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Abstract Molecular imprinting has received significant
attention in recent years, as it provides a viable method
for creating synthetic receptors capable of selectively
recognizing specific target molecules. Despite significant
growth within the field, the majority of template molecules
studied thus far have been characterized by their low
molecular weight and insolubility in aqueous systems. In
biological systems, molecular recognition events occur in
aqueous media. Therefore, in order to create molecularly
imprinted polymers capable of mimicking biological pro-
cesses, it is necessary to synthesize artificial receptors
which can selectively recognize their respective target
biological macromolecules such as peptides and proteins
in aqueous media. In this review, we discuss the challenges
associated with the imprinting of peptides and proteins in
aqueous media. In addition, we discuss the significant
progress which has been made within the field.
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Introduction

Molecularly imprinted polymers (MIPs) [1-5] are synthetic
materials produced by the cross-linking of functional mono-
mers or polymers in the presence of a template molecule.
The template is subsequently removed, leaving cavities
possessing size, shape, and functional group orientation which
are complementary to the target molecule. The size and shape
of the cavity allow the target molecule or similar molecules to
occupy the cavity space, while the functional group orienta-
tion within the cavity will preferentially bind in specific
locations to only the target molecule and not to similar
molecules. While MIPs have been prepared for a large number
of target molecules and applications [6-9] over the years, the
majority of the template molecules studied have been
characterized by their low molecular weight and insolubility
in aqueous systems.

Much of the pioneering work in the molecular imprint-
ing of peptides and proteins was conducted by Mosbach
[10—14] using amino acid derivatives as template molecules
to create stationary phases for chromatographic applica-
tions. The MIPs synthesized in these early studies were
tested for their ability to selectively recognize their
respective target molecules in organic solvents. While these
experiments laid the groundwork for the synthesis of
artificial receptors capable of recognizing peptides and
proteins, most molecules of biological importance are water
soluble, and many natural recognition events such as
antigen-antibody binding occur in aqueous media. There-
fore, there exists a strong need to create artificial receptors
which are capable of recognizing peptides and proteins in
aqueous media in order to create materials and devices
capable of mimicking natural processes. For instance, MIPs
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which can selectively recognize given proteins or peptide
sequences in aqueous media have the potential to be used
as substrates in medical diagnostic applications and clinical
analysis. In addition, aqueous MIPs could be used as the

solid phase for chromatographic analysis and purification of
peptides and proteins. Finally, the synthesis of MIPs which
exhibit high affinity, selectivity, binding capacity, and low
non-specific binding may provide researchers with a low-

Table 1 Summary of MIPs

synthesized for recognition of Template Functional monomers Cross-linker Ref.
peptides and proteins in
aqueous media BSA, CEL DMAEPMA BAAmM [43]
MAA
BHb Am BAAm [39]
BHb MA Piperazine diacrylamide [18]
BSA Maleic acid BAAmM [35]
NTBA
Am
Cyt C Am BAAm [32]
hTf
Hb
LSZ Am BAAm [37]
AA DHEBAAm
DMAPA
BSA Hexafluoropropylene N/A [28]
. . F Disaccharide
BSA bovine serum albumin, G
CEL chicken egg lysozyme, &
BHb bovine hemoglobin, Cyt L3Z
C cytochrome C, AT human RNAse
transferrin, /b human hemo- SAv
globin, LSZ lysozyme, IgG pCyP18 AA DVB [16]
immunoglobulin G, F fibrino- T Am BAAm [38]
gen, RNAse ribonuclease, S4v Bhb Chitosan BAAM [44]
streptavadin, pCyP18 cloned Am
pig cylcophinlin '1 8, T trypsin, GOD Am DHEBAAmM [31]
GOD gh}cose 0X1c.1ase, HRP MAA BAAM
ho‘rseradlsh‘peromdase, MP HRP APBA N/A [22]
microperoxidase, LP lactoper-
oxidase, BOC t-butyloxycar- MP
bonyl, Phe phenyl, OE¢ ethyl LP
ester, FMOC 9-fluorenyl Hb
methoxycarbonyl, OT oxyto- BOC-Gly-OH MAA EGDMA [30]
cin, OMe methyl ester, VP BOC-Gly-Phe-OH
vasopressin, DMAEPMA N-[3- H-Gly-OEt
(dimethylamino)propyl]met.ha- H-Phe-Gly-OH
crylamlde, MAA methacryhc H-Phe-OMe
acid, AM acrylamlde, MA FMOC-Phe-Gly-OH
methacrylamide, NTBA
N-tert-butylacrylamide, FMOC-Phe-OH
DMAPA N,N-dimethylamino- Lys-Trp-Asp 2Vpy DVB [45]
propylacrylamide, APBA D-Phe [3-Cyclodextrin BAAm [21]
3-aminophenylboronic acid, AMPSA
2VPy 2-vinylpyridine, AMPSA oT MAA EGDMA [24, 25]
2-acryloyl-2-methylpropane YPLG
sulfonic acid, Ni-NTA Ni(1l)—- GLY
nitriloacetic acid complex, N—Ac—L—Phe—L—Trp—OMe MAA EGDMA [23]
PEG poly(ethylene glycol), N-Terminal histidine Ni-NTA BAAm [20]
BAAm N,N'-methylene . .
biscarylamide, DVB divinyl sequence of dipeptides
benzene, EGDMA ethylene AYLKKATNE Am EBAAm [26]
glycol dimethacrylate, DHE- GRYVVDTSK PEG-200-diacrylate
BAAm N,N-(1,2-dihydroxy- VVSTQTALA
ethylene)-bisacrylamide, VP AA N-Acr-L-Cys-NHBn [15]
EBAAm N,N-ethylene oT An

bisacrylamide

N-Benzylacrylamide
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cost, easily obtainable method for studying the fundamental
interactions which occur during biological recognition
processes. In this review, we will discuss some of the
advances that have been made in the imprinting of
biological macromolecules in aqueous solutions.

A number of studies in which MIPs are used for
selective peptide or protein recognition applications in
aqueous systems are outlined in Table 1. Some notable
recent accomplishments are the detection of peptides using
a molecularly imprinted piezoelectric sensor [15], the
synthesis of MIPs in the presence of a cloned bacterial
protein which are capable of selectively recognizing the
authentic protein when incubated in cell extract [16], the
development of MIPs with enzyme-like properties [17], and
the synthesis of MIPs in the presence of proteins within
chromatography columns providing a monolithic bed for
the selective recognition of the imprinted protein [18].

There are a number of different strategies for creating
polymeric receptors targeting peptides and proteins. Func-
tional groups forming strong template interactions with the
target molecules are commonly used. Examples of this
include electrostatic and metal-chelating groups [19, 20]. In
addition, shape interactions between the template molecule
and the synthetic receptor can be exploited. Weak inter-
actions such as hydrophobic and hydrogen bonding have
also been employed in numerous cases [21-23].

The epitope approach

Molecular imprinting of macromolecules such as peptides and
proteins is complicated by a number of factors. Well-defined
recognition sites are more easily formed by the imprinting of
small molecules with rigid structures and therefore imprinting
small sequences of amino acids (dipeptides, tripeptides, etc.)
should be fairly straightforward. Proteins, however, are
inherently capable of assuming a large number of conforma-
tions depending on a number of factors, including but not
limited to, solution temperature, pH, and ionic strength. Steric
factors also make molecular recognition of proteins difficult,
as it is extremely difficult for their large structures to move
freely through highly cross-linked polymer networks. One
proposed method of reducing the complications associated
with the imprinting of proteins and peptides has been termed
the “epitope approach” [24-26] to molecular imprinting
(Fig. 1). Traditionally, an epitope refers to the small active
site located within the larger protein structure on an antigen,
which combines with the antigen-binding site on an antibody
or lymphocyte receptor [27]. In this technique, a small
sequence of amino acids from the larger protein target
molecule is used to create the imprint. When a protein
containing this specific amino acid sequence is allowed to
incubate in the presence of the MIP, the entire protein can
thus be recognized and bound. The epitope approach has
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Fig. 1 Schematic of the “epitope approach” utilized for molecular
imprinting of proteins and peptides. a Target molecule, b epitope
(imprinted) portion of target molecule, ¢ epitope-imprinted polymer
before template removal, d imprinted polymer after template removal,
with cavities that display shape which is complementary to the
imprinted portion (epitope) of the target molecule, e MIP subsequent
to template re-binding. The MIP selectively recognizes the imprinted
(epitope) portion of the target molecule, thus, the entire target
molecule is successfully bound

been successfully used to bind oxytocin by imprinting the
Tyr-Pro-Leu-Gly amino acid sequence [24]. In this study,
synthesis of the MIP was performed in an organic
environment, but subsequent rebinding experiments were
performed using chromatographic methods in both aqueous-
rich and aqueous-poor mobile phases. In the aqueous-poor
mobile phase, hydrogen bonds and ionic interactions are the
dominating factor in creating selective recognition sites. In
the aqueous-rich phase, ionic and hydrophobic interactions
provide the dominant binding interaction.

Surface imprinting

Confining the recognition sites of MIPs to surfaces is
another technique which has been developed to circumvent
the steric problems associated with the imprinting of
biological macromolecules in aqueous systems. In a classic
example of surface imprinting [28], protein-imprinted
surfaces were created by first adsorbing a layer of protein
onto a mica substrate, followed by the deposition of
disaccharide molecules onto the protein layer. Upon
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Fig. 2 Schematic of the hierarchical approach to molecular imprint-
ing: a target peptide or protein is bound to a sacrificial substrate, b
cross-linking and functional monomers are polymerized around the
target peptide or protein, ¢ MIP subsequent to removal of the
sacrificial substrate and removal of the template molecules

dehydration, hydrogen bonds were formed between hy-
droxyl groups on the sugars and functional groups on the
protein molecules. Radio-frequency (RF) glow discharge
plasma, a commonly used plasma deposition technique for
the creation of controlled thin films of fluoropolymers, was
then used to deposit hexafluoropropylene onto the protein—
disaccharide complexes. Upon removal of the mica sub-
strate and target protein, the hydroxyl groups of the
disaccharide molecules, which were spatially complemen-
tary to the templated proteins, were available as binding
sites. In another example of MIPs in which the recognition
sites have been confined to the surface, Sellergren used
hierarchical imprinting [29] in an attempt to create well-
structured MIPs with homogeneous morphology (Fig. 2).
The template molecule is attached to the surface of a porous
solid. Polymerization occurs within the pores of a silica
bead and subsequent to polymerization, the silica is etched
away leaving a porous structure with sites complementary
to the structure of the template molecule. The mobile phase
in these experiments consisted of a combination of water,
acetonitrile, and acetic acid. Solid-phase synthesis products
were also used directly as a template [30]. In one case, the
surface of microtiter plates was coated with 3-amino-
phenylboronic acid and polymerized in the presence of
various protein templates. All plates showed selectivity for
their respective templates [22]. Molecularly imprinted
polymer layers were formed around silica beads in the
presence of glucose oxidase under conditions which
support electrostatic interaction between monomer precur-
sors and the template molecules [31].

Recognition mechanisms in aqueous media
In addition to overcoming the steric and conformational

problems associated with molecular imprinting in aqueous
media, the exact mechanism by which recognition occurs has

@ Springer

also proved difficult to determine. The addition of functional
monomers capable of participating in electrostatic interactions
with the templated protein was shown, in early studies, to
weaken the adsorption characteristics of the MIP, suggesting
that electrostatic interactions did not play a large role in the
recognition of peptides and proteins within this particular
system [32]. On the other hand, molecularly imprinted
polymers synthesized for the selective recognition of N-
terminal histidine peptides in aqueous solutions most
certainly exploit template-receptor complexation through
electrostatic interaction [20]. There is strong evidence to
suggest that the cooperative interaction between hydrogen
bond formation and hydrophobic interaction is the most
dominant form of template-receptor complexation in aque-
ous MIPs. Hydrogen bonds are highly directional, and many
artificial receptors rely on the high directionality of hydrogen
bonds and shape specificity of target molecules to create
receptors capable of strong interaction and molecular
recognition [28, 33]. The role of hydrophobic and hydro-
gen-bonding effects in the recognition of peptides has been
studied by chromatographic analysis of MIPs imprinted with
various peptide sequences in aqueous/organic mixtures [23].
It was observed that the separation factors of these polymers
were significantly lower in acetonitrile/water mixtures than
in pure acetonitrile. In addition, it was shown that water
significantly lowers the effectiveness of hydrogen bonds
between the template and the receptor, as the increased water
content weakens the hydrogen-bonding interaction between the
template and the receptor [24, 25, 34]. Hydrogen bonds are a
major factor in the formation of strong template-receptor
interactions in non-polar media [23]. Other studies on MIP
hydrogels suggest that a combination of hydrogen bonding
and electrostatic effects allow for the selective recognition of
target molecules in aqueous media [35]. It has been proposed
that binding in aqueous media can be enhanced by exploiting
cooperative interaction effects and selecting proper hydropho-
bic microenvirmonents to create better receptors [33]. In one
of the most striking examples of molecular recognition by the
cooperative action of hydrophobic and electrostatic interac-
tions, -cyclodrextin, a cyclic oligosaccharide, was acrylated
and co-polymerized with an electrostatic functional polymer,
2-acryoylamido-2,2'-dimethylpropane sulfonic acid, in the
presence of D-phenylalanine as the template molecule. [3-
Cyclodrextin has a hydrophobic core which can bind
aromatics groups on the side chains of peptides and protein
molecules. While 3-cyclodrextin has an inherent selectivity
for L-phenylalanine, this natural selectivity is reversed upon
imprinting with D-phenylalanine. This MIP was tested in
mixtures of acetonitrile and water at various ratios. As is
expected, the hydrophobic effect is the dominant factor in
imprinting in aqueous-rich mixtures, whereas electrostatic
effects dominate template—receptor complexation in aqueous-
poor media [21, 36].
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MIP microenvironment

In addition to the number of interactions which are possible
between the template and the MIP receptor, the micro-
enviroment surrounding the binding site can have a large
role in determining how effective the MIP will be in
recognizing its target molecule. For this reason, it is
extremely difficult to make a quantitative comparison
between MIPs that have been synthesized and tested under
a number of different conditions. Ionic strength effects were
studied in a system in which ionic interactions were the
dominant force associated with template-receptor recogni-
tion. A number of buffer systems were used to observe the
effect of ionic strength and buffer composition on the binding
capacity of the MIPs. All buffers examined resulted in a
decrease in binding capacity of the MIP hydrogels. Interest-
ingly, the absence of a buffer, with a 60 mM KCI solution
showed the largest inhibition of MIP binding capacity. It was
therefore concluded that the ionic strength of the binding
solution, not the buffer composition itself, plays a large role in
determining the effectiveness of the MIP [20]. The inhibition
of MIP binding capacity in these experiments is most likely
the result of a change in polymer conformation and/or
variations in the microenviroment surrounding the template
binding sites caused by changes in salt concentration. For
example charge-screening effects may effectively block the
ionic interaction between the template at high salt concen-
tration, as the salt dissociates into highly mobile anions and
cations which can shield sites on both the target and the
template. The effect of buffer composition and ionic strength
has not been studied in other systems; however, it is highly
possible that these two variables will have a large effect on
MIP systems, even those which do not use ionic interactions
as their primary recognition mechanism. This is because
proteins can adopt a wide number of conformations depend-
ing on their environment.

MIP composition

The structure and composition of MIPs used for aqueous
imprinting can also have a large effect on its ability to
recognize its target molecule. Re-binding experiments con-
ducted with MIP hydrogels imprinted in the presence of
bovine serum albumin (BSA) were shown to have a strong
dependence on the initial BSA concentration used during
synthesis. This is most likely related to the fact that high
template concentration during synthesis will result in a larger
number of available binding sites upon subsequent imprinting
experiments. Studies of lysozyme-imprinted silica beads
revealed that the amount of lysozyme adsorbed onto the
beads depended on the composition of functional monomers
used during preparation of the particles. This dependence
suggests that there exists some optimum distance between

charged groups on the synthetic receptor which will corre-
spond to a maximum in the complexation between receptor
and template. The zeta-potential of the lysozyme molecules
and the imprinted silica beads was also studied, and results
revealed a coincidence between the zeta-potential of the
template and that of the imprinted polymer beads at the value
where the maximum amount of specifically adsorbed lyso-
zyme was observed. This yields the possibility that zeta-
potential matching may play an important role in the design of
synthetic receptors [37]. Cross-linking concentration is also a
critical factor in creating synthetic receptors with high
affinity for their target molecules [20, 38].

Although commonly overlooked, the removal of target
molecules from MIPs subsequent to re-binding experiments is
a critical factor in the imprinting capability of the MIP in both
aqueous and organic systems. Template removal of proteins
subsequent to imprinting is complicated by the fact that their
high molecular weight makes it difficult for them to navigate
the highly cross-linked matrix of the MIP. While very little
work has focused solely on the study of template removal
strategies, the methods which have been studied have
revealed a number of important details. Template removal
from polyacrylamide hydrogels synthesized in the presence of
bovine hemoglobin was achieved with an aqueous solution
consisting of varying ratios of sodium dodecyl sulfate (SDS)
and acetic acid (HOAc) [39]. A qualitative model for the
interaction between the SDS/HOAc solution and target
protein within the cavity was presented and an optimum
SDS/HOACc ratio of 10 % (weight/volume) SDS and 10%
(volume/volume) HOAc was discovered. Interestingly, while
increasing the amount of SDS and HOAC in the wash solution
improved template removal, the re-binding effect is clearly
compromised. In another MIP system, a solution consisting of
acetic acid and Tween 20 was used prior to conducting
template re-binding experiments [22]. It is quite possible that
the combination of an acidic solution with a detergent is the
most effective method of template removal for MIPs
imprinted with peptide or proteins. Another obvious choice
for template removal in these systems would be the use of
proteolytic enzymes (proteases) which are capable of
cleaving peptide bonds and subsequently destroying the
structure of the imprinted protein or peptide [40]. The
peptide fragments could then be removed from the cavity by
simply rinsing with buffer solution. The protease trypsin, for
example, was investigated as a template removal agent.
However, after washing of an MIP with a trypsin solution,
the re-binding efficiency suffered as cleaved protein frag-
ments blocked binding sites within the imprint cavity [39].

Future outlook

Despite the recent advancements made in the synthesis and
characterization of MIPs which can selectively recognize
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proteins and peptides in aqueous media, there is still an
enormous amount of work that needs to be conducted in
the field. Hydrogen bonds and hydrophobic and electro-
static interactions are the dominant mechanisms through
which template—receptor complexation occurs in aqueous
systems. However, the exact recognition mechanism, and
the way in which the aforementioned forces cooperate to
recognize target molecules in many MIP systems is largely
unknown. In addition, many fundamental properties of
MIPs prepared in aqueous and organic systems, such as the
dependence of MIP affinity on cross-linker concentration,
functional monomer concentration, solvent, buffer com-
position, ionic strength, pH, and temperature, have yet to
be systematically studied. Finally, the recognition binding
of larger macromolecular complexes, such as viruses [41,
42] and cells, has gone largely unstudied. These factors
combined with the increasing interest in creating materi-
als which are capable of mimicking biological processes,
ensure that the study of MIPs capable of the selective
recognition of peptides, proteins, and other biological
macromolecules in aqueous media will receive consider-
able attention in years to come.
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