was one of the first that
described a somewhat unexpected crossreactivity between a studied analyte and the
template molecule [12]. Nevertheless, upon a more detailed analysis of the
molecular substructures it can be seen that both molecules contain related functional
groups, that is, the O—C-C-N motif (Fig. 4).

IQ N
HN N
oy O -
O
| g
Propranolol (Template) Tamoxifen (Analyte)

Fig. 4 Structures of the propranonol (template molecule) and the rebinding molecule tamoxifen
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(Template) (Target)

Fig. 5 Structures of the p-fructopyranose (template molecule) and the rebinding molecule
L-galactopyranose

Already very early on, Wulff and Schauhoff [13] observed a somewhat unex-
pected crossreactivity in a covalently imprinted polymer. In their efforts to design
and synthesize a chiral MIP, the sugar p-fructose was covalently imprinted using a
boronic acid monomer. After workup, the imprinted polymer was very well able to
distinguish p-fructose over L-fructose. However, in further evaluations with other
sugars and their chiral enantiomers it was found that the chiral MIPs would also
show an inverse chiral selectivity towards L-galactose over D-galactose. When
inspecting the spatial orientation of the hydroxyl groups involved in the imprinting
process, it became evident that L-galactose might offer the same functional groups
to the chiral binding site of the cavity as those offered by p-fructose (Fig. 5).

There are more publications presented in the recent past that underline the utility
of the crossreactivity potential of MIPs and we expect more reports on this theme to
be published in the future [14-17].

3 Commercial Product Development Utilizing
the Crossreactivity of MIPs

Although clearly of practical utility, the dummy template approach was in a sense a
slight contradiction to the notion that MIPs were highly selective and could dis-
tinguish molecules that differed only slightly in structure (e.g., by a methyl group).
A cautionary note that should be sounded is that this may be the exception rather
than the rule. As is well known, there is no such thing as “absolute specificity” in
chemistry or in biology. In the work described here we explore the crossreactivity in
a more systematic manner and demonstrate that target analyte molecules can bind
selectively to MIPs prepared with templates that superficially appear to be dis-
similar and may even be of different “scaffold classes” but which exhibit sufficient
substructural similarity to be able to drive recognition. This phenomenon,
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well known in pharmaceutical discovery, greatly enhances the landscape of tem-
plate—analyte crossreactivity and speeds the discovery of new artificial receptors
based on molecular imprinting.

3.1 Development of a MIP Selective Towards
Chloramphenicol

During our own efforts to develop a MIP towards the antibiotic compound chlor-
amphenicol (CAP) we surmised that screening MIPs containing monomers able to
bind diols may be a fruitful approach. In the screening (not shown), we discovered
that a MIP imprinted with an unrelated diol-containing template using 4-vinyl-
benzeneboronic acid as the functional monomer [18] displayed a relatively strong
imprinting effect, as shown in Fig. 6 where the imprinted polymer (MIP) retained
the target compound chloramphenicol considerably stronger than the NIP
(imprinting factor: KMIP/kK'NIP = 1.7).

Very similar imprinting factors were also determined for the related compound
thiamphenicol, which is the methyl-sulfonyl analogue of chloramphenicol having

0.0500 + /\

{
NIP

MIP

0.0000 A

0.0 5.0 10.0 15.0

Template: Analyte:

Ho,  OH

B
%

Diol-containing template Chloramphenicol

Fig. 6 Imprinting effect for chloramphenicol on a MIP imprinted with a diol-template. MIP and
NIP packed in 200 x 4.6-mm stainless steel columns, mobile phase 36 % acetonitrile in 1 %
ammonium hydroxide, flow rate 1 mL/min, detection wavelength 215 nm
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the same diol substructure. Solid phase extraction (SPE) protocols were developed
that allowed use of this MIP for the selective extraction of CAP from milk, honey,
urine, and plasma [19, 20]. In this protocol, the signal-to-noise ratio was 3.7 times
higher than that obtained with the conventional LLE-SPE method allowing the
detection of chloramphenicol down to 0.03 pg/kg (30 parts per trillion), ten times
lower than the European Union minimum required performance limit [20]. These
results demonstrate that effective SPE can be carried out using MIPs based on the
crossreactivity principle.

3.2 Development of a MIP Selective Towards Genotoxic
Compounds

In our laboratories, we recently utilized the crossreactivity and screening concept to
shortcut the discovery of a desired MIP selectivity. The target was to obtain a suf-
ficiently selective material that displayed recognition of particular genotoxic com-
pounds [21]. Genotoxic compounds are a collection of different compound classes
that may be present in pharmaceutical APIs. The group of molecules studied here
were 5 different members of the class of aminopyridines, used for example as building
blocks of the pharmaceutical compounds piroxicam and tenoxicam. A first screening
with a broad variety of resin chemistries was conducted to determine the type of MIPs
that would be feasible for effective aminopyridine retention. In this first screening, it
was found that resins with weak cation exchange functionality in the form of surface
carboxylic acid moieties were most retentive. In the subsequent screening, a broad
collection of carboxylic acid containing MIPs and NIPs was evaluated. The study
showed that one MIP was outstanding in both binding and imprinting effect. This so-
called hit-MIP was a polymer imprinted with nornicotine. This MIP displayed an
unexpectedly high selectivity as well as a good imprinting effect towards several of
the aminopyridines. Looking at the template molecule of the hit-MIP, the similarity of
nornicotine and aminopyridines is of course striking (Fig. 7).

Subsequent purification studies showed that the nornicotine-imprinted polymer
was able to remove aminopyridines from their respective API effectively with vir-
tually no loss of API. Although this was a proof-of-concept study, from a practical
utility point of view it can be anticipated that this selective resin would be an
effective adsorbent for removal of this type of genotoxic candidate in the presence of
the relevant API with broad applicability in the pharmaceutical industry.

3.3 Development of a MIP Selective Towards Beta-Blockers

To further utilize this discovery approach, a series of chemically related MIPs, all
prepared using methacrylic acid as the functional monomer but with widely
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Fig. 7 Structure of MIP template nornicotine and aminopyridines

differing templates and varied backbone monomers, were screened for their ability
to recognize the beta-blocker metoprolol. This simple one-step screening experi-
ment resulted in two candidate MIPs for metoprolol, EA009 and EAO11 (Fig. 8).

Both candidate MIPs had been prepared with templates containing related
chemical functionality to metoprolol. This somewhat expected crossreactivity was a
validation of the screening approach to resin discovery. Sample preparation pro-
tocols using EAO09 for the analysis of beta-blockers in water and urine samples
have now been developed with excellent results [22, 23].

3.4 Development of a MIP Selective Towards
Fluoroquinolones

In a further example, an extended version of the same library was screened for MIPs
that bind fluoroquinolones, a class of antibiotics that are sometimes present in trace
amounts in foodstuffs, such as meat and honey, and which are tightly controlled by
regulatory bodies in both the European Union and the United States.

To find a MIP candidate for this class of compound, the MIP library was
screened using the fluoroquinolone antibiotic ciprofloxacin. In Fig. 9, four candi-
date MIPs with a significant MIP-NIP difference were identified, EA009, EAO11,
EA033, and EA023.

To distinguish these four candidate MIPs from each other, a new experiment
with a more gradual gradient of acetic acid was carried out and the template
T-imprinted MIP EA023 was found to have the most pronounced difference
between the MIP and the corresponding NIP (Fig. 10). Although it had been
prepared using a template with no obvious relation to ciprofloxacin it still displayed
a high imprinting effect and the resin also recognized other fluoroquinolones
(Fig. 11).
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Fig. 8 Results from the screening experiment with metoprolol. In the experiment, 25 mg of each MIP
and the corresponding NIP were packed in duplicate in 2-mL SPE cartridges and first conditioned with
1 mL MeOH and 1 mL acetonitrile. Then 1 mL of a solution containing 5 pg/mL metoprolol in
acetonitrile was passed through each cartridge. After this step, the amount of nonbound metoprolol
was quantified using HPLC-UV and the corresponding amount of bound metoprolol was calculated.
Comparison of the chemical structure of metoprolol with the template used to prepare MIP EA009

On the basis of the performance of this MIP, commercially relevant sample
preparation methods were developed for trace analysis of different fluoroquinolones
from various biological matrices such as bovine kidney and honey [24]. Compared
to conventional analytical workup methods, the current MIP-based fluoroquinolone
cleanup accomplishes the pretreatment in only one step, whereas previous methods
require a large number of laborious workup steps.

4 The Molecular Basis of Crossreactivity

A summary of the compounds recognized by EA009 and EA023 in these experi-
ments and additional examples from other screening experiments are shown in
Figs. 12 and 13.
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EMIPs

% Bound Ciprofloxacin on MIP/NIP

EA001
EA003
EA005
EAO033
EA019
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EA029
EA031

Fig. 9 Results from the screening experiment with ciprofloxacin. 1 mL 100 ng/mL ciprofloxacin
in water was loaded onto the conditioned MIP and NIP columns which were then washed
sequentially with 1 mL 0.5 % and 1 mL 3 % acetic acid in acetonitrile. After each step the amount
of eluted ciprofloxacin was quantified by HPLC-MS and the amount of ciprofloxacin still bound to
the resins after the last step was calculated and plotted

100.0+
90.01
80.0+
70.0+
60.01
50.0+
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0.0 T T T T T T T T |
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% Cumulative recovery

% Acetic acid in acetonitrile

Fig. 10 Normalized cumulative recovery of ciprofloxacin loaded onto 2-mL SPE cartridges
containing 25 mg of EA023 or the corresponding NIP. Elution steps: 1 mL each of 0, 0.25, 0.5, 1,
2, 3,5, and 10 % acetic acid in acetonitrile and 5 % formic acid in MeOH

In explaining the observed crossreactivity of particular polymers, we have
assumed that the “similarity” principle applies which, in its simplest form states
“similar chemical structures will have similar properties.” Typically, similarities
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Fig. 11 Relevant substructure of the template “T” and fluoroquinolone structures that are
recognized by EA023

may be measured by generating 2D chemical fingerprints of the target molecule and
then searching a database of molecules for overlapping substructure features.

The hit molecules obtained are then weighted by any of a number of analysis
schemes to generate a valid hit group [25]. The second aspect that should be
revealed by such searching is that there should be a landscape of molecules that do
not bind or that bind very weakly, molecules that are dissimilar. In the small
datasets described here it is not instructive to carry out an exhaustive similarity—
dissimilarity analysis. Similarity assessment is an uncertain process and may not
always generate explanations for the observed chemical compound behavior.
Where the chemical compound motifs important for the interaction with the MIP
binding site are unknown or uncertain, quantitating substructure properties between
molecules to arrive at similarity scores may not be productive.

In a more qualitative approach, one can make a simpler substructure analysis.
For template “A”-templated MIP EA009, metoprolol, clenbuterol, naphazoline,
methamphetamine, fluoxetine, tramadol, and methadone all show a substructural
pattern of the following form: Aryl-(3 bonds)-N(R1,R2) or Aryl-(4 bonds)-N(R1,
R2). For those not exhibiting an exact match to any of these substructures, nicotine
has the aryl but a shorter side chain (one carbon) linked to a cyclic NH; ergocornine
contains the embedded substructure but the multiplicity of functional groups makes
this crossreactivity difficult to interpret; cocaine is only a weak binder and may bind
through a different mechanism.
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Fig. 13 Other compounds recognized by template T-imprinted MIP EA023

4.1 Template T-Templated MIP EA023

This template has a more bulky structure than template “A” but with some sub-
structural similarities. Of the subset of the four molecules binding this MIP
strongly, methadone, fluoxetine, and ciprofloxacin contain the motif Aryl-(4 bonds
linear or cyclic)-N(R1,R2). The outsider, naphazoline, instead has the Aryl-
(3 bonds)-N(R1,R2) motif.

The above two comparisons, albeit rather qualitative, suggest a structure-binding
profile that can be explained by a process similar to that of crude pharmacophore
matching. To continue the analysis, we compared those molecules tested against
these MIPs that were not recognized by any of the two MIPs discussed above
(Fig. 14). Inspection of the dataset suggests an explanation for the absence of
binding inasmuch as most of the molecules do not contain the motifs contained in
template “A” or template “T”.

In compounds where substructures appear related to appropriate binding motifs
such as bupivacaine, the spacer between the aryl ring and the amine is rigid and
these may be prevented from binding by geometrical constraints. It must also be
said that this screening was not comprehensive and we cannot rule out that other
molecules lacking these motifs may also show binding.

It has to be emphasized and repeated, that MIPs were successfully synthesized
towards a number of the structures in Fig. 14 and mentioned in this chapter such as
theophylline [4] and atrazine [9].
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Fig. 14 Compounds not recognized by MIP EA009 or MIP EA023

5 Conclusions

Taken at face value the data we have presented in this chapter suggest a number of
revisions to the MIP specificity concept. We list these below as a set of postulates
for stimulating further discussion.

1. MIPs do not generally show absolute specificity however strong a template—
monomer interaction is.

2. A MIP prepared with a particular template can exhibit crossreactivity with
molecules from other chemical scaffold families provided those molecules
contain the relevant substructures.
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3. Templated MIPs can exhibit chemical crossreactivity by fortuitous interactions
that cannot be explained by substructure similarity.

Postulate 1 merely suggests that there is no absolute specificity and that speci-
ficity in MIPs can be similar to that of antigen-specific antibodies. Postulate 2 is not a
new concept but here we state that it is a property of probably all MIPs prepared by
both covalent and noncovalent templating. Postulate 3 is different from nonspecific
binding which is typically low affinity and high capacity whereas this “fortuitous
crossreactivity” may be quite strong. We hope that the studies described in this
chapter stimulate further evaluation of MIPs as surrogate receptors in pharmaco-
logical research as well as separation materials in analytical and process scale
separations. As a consequence of the above postulations, we would wish to see that
the evaluations of MIP studies done will include a much broader selection of mol-
ecules to cover the aspects of apparent crossreactivity and also unexpected inter-
actions. In our view, testing only a few molecules in binding or recognition studies is
not sufficient to reveal the potentially extensive recognition pattern of MIPs and thus
its full potential. From our view this attribute, in contrast to “highly selective,” is
probably the more correct and factual description of the majority of MIPs. Although
those new findings and the present discussions may be somewhat deviant, they are
appealing for many applications and should thus not be overlooked.
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MIPs as Tools in Environmental
Biotechnology

Bo Mattiasson

Abstract Molecular imprints are potentially fantastic constructions. They are
selective, robust, and nonbiodegradable if produced from stable polymers. A range
of different applications has been presented, everything from separation of enan-
tiomers, via adsorbents for sample preparation before analysis to applications in
wastewater treatment. This chapter deals with molecularly imprinted polymers
(MIPs) as tools in environmental biotechnology, a field that has the potential to
become very important in the future.

Keywords Cryogels - Endocrine disruptors - Wastewater treatment

Abbreviations

AAm Acrylamide

E2

Estradiol

HRT Hydralic retention time
MG  Macroporous gel

MGP Macroporous gel particle
NIP  Nonimprinted polymer
PVA Poly (vinylalcohol)
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1 Introduction

Molecular imprinting is a technology to make affinity adsorbents that are chemi-
cally and potentially also mechanically stable. Such adsorbents may find applica-
tions in many areas, but of special interest are those where conventional adsorbents
are not sufficient. One good example is in environmental technology for remedia-
tion of water. Here, unpredictable mixtures of chemicals may appear together with
microbial cells and other suspended material. The development in this area is rather
slow, and the first efforts to integrate molecularly imprinted polymers (MIPs) in
environmental technology were within analysis.

Cleaning of polluted water is by far the largest biotechnological process in
society today. Technology development in the wastewater treatment area has to a
large extent been focused on municipal wastewater and in recent years on treatment
of industrial waters. A reason for these priorities has been the obvious results of
water pollution. Municipal wastewater released without proper cleaning caused
massive death of fish and other water-living organisms due to consumption of
oxygen in the water. The introduction of the concept of biological oxygen demand
(BOD) when characterizing a wastewater helped to set limits for what was allowed
to be released to recipients, and what needed more treatment before it could be
released.

Industrial wastewaters are of different characters. From industries processing
biomass, pulp and paper industries, food industries, and the like, BOD is one
important characteristic for defining purity. However, in many cases this is not
enough. Process industries, in addition to biomass, use chemicals in the processes
and these chemicals or their reaction products are released. These emissions often
do not have the same instant effect on the recipient water as observed when high
BODs were released. It often took a longer time before effects were observed, and
in some cases one needed to follow the effects up the food/feed chain before
dramatic effects were observed. Because of the slow response to the pollution, it
took time before proper water treatment technology was developed and
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implemented in society. Today, the situation is relatively good in those countries
where an environmental protection policy has been decided on and implemented. In
several places, however, there are laws, but they are not properly implemented. The
reasons may be lack of competence or lack of suitable equipment to monitor
pollution, and therefore also to put pressure on the pollution agencies. Still another
factor is corruption that in many cases causes lack of implementation of environ-
mental laws.

In addition to biological oxygen-demanding pollution and industrial releases
there is a “new” category of pollutants to handle. Many compounds are spread in
society and appear in wastewater at low concentrations. These compounds are often
poorly degraded but at the same time they may be potent physiologically.

Examples of these “emerging” pollutants are hormone-active compounds, flame-
retardants, pharmaceuticals, and pesticides [1]. In this group can also be included
some heavy metal ions, even if they are not new as polluters, but they may be
present at similar low concentrations as those of the new pollutants. This group of
polluting compounds is poorly degraded in the treatment processes used today and
there is room for new developments (metal ions are of course not degraded, but they
may get immobilized). The limiting factor is the very low concentrations, within the
range of 1 pg/L-1 ng/L. To remove such compounds using precipitation is unre-
alistic, and using microbes is not an alternative because the microbes will not
handle compounds as substrates at such low concentration levels. Advanced oxi-
dation processes have been developed and they may be efficient, but expensive.
Adsorption or extraction might be possible modes of operation to remove/enrich
pollutants, and after such a process take care of the pollutants separately. There are
very few cases where MIPs have been used for treating wastewater as a remediation
step, but on the other side there are many examples of MIPs in sample pretreatment
for analysis of pollutants in wastewater (Table 1). These sample pretreatment
examples will give guidance towards what is to be expected on the day when proper
technology is available for utilizing MIPs in water treatment processes.

To utilize adsorbents capable of enriching compounds present in low concen-
trations raises demands on the quality of the binding sites of the adsorbents. There
are several examples of immunoaffinity from pharmaceutical biotechnology that in

Table 1 Environmental pollutants in water enriched with MIPs

Target pollutant Template Matrix References
Bisphenol A Bisphenol A Tap water [2]
Bisphenol A Bisphenol A-d16 Surface water [3]
Carbamazepine Carbamazepine Wastewater [4, 5]

17 B-estradiol 17 B-estradiol Wastewater [6, 7]
Microcystin-LR Microcystin-LR Drinking water [8]
Triazines Terbutylazine Surface water 9]

Pb>* Pb** Surface water [10]
Domoic acid Domoic acid Sea water [11]
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theory would be possible to use. However, wastewater is not a sterile milieu and
one can expect any protein-based affinity ligand to be quickly degraded. Therefore,
one needs to investigate possible ligands of synthetic nature that will not be
degraded in an open system such as that represented by wastewater. MIPs have
certain advantages making them attractive for this application [12-17]. Their
binding strength has been demonstrated to be almost that of antibodies [18]; their
robustness may be high provided suitable polymers are used.

1.1 Adsorbents for Enrichment as a Pretreatment Step
to Analysis

Solid phase extraction is well developed in the medicinal-pharmacokinetic area. A
range of studies has been conducted where environmental pollutants have been
efficiently enriched on MIPs. Some of these are listed in Table 1.

A characteristic of these systems is the use of small MIP particles in small
columns through which water samples are passed. Then the captured material is
released and analyzed, often with mass spectrometry. In many cases, the removal
efficiency of the compounds is high, and provided a more suitable physical
appearance of the adsorbent is available, use of MIPs seems attractive. A drawback
of MIPs has been that they are used as small particles and when packed in columns,
represent massive backpressure and therefore low flow rates. What is needed is
larger particles such that the pressure drop is lower, and robustness so that the
adsorbent can stand the often harsh conditions present in wastewater.

Wastewater usually comprises large volumes and thus high flow rate is a pre-
requisite for any treatment method to become a realistic alternative. By inserting
MIPs into larger polymer structures it may be possible to improve the flow prop-
erties with retained binding properties. This was done using supermacroporous gels,
so-called cryogels, and one could see good flow properties and efficient enrichment
of the polluting molecules. Still another method would be to aggregate the small
particles in order to form larger structures with good flow properties. The potential
of this technology has been demonstrated when developing some macroporous
adsorbents [19]. A combination of the two mentioned strategies, the composite
approach in supermacroporous gels and the aggregation method is represented by
supermacroporous cryogels built from aggregated nanoparticles [20].

Many of the “emerging” pollutants are present at very low concentrations, but
because they are physiologically potent, one needs to remove them. For this study it
was decided to work with estrogen-like compounds, that is, estrogen and any
compound that will bind to the estrogen receptor.
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2 Production of MIPs and Evaluation of Their
Performance for Cleaning Water

MIPs were synthesized according to a protocol by Rachkov et al. [21].

Estradiol was dissolved in chloroform in a 30-mL tube to which was added the
functional monomers, the crosslinker, and initiator. The mixture was gently mixed
for 5 min and then cooled on ice and purged with nitrogen for 5 min before the test
tube was sealed and the mixture was heated to 65 °C for 20 h. The polymer
monolith formed was smashed and the pieces obtained were ground. Particles
passing through a 25-um test sieve were collected and washed with methanol. This
washing was repeated several times in order to secure that no print molecules were
left that could subsequently be leaking from the MIP. Then the methanol was
allowed to evaporate. The dry MIPs were washed 6 times with a mixture of
methanol and acetic acid (4:1 v/v) and then dried in a desiccator for 24 h.

In parallel to the MIP preparation, nonimprinted polymer was also produced.
Here all reagents were the same, except for the print molecule. The nonimprinted
polymers were later called NIP.

The binding of estradiol to the MIPs was evaluated using radiolabelled estradiol.
After proper equilibration, aliquots were taken from the supernatant and the
radioactivity was measured. The amount bound was obtained after subtracting the
amount present in the supernatant from the total amount added.

2.1 Extraction of Estradiol at 1 ppb Level

A comparative study was performed using a MIP-column, a NIP-column, a
C18-column, and an activated carbon column; see Fig. 1. Two liters of an aqueous
solution of estradiol at 1 ppb was then passed through each column by applying a
weak vacuum (0.5 bar). Elution was done twice with a methanol-acetic acid
mixture (4:1 v/v) and the content of estradiol was quantified. The experiments were
carried out in duplicate or triplicate. The studies were then repeated with aqueous
solutions of 0.1 ppb of estradiol.

Assuming that elution removed the entire fraction extracted, the concentrations
of estradiol in the treated samples were below 0.02 ppb for the MIP compared to
0.1 ppb for the NIP and 0.2 ppb for C18 and the activated carbon phase.

Studies on interference by different aromatic substances such as phenol,
2-chlorophenol, 4-chlorophenol, and 2,6-dichlorophenol revealed that these
compounds bound, but less strongly and they could then be more easily eluted from
the adsorbent.

As stated above, flow properties are not good when using small MIP particles,
and therefore supermacroporous gels were introduced. The MIP particles were
either entrapped or covalently bound to the porous material. The gels that were used
are called cryogels.
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Fig. 1 Amount of estradiol recovered from the extraction of 2 L of aqueous solution containing
1 ppb of estradiol by MIP (100 mg), NIP (100 mg), C18 phase (200 mg), or granulated activated
carbon (100 mg) and after elution by 4 mL of MeOH:acetic acid (4:1 v/v). No estradiol was found
in the second eluate. Vertical bars represent the standard deviation in triplicate (MIP) or duplicate
(other adsorbents) (reproduced with permission from Le Noir et al. [22])

2.2 Cryogels

These gels are prepared at subzero temperatures, having highly interconnected
pores up to 100 pum in size. Cryogels can be produced as monoliths, sheets, or
beads. The present study was focused on the use of monoliths. When the gel is to be
in contact with wastewater it is preferable to use material that will not be degraded
by microorganisms. The gels were therefore produced in crosslinked polyacryl-
amide. The monomers, acrylamide, and the crosslinker N,N-methylenebis(acryl-
amide) were mixed with the MIP-particles, the catalyst, and initiator system. After
mixing, the solution was placed at —12 °C and left overnight to polymerize. During
the freezing process, ice crystals are formed and the monomers and the particulate
matter are found in the interstitial space. It is in this space that polymerization
proceeds. Upon thawing of the gel, the melted ice left behind a network of inter-
connected pores. Cryogels were also produced using polyvinyl alcohol or chitosan.
The former polymer forms a gel upon freezing and the polymer chains are held
together via hydrogen bonds. The chitosan-derived structures need crosslinking,
and glutaraldehyde was added to a precooled mixture before the freezing period.
A first study with the composite cryogels involved enrichment of estrogen-active
components in wastewater. It is clear that not only estrogen itself, but also a whole
range of compounds have estrogen-like activity. This means that they interact with
the estrogen receptor. Therefore, organisms will react as if there were estrogen in the
water. A total of more than 100 different substances have estrogenic activity [23].
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Because this activity is expressed by the ability to bind to the estrogen receptor, it
seems logical to use such receptors to capture the molecules. However, in addition to
the risks of proteolytic degradation, such receptors are labile and would not survive
even the immobilization procedure. Therefore it was logical to evaluate MIPs [23].

From Table 2 it can be seen that using MIP-cryogel composites was advanta-
geous with regard both to efficiency in removing estrogen-active compounds from
the water phase and to the flow rate that could be applied. Also PVA-composites
turned out to be efficient. Figure 2 shows that efficient removal of E2 was observed,
also upon repeated extractions.

Mechanical stresses on cryogels when exposing them to turbulent wastewater
MIP-cryogel composites are obviously good for capturing target molecules from
water. One problem remained after this demonstration. The macroscopic properties
of the gel would rapidly degrade. In order to reduce the deterioration of the gel
structure, cryogel composites were prepared within plastic housings such that the
gel was protected from mechanical attrition, but at the same time could bind target
molecules from the water. The plastic housings were of the AnoxKaldnes-type
which are used for cultivation of microorganisms in wastewater treatment plants
[24, 25]. Examples of such protected gels are shown in Fig. 3.

Table 2 Application of wastewater through the MIP, PVA, and composite MIP/PVA monolith
columns

Material MIP PVA MIP/PVA
Applied wastewater (mL) 55 200 200
Flow rate of wastewater applied (mL/min) 1* 50 50
Recovery (%)° 10 100 100

& After passing wastewater effluent for 180 min, the MIP column was completely clogged
b Recovery (%) was estimated as (A/Ag) x 100, where A; and A, represent the absorbance of
wastewater effluent at 420 nm after and before passing the column, respectively
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Fig. 2 Repetitive extractions of estrogen from PVA/MIP and PVA/NIP composite columns.
Experimental conditions: in each cycle (/, 2, and 3), 2 L of an aqueous solution containing 2 mg/L
of 17B-estradiol was applied to PVA/MIP (grey bars) and PVA/NIP (white bars) at a flow of
50 mL/min. Extraction was performed with methanol:acetic acid (4:1 v/v) solution. Vertical bars
represent the standard deviation on duplicate (reproduced with permission from Le Noir et al. [6])
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Fig. 3 a, b Picture of the plastic carriers of different types present an inert supporting medium for
the formation of soft and highly elastic hydrophilic materials inside; ¢ macroporous gels bearing
different functionalities formed inside the carriers; d SEM image of polyacrylamide-based
macroporous gel formed inside the Kaldnes carrier (reproduced with permission from Plieva and
Mattiasson [26])

The attrition was tested by keeping the protected gels in a vigorously stirred
aqueous solution (400 rpm) and then monitoring the attrition effects. Cryogel
monoliths were converted into a suspension of small gel particles within a short
time. As seen in Fig. 4 [26] there was an initial attrition so that 10-20 % of the gel
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Fig. 4 Weight loss of 7.0 %-pAAm MGs prepared inside Kl-carriers (closed diamonds) and
prepared inside K3-carriers (open squares) after being stirred at 400 rpm for 20 days (reproduced
with permission from Plieva and Mattiasson [26])

material was removed, but after that the MGPs were stable. The mixing intensity
will be less dramatic in wastewater processing which would lead to an extended
period during which the particles would be “polished” to their final shape.

From this study is it clear that placing MIPs in a cryogel thereby forming a
composite generates an adsorbent that is easy to handle and still efficient in binding
the target molecules. The cryogel with the MIP particles was formed within plastic
housings as illustrated in Fig. 3. The cryogel is an open structure with pores in the
range 1-100 pm (see Fig. 5). When forming composites, the MIPs are distributed
within the polymer walls of the cryogel (Fig. 6). Because the pores form an
interconnected network, transport of liquid within the gel-plug is relatively efficient.
Efforts have also been made to covalently couple MIP particles to the pore walls of
cryogels. In this case, the particles were in the submicron range (Fig. 7).

Fig. 5 A scanning electron
microscope (SEM)
photograph of the monolith
matrix (reproduced with
permission from Persson

et al. [27])
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Fig. 6 SEM images of MIP
(a) and PVA/MIP at
different magnifications

(b, ¢) (reproduced with
permission from Le Noir

et al. [6])

The macroporous gel particles formed with an outer plastic protecting shell and
an inner macroporous polymer structure in this chapter are called MGPs (macro-
porous gel particles).
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Fig. 7 SEM images of epoxy
particles after immobilization
for 24 h on AAm—AMPA
cryogels with AAm:AMPA
molar ratio 2:1. Scale bar:

10 mm (reproduced with
permission from Hajizadeh

et al. [28])

After enriching environmental pollutants from a water phase and eluting them in
a concentrated form, it is important to take care of them in an efficient mode. Eluted
estradiol was degraded by Pseudomonas veronii. In Fig. 8 it can be seen that
oxygen was consumed and carbon dioxide was produced upon this exposure. In the
control with no estradiol, there were no changes in oxygen or carbon dioxide
concentrations.
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Fig. 8 Change in the levels of O, (squares) and CO, (circles) in a serum flask amended with
estradiol as the sole source of carbon and energy and inoculated with a nonylphenol degrading
Pseudomonas veronii (filled symbols) or in the controls inoculated and incubated under the same
conditions but not supplied with estradiol (open symbols). Vertical bars show the standard
deviation on triplicates (reproduced with permission from Le Noir et al. [22])
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The same preparation of MIPs was utilized in competitive binding studies.
17B-estradiol was mixed with fluoxetine and acenaphtene and the capacity of the
MIPs was evaluated with regard to adsorption of one single substance and also from
mixtures. When 17p-estradiol was used in a solution of 2 mg/L, then 100 + 0.6 %
was captured by 100 mg MIP when passing 2 L of solution. NIP has 77 + 4 %
capture and C18 has 87 % whereas granulated activated carbon only captured
19 + 8 %. MIPs are in this case superior to the other studied systems. In competitive
binding studies, the efficiency of MIP only dropped marginally when fluoxetine and
acenaphtene were present at the same concentrations as that of 17p-estradiol. The
recovery was 96 + 4 % whereas that for NIP decreased to 55 + 9 %. The other more
nonspecific adsorbents also showed marked decreases in binding efficiency (Fig. 9).

When treating water that had been processed in the municipal wastewater
treatment plant in Lund, Sweden and that was about to be released to the recipient,
it became clear that MIPs have an interesting potential in wastewater treatment.
After passage of the processed wastewater through a bed of MIPs, bound material
was eluted and exposed to a yeast with a cloned receptor for estrogen. This receptor
will bind many different compounds, and in this study it was only interesting to
evaluate the total burden of estrogen-like compounds. The yeast cells, when
stimulated by estrogen activity, start to produce B-galactosidase that when exposed
to a proper substrate produces a blue color which can be used to quantify the level
of estrogen activity in the sample. The more estrogen activity, the more intense is
the color. It was found that the treated water held a concentration of estrogen active
compounds corresponding to 22 + 4 ng estrogen per L of water. Such a concen-
tration is sufficient to induce harmful effects on fish [29]; Fig. 10).
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Fig. 9 Amount of E2 (black bars), fluoxetine (white bars), and acenaphtene (grey bars) recovered
from the extracts of SPE columns packed with MIP (100 mg), NIP (100 mg), C18 (200 mg), and
GAC (200 mg), and percolated with 2 L of an aqueous solution of 2 pg/L of each pollutant. The
polymers were extracted three times with 4 mL of methanol:acetic acid (4:1 v/v) (MeOH:Aa). No
pollutant was found in the third extract and the values shown represent the average total amount of
pollutant recovered from the first two extracts + standard deviation (reproduced with permission
from Le Noir et al. [6])
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Fig. 10 B-Galactosidase activities in transformed Saccharomyces cerevisiae cultures [30] exposed
to E2 concentrations of 1 x 107> to 1 x 10~° M in MeOH/Aa (diamond) compared to clean MeOH
(blank) or extracts from SPE columns packed with 100 mg MIP and NIP and percolated with
100 mL of a wastewater sample (bars). The polymers were extracted with 4 mL of MeOH:Aa and
the values shown represent the average yeast activity (normalized to 100 mL of wastewa-
ter) + standard deviation. No activity was found in the extracts (4 mL MeOH:Aa) of SPE packed
with clean MIP and NIP (100 mg). B-Galactosidase activity is calculated as 1000 x ODgyo/
(t X V x ODggg) Where OD,y is the final absorbance at 420 nm, ¢ is the time of reaction of the
mixture (41 min), V is the volume of the culture used in the assay, and ODgg is the absorbance of
the diluted yeast inoculum (reproduced with permission from Le Noir et al. [6])

From Table 2 it can be seen that using MIP—cryogel composites was advanta-
geous with regard both to efficiency in removing estrogen-active compounds from
the water phase and to the flow rate that could be applied. Also PVA composites
turned out to be efficient. Figure 2 shows that efficient removal of E2 was observed,
also upon repeated extractions.

The MGPs were used in expanded bed configuration as shown schematically in
Fig. 11. The experimental setup allows far better flow rates than what was possible
for the small MIP particles. As is seen in Fig. 12 there was a high efficiency in
removing 17B-estradiol at flow rates of 4 and 8 mL/min and there was no change
when increasing the flow rate up to 120 mL/min. The AnoxKaldnes-type catriers are
often used in wastewater treatment plants for microorganisms to grow on, and then
they are exposed to the water in a stirred/mixed batch process configuration. Such an
alternative for removing environmental pollutants seems realistic for a future scaleup.

2.3 Atrazine

In the studies on removal of endocrine disruptors, the herbicide atrazine was also
studied. This compound is also said to have hormone activity [23]. Several
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Fig. 11 a Appearance of an empty Kaldnes carrier and MIP/PVA-MGs formed inside the plastic
carrier (called MGPs). The SEM image represents the MIP/PVA-MGs formed inside the Kaldness
plastic carrier. b Schematic representation of a packed MGP reactor (leff) and a moving MGP
reactor (right). B1: schematic representation of one layer of MGPs in a packed MGPs reactor. The
arrows show the water flow routes in the column. B2: schematic representation of one layer of
MGPs in moving MGP reactor. The arrows show the perpetual motion of the MGPs in the column
(reproduced with permission from Le Noir et al. [31])

preparations of cryogel-MIP composites were prepared. It was clearly shown that
atrazine was captured, but to a lower extent than seen for estrogen with an estrogen-
selective MIP. It was observed that an almost constant level of removal took place
when the flow rate was varied as given for the estradiol capturing process.

2.4 Beta-Blockers and Other Pharmaceuticals

A group of emerging environmental pollutants is that of pharmaceuticals [20, 32-33].
The problem has been present for several decades, but it is only recently that it has
attracted interest. Many of the pharmaceuticals are recalcitrant. Pharmaceutical pro-
ducers had to a large extent neglected the problem, but when active substances started
to appear in groundwater from where water for human consumption was taken, it
became obvious that something needed to be done.
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Fig. 12 Amount of 17B-estradiol and atrazine bound to E2-MIP/PVA-MGPs and atrazine MIP/
PVA-MGPs, respectively, using different hydraulic retention times of a solution of 1 mg/L
17B-estradiol or atrazine in a moving-bed MGP reactor. Samples (1 mL) were taken every 200, 60,
and 30 min at HRTs of 120, 8, and 4 min, respectively. The values given in this figure are based on
the amounts recorded when no further adsorption was observed. The concentrations of the
contaminants were quantified using HPLC

Many studies have been carried out concerning analysis of environmental
samples in order to document the magnitude of the problem [33, 34].

With the technology used today wastewater treatment plants are usually ineffi-
cient in treating this kind of pollution. There are methods that should be useful, but
economic constraints have hampered their application. Among these methods are
ozonation, advanced oxidation, and photocatalysis [35].

Adsorption seems to be a useful method. When treating wastewater, there may be
many different compounds that might bind to an adsorbent, some of which are envi-
ronmental pollutants and others are less harmful. Using nonspecific adsorbents results
in the capacity often being utilized less effectively due to nonspecific adsorption.

2.5 Heavy Metal Ions

It seems to be problematic to form MIPs against small ions. However, there are
examples of successful experiments, for example, Zhu et al. [10] who produced a
MIP selective against Pb>*. The MIP was produced from silica that was first acti-
vated by refluxing silica in 6 M HCI for 8 h. After washing, the gel was modified by
trimethylaminopropylsilane (APS) in the presence of Pb(NOj),. The lead salt was
first equilibrated with APS before the silica was added. After reaction and washing
the MIP was ready for evaluation. The capacity of the MIP to bind Pb** was
19.7 mg/g MIP and 6.2 mg/g of NIP. It was further shown that the binding of lead
was more efficient than the binding of cadmium with a selectivity coefficient of 450.
The MIP produced was used for sample preparation before analysis.
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2.6 Arsenic Contamination

A MIP was prepared using a poly(acrylamide) basis. AsCl; was dissolved in
methanol and mixed with 4-hydroxybiphenyl and 2-vinylpyridine, and after
equilibration ethylene glycol dimethacrylate was added [36]. Polymerization pro-
duced a block that afterwards was crushed. Particles <38 um were collected after
sieving the material, and these particles were then entrapped in a poly(acrylamide)
cryogel (Fig. 13). In comparison with NIP, it turned out that the MIP was more
efficient in binding arsenic (V) than the corresponding NIP (Fig. 14).

2.7 Bromate

When using ozone to disinfect water there are high risks of forming bromate,
provided bromide is initially present in the water. Bromate is a risk chemical
whereof WHO recommends concentrations shall not be higher than 10 pg/L in
drinking water. Efficient technology to remove bromate is lacking. Using ion

Fig. 13 a-d Scanning electron microscope images of composite materials, Alu-cryo presented at
a scale of 10 and 50 um (a, b) and MIP-cryo at a scale of 20 and 100 pm (c, d) (reproduced with
permission from Hajizadeh et al. [37])
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Fig. 14 Adsorption capacities of arsenic (V) for MIP and the control (NIP) at different initial
concentrations (reproduced with permission from Onnby et al. [36])

exchangers is of course a possibility, but a range of other ions will interact and
reduce the capacity. Common competitors are nitrate and sulphate [37].

In an effort to develop a MIP against bromate several strategies were evaluated.
A molecularly imprinted chitosan, and as a reference a sol-gel inorganic adsorbent
made of double hydrous oxide (Fe,O3, Al,05; xH,0) were produced. The chitosan-
based MIP had better selectivity for bromate, whereas the inorganic adsorbent had a
much higher total capacity. Furthermore, the adsorptive capacity for the MIP was
strongly pH-dependent, and the inorganic adsorbent had almost the same capacity
over a broad pH range.

When making a comparison on the adsorption behavior at different concentra-
tions of bromate and nitrate for three different adsorbents, the chitosan MIP, the
inorganic adsorbent, and DEAE-Sepharose, it became clear that the selectivity for
bromate was highest for the MIP. In addition to studying suspended adsorbent
particles, they were also entrapped in cryogels placed in plastic housings, and again
the same adsorption pattern was seen there (Fig. 15).

3 Elution

A crucial step in MIP-mediated removal of environmental pollutants from waste-
water is the elution of the bound material needed to regenerate the MIP composite
for recycling. The firmer the target binds, the more difficult it is to elute the bound
material. Elution is often carried out by treatment with organic solvents [38, 39].
This is a less attractive mode of operation for a large-scale process. Furthermore,
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Fig. 15 Adsorption of nitrate and bromate by DEAE-Sepharose and by MIP or inorganic
adsorbents. Experimental conditions: (1) 30 mg/L bromate and 30 mg/L nitrate; (2) 60 mg/L
bromate and 60 mg/L nitrate; (3) 100 mg/L bromate and 100 mg/L nitrate; and (4) 30 mg/L
bromate and 1 mg/L nitrate, 22 °C for 12 h. Adsorption is presented as the concentration of

bromate and nitrate removed by the adsorbent from solution, respectively (reproduced with
permission from Hajizadeh et al. [37])

such treatment will influence the structure and thereby also the stability of the
macroporous gel in which the MIP particles are embedded. The firmer the binding
is, the more harsh elution conditions must be used.

This leads to a conclusion that it might be advantageous not to use as efficient
binders as possible, but rather to search for a compromise between efficient removal
of the pollutant and a facilitated elution of bound material. One such example of a
successful optimization is shown in Fig. 16 illustrating the binding of metergoline
to a capacitive biosensor [40]. The sensitivity was in the micromolar range, but in
this case regeneration took place spontaneously when the loaded MIP was exposed
to plain water. Furthermore, weak binding to a receptor can be counteracted by high
density of binding sites thereby creating efficient depletion of target molecules from
the medium. Elution from such structures with high-density binding sites may be
slower than what could be expected from separated binding sites.

Still another alternative is to design a system that binds the target to the MIP and
on the same solid phase also introduce functionality to degrade captured material.

3.1 Catalysis: MIP on Surface of Titanium Oxide
Jor Photocatalysis

Catalytically active MIPs have been discussed for a long time [41]. There are some
efforts in this direction, but initially some substrates were used where it was
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Fig. 16 Capacitive response (nF) plotted towards time (min); each measurement was obtained
with a 1 min interval. The capacitance values of an (empty circle) MIP and (filled circle) NIP
functionalized electrode, and (triangle) the difference between both, were normalized for the
baseline values (set equal to O nF) of each curve. The arrow indicates the specific binding of
metergoline (reproduced with permission from Lenain et al. [40])

relatively easy to catalyze their conversion [41]. The turnover numbers were also
small. Later on more developed transition-state analogues were used, and the cat-
alytic unit could be combined with an affinity pocket (also MIP) where the product
could be trapped [42]. Even if much progress has been reported in recent years,
there is still a relatively long way to go using the classical way of making imprints
towards transition-state analogues of the substrate to be converted.

An alternative route has been taken by coimmobilizing the MIP and a photo-
catalytically active unit, for example, titanium dioxide [43, 44].

3.2 Macromolecular and Particulate Structures

There is a lack of good examples on preparative applications of MIPs capable of
capturing macromolecular structures of particulate matter from environmental
samples. However, within the analytical area there are good examples which may
very well also be implemented as preparative steps when treating water (Table 1).

3.3 Toxins from Cyanobacteria and Algae

Freshwater cyanobacteria produce a family of microcystins, toxins that cause liver
failure and in severe cases may induce liver cancer. It is therefore of interest to first
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of all keep control over the levels of microcystins in freshwater from where
drinking water is taken and then also be prepared to treat the water to remove the
toxins. So far, focus has been on analysis, but the technology used for recognition
could in the future also be applied in treatment. A piezoelectric sensor for quan-
tification of microcystins was constructed based on a MIP made against micro-
cystins as print molecules [8]. The MIPs were constructed based on computational
design and the polymer was produced by mixing in DMSO equimolar concentra-
tions of microcystin-LR (one of the many variants of microcystins) with 2-Acryl-
amido-2-methyl-1-propanesulfonic acid, 6 times surplus of urocanic acid ethyl
ester, and 1.5 times surplus of the crosslinker ethylene glycol dimethacrylate and as
initiator 1.1-azobis(cyclohexane-carbonitrile). After polymerization and proper
washing, the MIP was ready for evaluation on the sensor. A MIP was used for
preconcentrating the analyte prior to test with the biosensor. Crossreactivity against
other microcystins was relatively low (20-30 %). This means that the MIP was too
selective to be used as a general recognition element for all microcystins.

In another study, microcontact imprinting was used for the fabrication of a
selective biosensor against microcystins [45]. The technique was a development of
a method for imprinting selectivity in a sensor chip as presented by Ertiirk et al.
[46]. In both these cases, the microcontact imprinting resulted in sensor chips with a
higher selectivity than that found when using antibodies as capturing structures.

In seawater there are toxins produced by red algae. Some of these toxins cause
problems for fish farming and here it is also important first to analyze and then to
apply treatment methods to protect the farmed fish from overly high concentrations
of toxins. A MIP was produced with domoic acid as the print molecule and it was
later shown that this MIP was suitable for quantifying domoic acid [11]. After the
assay, the captured target molecules were removed and the sensor was reused. It
turned out that the strategy was successful and the sensor could be used repeatedly
over at least 2 months.

Inasmuch as it was possible to produce MIPs with suitable selectivity, then it
would also be possible in the future to design adsorbents to capture the same target
molecules.

3.4 Viruses and Microorganisms

These two groups of organisms represent species that can cause diseases and it is
therefore of interest to remove them from the environment. Waterborne diseases are
spread quickly and are therefore of special interest to combat. The new develop-
ment concerning microcontact imprinting seems to hold interesting potential for
future applications of MIP technology in water processing.
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4 Concluding Remarks

For many years MIPs have been evaluated for high resolving separations such as
the resolution of racemic mixtures. The nature of MIPs, being made from recal-
citrant polymers, having good binding capacities, and being resistant to both
mechanical and microbial degradation makes them very attractive reagents to use in
environmental technology when conditions are variable and sterile conditions are
not possible. MIPs for affinity binding as well as catalytically active MIPs may have
a great future in environmental technology.
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Molecularly Imprinted Polymers as Tools
for Bioassays and Biotransformation

Yibin Liu, Shan Huang, Zhuo Li and Meiping Zhao

Abstract In the past five years, significant progress has been made in preparation
of various molecularly imprinted polymer (MIP)-based materials for applications in
bioassays and biotransformation. This chapter reviews the important advances in
these two fields. The first part mainly focuses on the development of various MIP-
based bioassays that convert the rebinding of template to the imprinted cavities into
measurable luminescent signals, including fluorescence, phosphorescence, Raman
scattering, diffraction, and the like. In addition, MIP-based bioassays that are
measured by surface plasmon resonance or quartz crystal microbalance are also
discussed. In the following part, representative biotransformation reactions that
make use of MIPs are summarized. In the last part of this chapter, some remaining
challenges are briefly discussed for further development of the two fields.

Keywords Bioassay - Biotransformation - Luminescent detection + Molecularly
imprinted polymer - Quartz crystal microbalance - Surface plasmon resonance
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1 Introduction

Molecularly imprinted polymers (MIPs) are smart materials formed in the presence
of a template molecule. After polymerization, complementary cavities with the
desired shape and functional groups are formed in the imprinted materials.
Nowadays, molecular imprinting is widely used for the preparation of tailor-made
materials with high recognition capability towards target molecules, ranging from
small organic molecules to biomacromolecules [1, 2].

Bioassays are commonly used approaches for the determination of bioactive
small molecules, peptides, proteins, nucleic acids, and drugs in complex biological
samples. The key requirements of bioassays are specific recognition elements that



210 Y. Liu et al.

are capable of binding the analytes with high affinity and selectivity. Traditionally
used recognition elements for bioassays are antibodies, receptors, enzymes, nucleic
acids, and the like. These native biological materials possess excellent binding
selectivity and affinity. However, most of them suffer from common disadvantages
including high cost to produce, poor physical/mechanical stability, and low resis-
tance to harsh conditions (e.g., high temperature, pressure, acids, bases, and some
organic solvents). With similar specific binding and affinity properties for target
molecules, MIPs have shown distinct advantages in that they are easy to produce
and have high stability under various buffer conditions [1-3].

In early studies, MIPs have been used to detect the target molecules in a format
similar to conventional immunoassays. The polymers were labelled with enzymes
or fluorophores, which allow for detection by colorimetric, fluorescent, or chemi-
luminescent signals. In recent years, a number of new bioassays have been
developed by integrating the MIP material with a transducer, which can provide
faster analysis with a direct readout without the need for labor-intensive sample
preparation. In these assays, MIPs show additional advantages over the native
biomolecules because the transduction mechanism can be directly built into the
material itself. Molecular recognition of an analyte leads to changes of the optical or
other properties of the material, thus providing a direct readout [4].

Commonly used physicochemical transducing systems include optical, electro-
chemical, thermometric, piezoelectric, magnetic, and the like. Luminescent optical
assays transform the analyte—receptor binding events into measurable light signals,
such as light absorption, fluorescence/phosphorescence, bio/chemiluminescence,
reflectance, Raman scattering, or refractive index. The advantages of luminescent
optical assays include high sensitivity, flexibility, environmental stability, ease of
miniaturization, inexpensiveness, and nondestructive analyte analysis [5-9].

Biotransformation is a process whereby a substance is transformed into another
by a specific biochemical reaction. Enzymes are ubiquitous natural biocatalysts for
catalyzing most biotransformation processes in cells and organisms. Without these
enzymes, many biotransformation reactions would not take place effectively.
However, enzymes are basically expensive compared with chemical catalysts and
the stability and recovery of enzymes are relatively low. To address such an issue,
many efforts have been made in creating artificial enzyme mimics or so-called
bioinspired catalysts. MIPs, taking advantage of the molecular recognition ability,
stability, and low cost, have been engineered as a powerful tool to promote bio-
transformation with enzymelike specificity and activity [10-12].

In this chapter, a number of the latest important examples of how MIPs have
been used in place of antibodies or receptors and provided exciting performances in
bioassays are reviewed. MIP-based bioassays that convert the rebinding of template
to the imprinted cavities into measurable luminescent signals are first introduced
and discussed. Then in the following parts, several MIP-based biotransformation
reactions that show encouraging results are summarized. Finally, some remaining
issues for further development of MIP-based bioassays and applications of MIPs for
biotransformation in complex systems are briefly discussed.
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2 MIPs as Tools for Bioassays

2.1 MIP-Based Fluorescent or Phosphorescent Bioassays

Fluorescent nanomaterials, as well as organic fluorophores, have both been used in
the development of MIP-based bioassays to provide fluorescent signals (see Fig. 1a).
Quantum dots (QDs) are semiconductor nanocrystals (2—10 nm in diameter) that
provide narrow, symmetrical, and tunable emission spectra [13—16]. CdSe/ZnS QDs
have been embedded in MIPs or used to prepare CdSe@SiO,@MIP core-shell
nanoparticles for the measurement of uracil and caffeine [17, 18]. By anchoring a
MIP matrix (CDs @MIP) on the surface of highly luminescent carbon dots (CDs), a
fluorescence optosensor for dopamine was also developed recently [19]. The
resulting composite showed high selectivity for dopamine and high photostability.
The relative fluorescence intensity of CDs@MIP decreased linearly with the
increasing dopamine in the concentration range of 25-500 nM with a detection limit
of 1.7 nM. The proposed method was successfully applied for the determination of
trace dopamine in human urine samples. Liu et al. introduced graphene oxide (GO)
to MIP to provide a large specific surface area and increase the mass-transfer rate
[20]. Then they further used ionic liquid to improve the fluorescence stability of QDs
by virtue of its high thermal and chemical stability. The ionic liquid MIP/GO/QDs
composites thus stabilized offer highly selective and sensitive specific recognition of
vitamin E. The relative fluorescence intensity of MIP decreased linearly with the
increasing concentration of vitamin E in the range of 0.023-920 pM with a detection
limit of 3.5 nM.
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Fig. 1 Schematic illustration of the working principles of MIP-based bioassays. Measurement of
target analytes by using a QDs embedded in MIP nanoparticles; b surface plasmon resonance
spectroscopy (the figure on the right is adapted from Ref. [45])
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For protein analysis, Zhang et al. [21] synthesized MIP-coated CdTe QDs
composite for selective recognition of cytochrome c by sol-gel reaction. The
fluorescence of MIP-coated QDs was quenched by the template. Under optimum
conditions, the linear range for cytochrome c detection is from 0.97 to 24 uM, and
the detection limit is 0.41 uM. Later, the same group further anchored MIP on the
surface of denatured bovine serum albumin (dBSA) modified CdTe QDs [22]. The
dBSA was used not only for modification of the surface defects of the QDs, but also
as assistant monomers to create effective recognition sites. The resultant artificial
receptors showed linear responses to the template lysozyme in the range from 0.014
to 8.5 uM, and the detection limit was 6.8 nM. Similar QD/MIPs composites were
prepared by Lee et al. [23] for several protein biomarkers using phase inversion of
poly(ethylene-co-vinylalcohol) solutions. QD fluorescence quenching was observed
on binding of analytes to the composite MIPs in a concentration-dependent manner.
The composite MIP particles were used for the quantitative detection of amylase,
lipase, and lysozyme in real saliva samples.

Inoue et al. [24] synthesized a MIP capable of transducing specific protein-
binding events into fluorescent signal change by using dansylethylenediamine-
conjugated O-acryloyl L-hydroxyproline. Human serum albumin (HSA) was used
as a model target protein and HSA-imprinted polymers were prepared on glass
substrates. Specific fluorescence changes were observed for HSA binding on the
imprinted polymer thin film. By contrast, the responses for other proteins, including
BSA, chymotrypsin, lysozyme, and avidin are much weaker.

Yin et al. [25] prepared a MIP nanocomposite for specific recognition and
capture of benzo[a]pyrenediol epoxide (BPDE)-DNA adduct. Then they further
developed a fluorescently imaged particle-counting immunoassay (FIPCIA) for
ultrasensitive detection of BPDE—-ssDNA adducts using a laser scanning confocal
microscope. The number of countable fluorescent dots is proportional to the content
of BPDE—ssDNA adducts in the DNA sample. The MIP-based FIPCIA method can
sensitively detect BPDE-DNA adducts at concentrations as low as 18 pM in human
lung carcinoma A549 cells.

Banerjee et al. [26] developed a MIP-based fluorescent assay by anchoring the
MIP layer on the surface of functionalized unilammelar fluid vesicles. Using small
peptides as templates, they have photopolymerized diacetylene-containing vesicles
and generated imprinted polydiacetylene patches in the membrane. All binding sites
are exposed to the surface and show high rebinding affinity for the template. The
amphiphilic carboxyfluorescein coembedded into the fluid determined osteogenic
precursor cell (DOPC) membrane offers signals by changing the emission intensity
in the presence of analytes.

Gultekin et al. [5] have proposed a novel thiol ligand-capping method with
polymerizable methacryloylamido-cysteine attached to gold nanoparticles. Using
methacryloylamidohistidine-Pt(II) as a new metal-chelating monomer, they have
constructed a surface MIP shell for cholic acid via metal coordination—chelation
interactions. The cholic acid can simultaneously chelate to Pt(II) metal ion and fit
into the shape-selective cavity in the nanoshell. The cholic acid level in blood
serum and urine was determined by the prepared Au nanosensor.
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In addition to fluorescence intensity detection, fluorescence polarization analysis
was also combined with MIP nanoparticles for the direct detection of target analytes
[27]. Water-compatible MIP nanoparticles were synthesized with enrofloxacin
(ENRO) as the imprinting template. Fluorescence polarization measurements allow
the direct determination of the amount of ENRO and other structurally related
piperazine-based fluoroquinolones (FQs) that bind to the MIP. The assay was
applied to determine FQs in tap water and milk by simply adding a known amount
of MIP. In tap water, a low limit of detection of 0.1 nM for ENRO was achieved
with 5 mg/mL of MIP. In milk, ENRO and danofloxacin, whose maximum residue
limits (MRLs) have been fixed at 0.28 and 0.08 mM, respectively, could be
selectively measured and distinguished from other families of antibiotics.

MIP techniques are also combined with room temperature phosphorescent
detection. The long lifetime of phosphorescence avoids interference from auto-
fluorescence and scattering of the biomatrix. Alvarez et al. [6] generated thin
molecularly imprinted films by polymerization on glass slides. The layer exhibited
intense phosphorescence upon binding with analyte with a maximum at 520 nm for
an excitation wavelength of 314 nm. The detection limit achieved 22 ng/L. of
propranolol, and the response was linear at least up to 1 mg/L of propranolol. The
probes were reusable and had been successfully applied to urine sample analysis.

By surface-graft imprinting using vinyl-modified Mn-doped ZnS QDs as
supports, phosphorescent MIP for bovine hemoglobin was developed by Tan et al.
[28]. The small particle sizes and the nontoxicity of the MIP-QDs composites
allowed for good dispersibility and stability in an aqueous solution. Linear corre-
lations were obtained for bovine hemoglobin over the concentration range from 0.1
to 5.0 uM and with >90 % recoveries for urine and serum samples.

Dan et al. [29] constructed an enhanced MIP-based room temperature phospho-
rescence (RTP) probe by combining the RTP of Mn-doped ZnS QDs and two-
fragment imprinting. Fragments or structurally similar parts of the target analytes
were used as the dummy templates. Polyethyleneimine-capped Mn-ZnS QDs were
embedded into MIPs by the hydrolysis of tetraecthoxysilane to provide the binding
sites to interact with the carboxyl groups of templates. The rebinding of the target
analytes to the recognition sites modulated the selective aggregation of Mn-ZnS QDs
in QDs—MIPs and resulted in the RTP enhancement. The method could be used for
the selective enhanced RTP detection of nonphosphorescent analytes without any
derivatization and inducers. Using domoic acid as an example, the RTP enhancement
two-fragment imprinting silica was about 2 times that of one-fragment imprinting
silica and 4 times that of the nonimprinting silica. The two-fragment imprinting silica
exhibited the linear RTP enhancement to domoic acid in the range of 0.25-3.5 uM in
buffer and 0.25-1.5 pM in the shellfish sample. The limit of detection was 67 nM in
buffer and 2.0 ng/g wet weight (w/w) in the shellfish sample.

In another study, a polyamide membrane-wheat germ agglutinin-polyvinyl
alcohol-affinity adsorption imprinting (PAM-WGA-PVA-AAI) phosphorescence
sensor has been developed for determination of trace alkaline phosphatase (AP)
[30]. By labelling goat antihuman AP antibody (AbAP) using Morin-SiO,, the
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PAM-AP-AbAP-Morin-SiO, formed by the immunoreaction between AbAP and
AP in PAM-WGA-PVA-AAI due to the affinity between AbAP and AP was
stronger than that between AP and WGA. The product could emit room temperature
phosphorescence (RTP) because of the heavy atom effect of Pb>*. The detection
limit achieved 7.2 x 10™'” mol/L). The method has been applied to the determi-
nation of trace AP in human serum and the results agreed well with those obtained
by enzyme-linked immunoasssay (ELISA).

2.2 MIP-Based Bioassay by Measurement of Diffraction
Signals or Surface-Enhanced Raman Scattering Signals

MIPs have also been incorporated into photonic crystals to provide a sensing
platform for the template analyte. By combination of colloidal-crystal and molec-
ular-imprinting techniques, Hu et al. [31] prepared two imprinted photonic-
hydrogel films with theophylline and (1R,2S)-(-)-ephedrine as template molecules,
respectively. The imprinted photonic polymer consists of a three-dimensional (3D),
highly ordered, and interconnected macroporous array with a thin hydrogel wall,
where nanocavities complementary to analytes are distributed. The polymer can
quickly and directly report the molecular recognition event based on Bragg dif-
fractive shifts due to the lattice change of their 3D-ordered macroporous arrays
upon rebinding to the target molecules. The method was highly sensitive and
specific, which provided a rapid and handy approach for stimulant assay and drug
analysis in athletic sports.

A micropatterned MIP transmissive 2D diffraction grating (DG) was developed by
Barrios et al. as a label-free enrofloxacin sensor [7]. Polymeric gratings are prepared
by using microtransfer molding based on SiO,/Si molds. MIP 2D-DGs exhibit 2D
optical diffraction patterns and the refractive index of the micropatterned MIP
material was estimated to be 1.486 via solvent index matching experiments. Target-
molecule detection was demonstrated based on the changes in diffraction efficiency.

Liu et al. [32] developed a molecularly imprinted photonic crystal (MIPC) to
detect the degradation product of nerve agents. Mono-dispersed poly-methyl
methacrylate colloidal particles with the diameter of 280 nm were used to fabricate
a closely packed colloidal crystal array (CCA), and a methyl phosphonic acid
(MPA) imprinted hydrogel was prepared within the CCA. The diffraction intensity
of the MIPC decreased significantly upon the MPA adsorption with a limit of
detection (LOD) of 10 uM. Furthermore, the diffraction intensity decreased and
blue shifted with the increase of temperature, and decreased and red shifted with the
increase of ionic strength. At higher pH, the diffraction intensity increased without
obvious diffraction shift. The MIPC provides an indirect path to detect nerve agents
(Sarin, Soman, VX, and R-VX) by monitoring the MPA released from the
hydrolysis of nerve agents, with LODs of 3.5, 25, 75, and 75 pM for Sarin, Soman,
VX, and R-VX, respectively.
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Bioassays that can be read directly by the naked eye without the requirement of
expensive equipment are of particular interest for rapid and in situ detection. Bai
et al. [33] developed a “Molecularly Imprinted Polymer Gel Laser Diffraction
Sensor” (MIP-GLaDiS) to detect viruses. They employed a “double imprinting”
method in which a virus-bioimprinted hydrogel was further micromolded into a
diffraction grating sensor by using imprint-lithography techniques. A simple laser
transmission apparatus was used to measure diffraction, and the system can read by
the naked eye to detect the apple stem pitting virus (ASPV) at concentrations as low
as 10 ng/mL.

A colorimetric MIPC sensor was developed by Zhang et al. [34] for the sensitive
and selective chiral recognition of amino acids. The sensor was fabricated by
infiltrating a polystyrene photonic crystal template with precursor and imprinting
molecules, followed by a thermal polymerization. After removal of templates, the
resulted MIPC consists of a 3D, highly ordered, and interconnected macroporous
array. Rebinding the target amino acids induces visible color changes and readable
optical signals through the diffraction peak shifts of the material. A function rela-
tionship was found between the diffraction peak shift and the concentration of
l-pyroglutamic acid (I-Pga) in the range of 0.01-0.50 mM at pH 4. The chiral
recognition process accompanied with a gradual color change of MIPC can be
easily visualized with the naked eye. The developed method has been applied to
detect I-Pga in monosodium glutamate samples.

Surface-enhanced Raman scattering (SERS) has attracted considerable attention
in recent years. The combination of MIP with SERS measurement was first reported
by Wulff et al. [35]. By using SERS, target analytes can be detected based on the
specific vibrational spectra characteristics of the compound adsorbed on the MIP. In
early studies, Kantarovich et al. [36] developed a MIP-based SERS biochip by
printing the MIP solution droplets on SERS-active surfaces using a pipette or a nano
fountain pen. Later they fabricated a chemical nanosensor based on composite MIP
particles and SERS for (S)-propranolol with a detection limit of 0.1 uM [37, 38].

Recently, Liu et al. [39] reported on MIP-based assay for another drug,
theophylline, by imprinting the target molecules on the surface of silver nanopar-
ticles (AgNPs) and measurement of the SERS signals. The AgNPs were located
around the recognition cavities through the in situ reduction of the theophylline—
silver complex. So the resultant polymer matrix provided both molecular recog-
nition ability and SERS active surfaces. SERS signals of the theophylline molecules
captured on the surface of the silver nanoparticles have a dose-response relation-
ship to the target analytes and good reproducibility. The SERS intensity should be
correlated to the amount of theophylline re-bound and could be quantitatively
measured. The intensity of the fingerprint Raman band of theophylline at 567 cm ™!
increases gradually with the increasing aliquots of the concentration of theophylline
whereas the broad band at 2935 cm ™' remains nearly constant. The intensity ratio
of the Raman band of 1567/12935 was used for relative quantification of the
compound, which increased linearly with the concentrations of theophylline below
100 mM. The limit of detection for theophylline is estimated to be as low as



216 Y. Liu et al.

3.5 mM. The assay could distinguish theophylline from the closely related structure
caffeine due to the variations of molecular size and shape as well as the different
affinity to silver ions.

2.3 MIP-Based Surface Plasmon Resonance Bioassays

Surface plasmon resonance (SPR) is a commonly used technique in bioassays. As
shown in Fig. 1b, target analytes in liquid samples are recognized and captured on
the surface of metal and subsequently produce a local increase in the refractive
index at the metal surface. It allows rapid, label-free, and realtime monitoring of the
binding events [40, 41]. MIP films have been combined with SPR for bioassays.
Many efforts have been made to increase the sensitivity of these methods in the
detection of small molecules (<1000 Da). Matsui et al. [42] reported an SPR sensor
with high sensitivity to a low-weight molecular dopamine by preparing a MIP gel
with embedded AuNPs on a gold substrate of a chip. The Au-MIP/MIP-coated
sensor chip even showed a significant shift of SPR angle to a nanomolar sample,
suggesting that cooperative use of an analyte-binding macromolecule and an Au
nanoparticle was effective for development of sensitive sensor chips. Izenberg et al.
[43] tried to amplify the signal by a secondary molecular recognition event between
a water-soluble processable star MIP and the analyte first captured by the SPR
sensor. On the other hand, some researchers try to utilize the effect of the electronic
coupling between the localized plasmon of the gold nanoparticles and the surface
plasmon wave to enhance the SPR response.

A structural SPR sensor was developed by Tokareva et al. for the detection of
cholesterol [44]. A plasmon-band shift of 56 nm was observed after the rebinding of
1 mM cholesterol due to the changing of the interaction between 10-nm-thick gold
nanoislands and 2-nm-diameter nanoparticles that sandwiched the MIP. A novel
label-free and high-throughput SPR detection sensor was reported by Huang et al.
using a microfluidic system with integrated MIP films designed for detection of
multiple biomolecules (progesterone, cholesterol, and testosterone) [45].

Lautner et al. [46] prepared avidin-imprinted microstructures to bind avidin.
The dissociation constants were found in the submicromolar range (125 nM). The
MIPs were able to discriminate among functional homologues of avidin, such as
neutravidin, extravidin, and streptavidin. Lysozyme-imprinted poly(ethylene glycol
dimethacrylate-N-methacryloyl-l-histidine methylester) nanoparticles were pre-
pared and attached on the SPR sensor surface by Sener et al. [47]. The nanosensor
is able to detect lysozyme in chicken eggwhite with lysozyme concentration as low
as 32.2 nM. The detection limit is 9.20 pM.

A Fab fragment-imprinted SPR chip was developed by Ert et al. [8] for the
realtime detection of human immunoglobulin G (IgG). IgG in human plasma was
measured and the detection limit found as 56 ng/mL. Dong et al. prepared an ultrathin
imprinted film on a SPR sensor using malachite green (MG) as the template molecule
[48]. The MIP-modified SPR sensor showed high sensitivity and selectivity as well as
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good stability in detecting MG. The method offers a simple and rapid approach to
prepare ultrathin MIP film as the recognition element of the SPR sensor.

Magnetic MIP nanoparticles were also employed for amplifying SPR responses
[49]. The chlorpyrifos-imprinted Fe;04@polydopamine nanoparticles (Fe;O4,@PDA
NPs) enable highly sensitive and selective detection of chlorpyrifos. There was a linear
relationship between the SPR angle shift and the concentration over a range from 0.001
to 10 uM with a detection limit of 0.76 nM. Verma et al. [50] report a new technique for
the detection of 3-pyridinecarboxamide (PA) using a SPR-based optical fiber sensor by
combining colloidal crystal and molecular-imprinted hydrogel. The sensor works on a
spectral interrogation technique. SPR spectra showed a red shift with increasing
concentration of PA, which is due to the interaction of PA molecules over the specific
binding sites caused by the molecular imprinting. The sensitivity of the sensor is found
to be 1.483 nm/(mg/mL).

Abbas et al. [51] report a relatively fast and efficient plasmonic hotspot-localized
surface imprinting of gold nanorods using reversible template immobilization and
siloxane copolymerization. The technique enables fine control of the imprinting
process at the nanometer scale and provides a nanobiosensor with high selectivity
and reusability. The assay was applied to detect neutrophil gelatinase-associated
lipocalin (NGAL), a biomarker for acute kidney injury, using localized SPR
spectroscopy.

2.4 MIP-Based Quartz Crystal Microbalance Bioassays

Quartz crystal microbalance (QCM) is a type of mass-sensitive piezoelectric trans-
ducer that allows for label-free detection of the target analytes. Tai et al. developed a
MIP-QCM assay for the detection of creatine kinases [52]. Linear epitope sequences
were selected based on an artificial-epitope mapping strategy. Nine different MIPs
corresponding to the selected peptides were synthesized and fabricated on QCM
chips. The peptide-imprinting method provided more detailed information on the
conformation changes than the bulk protein-imprinted method. Linear correlations
were obtained for the CK-MB isozyme over the concentration range from 1.0 to
10 ng/mL and the limit of detection was observed to be 0.5 ng/mL.

Yaqub et al. [53] fabricated via in situ MIP synthesis directly on gold electrodes
of QCM. The resultant label-free and robust biomimetic sensing material shows
reversible and selective responses for chlorotriazine moieties with minor structural
differences. A detection limit of 20 ppb for atrazine was attained while showing
selectivity up to 9 times higher than its metabolites des-ethyl-atrazine, des-iso-
propyl-atrazine, des-ethyl-des-isopropyl-atrazine, and structural analogues like
simazine and propazine. Furthermore, imprinted nanoparticles gave linear charac-
teristics over a wide range and showed no saturation effects in comparison to bulk
materials.
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Schirhagl et al. [9] tried to transfer the selectivity of natural antibodies in a
cheap, robust, and reusable polymer via a double-imprinting protocol. First, they
used antibodies with the desired selectivity as the template to generate imprinted
polymer particles. After removal of the antibodies, cavities remained that repro-
duced the size, shape, and surface chemistry of the antibodies. In a second
imprinting step, the particles with cavities were pressed into a second polymer.
After the second polymer was cured, the particles were removed, leaving positive
structures behind that reacted with the desired antigen. Such a sensitive coating was
applied to the surface of a QCM and incorporated into a microfluidic chip. An
immunosensor for estradiol was fabricated having 6 times higher affinity to its
antigen than to structurally related molecules. The method was applied to detect
viruses in plasma and allergenic protein in bread extract.

QCM sensors coated with MIP were developed by Diltemiz et al. for the rec-
ognition of immunoglobulin M (IgM) and mannose [54]. QCM electrodes were
modified with 2-propene-1-thiol to form mannose-binding regions on the QCM
sensor surface. Then the methacryloylamidophenylboronic acid-mannose (MAPBA-
mannose), preorganized monomer system, was prepared using the MAPBA mono-
mer. The mannose-imprinted QCM electrodes showed homogeneous binding sites
for mannose and heterogeneous binding sites for IgM. In another study, the com-
bination of QCM with MIP achieved measurements of ephedrine in aqueous solution
with a detection limit of ~5 ppm [55]. The LODs for two folic acid metabolites were
found to be 20 ppm for leucovorin and 1 ppm for anhydroleucovorin.

Reflectometric interference spectroscopy (RIfS) is a method based upon the shift
of the interference patterns due to the uptake of an analyte by the recognition layer
[56]. This shift corresponds to the optical thickness (the product of the physical
thickness and the refractive index) change of the layer. The RIfS method is simple
and robust with widely available materials as transducer substrates. Recently, a fiber
Fabry—Pérot sensing probe based on an optical fiber tip coated with a MIP film was
developed by Queir et al. for the detection of microcystin-LR (MCT), a hepatotoxin
from cyanobacteria [57]. First, the MCT-imprinting sol-gel membrane was pre-
pared and applied over the tip of the fiber by dip coating. The probe showed a linear
response to MCT concentration within 0.3-1.4 pg/LL with a sensitivity of
—12.4 £ 0.7 nm L pg~". The method shows excellent selectivity for MCT against
other species coexisting with the analyte in environmental waters. It was success-
fully applied to the determination of MCT in contaminated samples. The main
advantages of the proposed optical sensor include high sensitivity and specificity,
low cost, robustness, easy preparation, and preservation.

In another study, interference photolithography (holography) was employed for
the first time to prepare MIP thin film photopatterning with interfering laser beams
[58]. The holographic MIP films are capable of specifically binding the steroid
testosterone, which results in a change in the polymer network and thus in the
diffraction efficiency of the film. Based on this, target analyte testosterone is
measured by diffraction analysis in the concentration range between 1 and 100 uM.
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3 MIPs as Tools for Biotransformation

Different strategies have been employed to enable the application of MIPs in
biotransformation. The traditional approach is to use a transition state analogue
(TSA) as the template (Fig. 2). Wulff’s group [59-61] and Resmini’s group [62, 63]
have pioneered in this area. Several polymers mimicking the hydrolytic activity of
some enzymes have been synthesized using the TSA approximation, which stabi-
lized the intermediate state and lowered the activation energy. Another option is to
remove the end product from the equilibrium with an imprint that represents the
shape of the end product. Ye and Mosbach [64] for the first time applied MIPs in a
thermolysin catalyzed reaction between aspartic acid and phenylalanine methyl
ester to give the sweetener aspartame, which shifted an unfavorable equilibrium
towards product formation and considerably enhanced the product yields by 40 %.

With the development of the MIP technique in recent years, a number of elegant
examples have demonstrated that employing MIPs in biotransformation reactions
resulted in enhanced selectivity and/or activity. Some even surpassed those of the
corresponding catalytic natural enzymes.

3.1 MIP-Based Hydrolysis Reaction

Kegili et al. [65] obtained a mimic of lipase enzyme by synthesizing a MIP on silylated
magnetic iron nanoparticles using methacryloylamido serine (MASE), methacry-
loylamido histidine (MAH), and methacryloylamidoglutamic acid (MAGA)
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Fig. 2 Illustration of the principle of MIP-based biotransformation reactions
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monomers, and p-nitrophenylpalmitate (p-NPP) which is a substrate of lipase as a
template molecule. The resultant 50 nm-sized nanoparticles showed lipase activity,
which could be easily removed from a reaction mixture and used repeatedly. Then
they applied the p-NPP imprinted beads in a synthesis of biodiesel and methyl
jasmonate [66]. The synthesized biomimetic artificial enzyme could be effectively
used in transesterification reactions with a very high conversion rate, which is also
highly thermal and chemically stable, low-cost, and reusable compared to natural
lipase.

Li et al. [67] used temperature-dependent hydrophilicity and hydrophobicity of
NIPAM to build up an “on/off”’-switchable catalysis system with a smart enzyme-
like imprinted polymer. At a temperature below its lower critical solution temper-
ature (LCST), the polymer was capable of vigorously catalyzing for the hydrolysis of
p-nitrophenyl acetate due to its hydrophilic networks, which enabled accessibility to
the imprinted framework. By contrast, above the LCST, the dramatically decreased
hydrophilicity caused shrinking of the imprinted networks, which inhibited the
reactivity of the polymer. Later on, they fabricated a unique nanoreactor capable of
running successive-reaction processes made of active MIPs containing AgNPs with
two well-coupled templates, p-nitrophenyl acetate and p-nitrophenol [68]. The
catalytic hydrolysis of the former by this nanoreactor led to the formation of the
latter, which was further reduced by the nanoreactor to p-aminophenol.

3.2 MIP-Based Diels—Alder Reaction

Nicholls’s group [69] presented a series of MIPs capable of catalyzing the
Diels—Alder reaction between benzyl 1,3-butadienylcarbamate and N,N-dimethyl
acrylamide. They found that the catalytic activity was significantly influenced by
the choice of crosslinker and temperature, namely that polymer catalysis of the
Diels—Alder reaction successfully enhanced the rate of the reaction up to 20-fold
compared to the solution reaction at room temperature but was lowered at elevated
temperature instead in contrast to the solution reaction. Molecular dynamics sim-
ulations were applied to investigate the equilibrium in the prepolymerization
mixtures and the results illustrated the importance of different interactions of the
template with functional monomer and crosslinker molecules, as well as interac-
tions between the functional monomer and crosslinker.

3.3 MIP-Based Siloxane Bond Formation

Vincenzo et al. [70] reported the first example of biomimetic siloxane bond
formation catalyzed by MIPs, which filled in the blank of MIPs suitable for
organosilicon biotransformation. High-MAA-—content MIPs prepared either via
thermopolymerization or photopolymerization were observed to catalyze the
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condensation of a model silanoltrimethylethoxysilane to the corresponding
disiloxanehexamethyldisiloxane.

3.4 MIP-Based Oxidation and Reduction

Goretti et al. [71] synthesized MIPs that mimic chloroperoxidase for the oxidative
dehalogenation of 2,4,6-trichlorophenol (TCP) using chloro-iron(IIl)-protopor-
phyrin IX as the catalytic center and simulating the amino acid residues of the
enzyme with a combination of neutral and basic functional monomers (meth-
acrylamide and 4-vinylpyridine, respectively). The template TCP was specifically
adsorbed and underwent regioselective transformation by the polymers. The main
oxidation product was 2,6-dichloro-1,4-benzoquinone, in accord with natural
chloroperoxidase.

Sun et al. [72] prepared a series of MIPs by the polymerization of acrylamide
and ethylene dimethacrylate in the presence of the template of o-, m-, or p-nitro-
benzyl alcohol (NBA) and a FeCl; complex. The Fe(II[)-MIP catalyst exhibited
high catalytic activity and unique substrate recognition in the oxidation of benzyl
alcohol derivatives.

Joanna et al. [73] chose four metal ions Cu?*, Co**, Mn>*, and Zn>* among the
microelements that are essential in the native enzymes for imprinting based on
suspension polymerization of 4-vinylpyridine, acrylonitrile, and trimethylolpro-
panetrimethacrylate in the presence of the transition metal ions and 4-methoxy-
benzyl alcohol as a template. The Cu**, Co?*, and Zn** imprinted MIPs showed
catalytic activity for hydroquinone oxidation whereas the Mn”* imprinted catalyst
showed no activity due to the insufficient metal loading.

3.5 Other Reactions

Tada’s group [74] designed a series of MIP-Ru complexes on oxide surfaces
functioning as shape-selective catalysts for regioselective epoxidation and transfer
hydrogenation. They utilized surface-attached Ru complexes with template ligands
and inorganic/organic surface matrix overlayers to control the chemical environ-
ment around the active metal complex catalysts on oxide surfaces. Further advances
such as the imprinting of a transition state structure or the addition of multiple
binding sites could lead to systems that can achieve 100 % selective catalysis.
Meng et al. [75] prepared surface MIPs with silica microspheres as a supporting
matrix using acrylamide as a functional monomer, ethylene glycol dimethacrylate as
a crosslinker, azoisobutyronitrile as an initiator, and p-hydroxybenzoic acid as a
template. The resultant MIPs selectively catalyzed the chlorination of toluene to para-
chlorotoluene with a conversion ratio of 85.5 %. The molar ratio of para-chlorotol-
uene to o-chlorotoluene was 1.38, which was higher than that of traditional catalysts.



222 Y. Liu et al.

4 Conclusions and Future Trends

In summary, remarkable progress has been made in recent years in the development
of MIP-based bioassays for the detection of both small bioactive molecules and
biomacromolecules. MIP-based bioassays with optical signals exhibit excellent
performance in comparison with traditional immunoassays. Recently published
work has also shown many encouraging results of using MIPs for biotransforma-
tion. The advantages of using MIPs relative to proteins and peptides during
catalysis include their facile and inexpensive preparation as well as improved sta-
bility to heat and organic solvents compared with their biological counterparts.

However, there are some remaining issues to be addressed in the future devel-
opment of more practical MIP-based bioassays and applications of MIPs for bio-
transformation in complex systems. For further advances of MIP-based bioassays,
the specificity and sensitivity need to be further improved by incorporation of more
versatile functional monomers and signal enhancement mechanisms. Another
important trend in this field goes towards simultaneous detection of multiple targets,
which have not been well developed yet. Fabricating of MIP at the end of an optical
fiber or on an appropriate substrate may generate very delicate probes or visible
sensors and enable in situ and realtime measurement of the dynamic variations of
many bioactive substances.

For the MIP-based biotransformation, in addition to the challenges to mimic
natural processes more effectively, a key issue is to better understand and describe
the mechanism of the reactions. Moreover, product inhibition has proven to be a
serious problem for many MIP catalysts because of their rigidity, especially when
the substrate, intermediate, and product are structurally similar. Although active
sites in enzymes are flexible to adopt conformational changes to favor product
release, the rigidity of MIP-binding sites often makes it difficult to achieve good
turnover rates. The binding affinity of MIPs towards the products should be lower
than the intermediates or transition states to ensure large turnover.

Finally, development of catalytic MIP-based bioassays may bring about sig-
nificant improvement of the assay specificity or sensitivity in comparison to the
solely binding-dependent assays. Detection of the products from the analyte
conversion is also favorable to avoid interferences caused by nonspecific binding.
Such a combination may play more important roles in future development.
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