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Abstract Molecular imprinting involves the synthesis of polymers in the presence of a template to produce
complementary binding sites with specific recognition ability. The technique has been successfully applied as a
measurement and separation technology, producing a uniquely robust and antibody-like polymeric material. Low
molecular weight molecules have been extensively exploited as imprint templates, leading to significant
achievements in solid-phase extraction, sensing and enzyme-like catalysis. By contrast, macromolecular imprinting
remains underdeveloped, principally because of the lack of binding site accessibility. In this review, we focus on
the most recent developments in this area, not only covering the widespread use of biological macro-templates but
also highlighting the emerging use of synthetic macro-templates, such as dendrimers and hyperbranched
polymers.
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Introduction

Molecular recognition is fundamental to the function of biological systems and has great practical
importance in advancing science and technology. Among the various existing approaches to produce
biomimetic systems for molecular recognition, ‘molecular imprinting’ has delivered several distinct
advantages and broad applications [1]. In general terms, molecular imprinting can be described as the
formation of a polymer network with specific recognition and binding sites that are complementary to a
template, which could be either a biomolecule or a synthetic compound. During this formation, the
functional monomers are polymerised in the presence of a template, which is subsequently removed by
washing and/or extraction after the polymerisation. Thus, the re-binding template could be recognised
by the polymer. The product of molecular imprinting is called a molecularly imprinted polymer (MIP)
(see Figure 1). Generally, there are three approaches to molecular imprinting, and these can be
distinguished in terms of the interaction between the template molecule and the functional monomer.
They are covalent molecular imprinting, non-covalent molecular imprinting and metal-coordinating
molecular imprinting.
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Fig. 1 Molecular imprinting: (a) Formation of a pre-polymerisable complex with template (yellow) and
functional monomers (red, green and brown) by interactions (non-covalent, covalent and/or metal
coordination interactions) that occur between complementary functionalities in the template molecule
and functional monomer units. (b) Polymerisation with excess cross-linking agent to produce the MIP
(grey); (c) Template (yellow) removal by washing and/or extraction, which leaves specific recognition
sites that are complementary to the templates in terms of size, shape and chemical functionality
orientations, thus enabling subsequent recognition of the template during the rebinding process.

MIPs are now well known as synthetic polymeric receptors or robust artificial antibodies
(‘plastibodies’) and have attracted considerable attention from the scientific and industrial communities
owing to their inherent simplicity, reusability, robust polymer network and cost-effectiveness [1,2]. In
the past five years, a large number of publications have reported imprinting of relatively small
molecules such as sugars, steroids, pesticides, certain drugs and amino acid derivatives. This
demonstrates that MIPs are capable of highly specific recognition of templates and can be used in
preparative and analytical separations, solid-phase extractions, chemical sensors, enzyme-like
catalysts, drug delivery and library screening tools, etc [3—7]. By contrast, however, the technology for
large-molecule imprinting, particularly macromolecular imprinting, remains underdeveloped.

A macromolecule, such as a polymer or protein, consists of many smaller structural units covalently
linked together [8]. Interest and demand for macromolecular recognition is continually growing to
further exploit natural systems for the control of biological form and function, particularly for
biomedical and biodiagnostic applications. In a conventional MIP, the small template molecule is able
to move freely (i.e. to reach or leave) to the complementary binding sites in the MIP matrix. However, it
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is more difficult for a macromolecular template to penetrate the polymer network to access the binding
pockets. Furthermore, the increased structural complexity and large size of a macromolecule leads to
more non-specific and heterogeneous binding sites, and as a result the MIPs display poor recognition
behaviour. Additionally, owing to the complex properties of some biomacromolecules, such as proteins
and cells, the conditions of biomacromolecular imprinting need to be close to their natural environment
to ensure that their conformational integrities and binding activities are maintained.

Protein imprinting is the most intensively studied area of macromoleculular imprinting, and work
up to 2005 has been extensively reviewed [9-11]. This review therefore focuses on the most recent
developments using biological templates, including proteins and other biomacromolecules, and in
particular we reveal the emerging area of synthetic macrotemplates, such as dendrimers and
hyperbranched polymers.

Biomacromolecular imprinting

Protein imprinting
As one of the most important biomacromolecules, proteins have been extensively investigated as
imprint templates since molecular imprinting technology was established more than 35 years ago [9—
11], but progress has been slow. Unsurprisingly, the bottleneck for this technology is the natural
properties of proteins. Proteins are biomacromolecules with molecular weights ranging from 6000 Da to
several million Da. This large size hinders the protein from both reaching and leaving artificial binding
sites. There are also a large number of potential binding sites and functional groups on the surface of
proteins, and this complexity increases the probability that non-specific interactions will occur between
proteins and MIPs, leading to poor selectivity and cross reactivity. More importantly, proteins are often
incompatible with the organic solvents used in the synthesis of most MIPs. The use of an aqueous
solution for the molecular imprinting process greatly restricts the choice of reactive functional
monomers and cross-linkers. Moreover, it has been pointed out that water could compete for and
potentially disrupt any hydrogen bonds between the template and the functional monomers [12]. Given
that hydrogen bonds play a significant role in non-covalent molecular imprinting, which is the most
employed and practical approach, water is far from the ideal solvent. In addition to being incompatible
with solvents, proteins are sensitive to temperature, pH and ionic strength, extremes of which can
result in denaturation, conformational changes or aggregation. All the above factors, together with the
high costs of synthesizing some pure proteins, make the route to effective and practical protein
imprinting tortuous.

Approaches to protein imprinting can generally be classified into three categories: bulk imprinting,
surface imprinting and epitope imprinting, depending on the imprinted part or fragment of protein
template (i.e. whole protein, partial protein or a small epitope part of protein) (see Box 1 and Table 1).

Bulk imprinting: The protein template is wholly imprinted in the bulk of the polymer matrix, and is
recognised and bound as a whole molecule by functional monomers.

Surface imprinting: The protein template is partially imprinted in the bulk of polymer matrix, and
the recognition and binding sites are situated at or close to the surface of MIP.

Epitope imprinting: Only a small epitope part of protein is imprinted as the template, but the
resulting MIP is able to recognise the whole protein.

Box 1. Characteristics of the three main approaches forprotein imprinting

Imprinting Protein/epitope Interaction between | Polymer Ref
approach template functional composition
monomer(s) and
template
Bulk Haemoglobin Hydrophilicity Polyacrylamide- [13]
imprinting chitosan beads
complex
Lysozyme Metal coordination Hydrogel [24]
interaction
Bovine serum albumin, | Ionic interaction Polysiloxane [26]
urease, haemoglobin and hydrogen bonding
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and myoglobin
Surface Lysozyme, ribonuclease | Hydrophobicity and Polymethacrylate [33]
imprinting A and myoglobin charge
Haemoglobin Hydrophobicity and Polysiloxane-silica [34]
charge complex
Horse spleen ferritin Electrostatic forces Ternary lipid [35]
and bovine serum and steric effects monolayer
albumin
Epitope Short peptides Hydrogen bonding Polyacrylamide [41]
mprinting C-terminal protected Tonic hydrogen Polymethacrylmide Ge, Y.
phosphorylated short bonding and
peptide (Fmoc- Stein
Tyr(PO3H2)-Pro-OH) ke,
J.H.G
unpu
blishe
d
N- and C-terminal Hydrogen bonding Polymethacrylate [46]
protected
phosphorylated
tyrosine

Table 1. Selected examples of protein imprinting by three main approaches

Bulk imprinting. The most straightforward approach for protein imprinting is bulk imprinting. The
advantage of this approach is that the whole protein can be removed through either extraction or
washing and is then able to rebind into the three-dimensional cavity within the MIP. Owing to the
large size of proteins, controlling the size and number of pores that are generated during the synthesis
and spread onto the MIP surface, together with the density of MIP network, is essential for effective
MIP design and synthesis.

Polyacrylamides and their derivatives are among the most extensively used polymeric materials for
bulk imprinting of proteins. Recent examples include haemoglobin (Hb) [13], lysozyme [14-16] and
bovine serum albumin (BSA) [15-19] imprinted polyacrylamides. However, these polymers usually
sacrifice density of the polymer network to facilitate protein transfer. It is well known that low density
MIPs are less stable [20], and therefore there is a demand for other more suitable matrix materials,
such as hydrogels and sol-gels.

Hydrogels are cross-linked, three-dimensional hydrophilic polymer networks that swell upon contact
with water but do not dissolve. They can change volume in response to external factors such as pH and
temperature, and this provides a means to control the polymer network. For instance, the capacity of
BSA-imprinted calcium alginate to adsorb BSA was increased with additional hydroxyethyl cellulose, a
hydrophilic cellulose derivative [21]. This system had a denser polymer network, decreased network
mesh size and increased stability of cross-linkages. These factors were thought to make the big
difference by creating more imprinted moieties and thus making the interaction sites less movable and
the binding cavities more complementary to the original templates. The syntheses of Hb [22,23] and
lysozyme [24] imprinted hydrogels have also been recently reported.

Sol-gels are another group of advanced polymeric materials applied to bulk imprinting of proteins.
They are colloidal suspensions of silica particles that are gelled to form a solid. The advantages of water
involvement and the mild condition (i.e. pH and ionic strength) in the sol-gel process have been
exploited for BSA, Hb, myoglobin (Mb) and urease imprinting [25,26]. Recently, Tao et al. [27]
described an ovalbumin-imprinted polymer using xero-gel, a sol-gel-derived product that exhibits
remarkable stability over time. In addition, its physicochemical properties can be tailored by using
different precursors or protocols. A novel strategy for the selective detection and quantification of
proteins was established by installing a luminescently tagged molecule within the imprinted site and
by monitoring the changes in luminescence upon binding of the analyte. The resulting polymer was
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able to discriminate between the same proteins from different animal species (e.g. human and porcine
interleukin-1a).

As discussed above, various approaches are available for the construction of macroporous polymer
networks that are used for bulk imprinting and which can entrap and release entire protein molecules.
However, the decreased density of some polymers inevitably means that they loose recognition and
binding efficiency after a few rounds of regeneration. Also, the pore sizes and functional groups on the
polymer surface can change over time under harsh conditions (e.g. high temperature and strong acid).
Finally, larger proteins are more difficult to imprint, because it is more problematic to retain selectivity
and adsorption with increasing template size. As a result, the alternative approaches of surface
imprinting and epitope imprinting have attracted increasing interest.

Surface imprinting. A fundamental strategy of surface imprinting is to locate the imprinted sites at
or close to the surface of the MIP, therefore enabling easy access to the target protein molecules. Thus,
in comparison with bulk imprinting, the transfer of protein is much easier and the binding kinetic is
less restricted although usually lower [28]. The selectivity can also decrease because only part of the
protein is bound and recognized. Some elegant examples are discussed below.

A novel surface imprinting approach was introduced by Yilmaz et al. [29], who employed oriented
immobilisation of a theophylline template on porous silica beads before polymerisation. After
polymerisation, the silica support was dissolved and removed along with the template. This differs from
conventional surface imprinting, in which only the template is removed after the synthesis of MIP on a
solid support. In subsequent work, amino acids and peptides were also imprinted [30,31]. Inspired by
this elegant idea, Li et al. [32] recently developed a surface imprinted polymer nanowire for protein
recognition (see Figure 2). Binding and competitive rebinding studies suggested that the high
specificity and capacity of the imprinted nanowire was due to the cooperative and multivalent hydrogen
bonds between the template and the nanowire. The large surface area of nanowires also resulted in
high protein-binding capacity. Furthermore, given that nanowires disperse well in water, they could
greatly facilitate applications such as affinity chromatography and biosensing. In addition, Chou and
co-workers [33] described a microcontact imprinting method for protein recognition. This approach
adapted Yilmaz's idea [29] and, in addition, used a stamping technique. Several advantages were
demonstrated, such as rapid MIP synthesis, low amounts of monomers and solvent compatibility of the
template.

remove of membrane,
template protem sibca nanotube and
silamration reaction immobihang acrylamde ! template protemn ’
aldehyde-modifying polymenzation
| | |

stica nanotube with template protemn
surface modified
with aldehyde group

nanopore wall of polymer nanowires

alumma membrane

Figure 2. A protein imprinted polymer nanowire employing immobilised template and a sacrificial
support. Reprinted with permission from [32]. Copyright 2006 American Chemical Society.

Another recent example of silica-based protein recognition was reported by Shiomi et al. [34]. In
their work, the protein template Hb was first covalently immobilised on the modified silica surface and
then removed after a silane layer had been formed on the surface of the silica. Compared with
imprinting using free Hb template, this imprinted silica-silane system proved to be superior in terms of
selectivity for Hb over other proteins (e.g. transferin and chymotrpsinogen A).

It is of particular note that a series of thin, protein-imprinted films or coatings have very recently
been applied to the surface of sensors, such as gold electrodes used in quartz crystal microbalances
(QCMs) [35-38], and screen-printed platinum electrodes [38]. For example, Zhang et al. [35] reported a
novel method that combined sol-gel and self-assembly technology to prepare a thin film imprinted with
human serum albumin (HSA) on a gold electrode in a QCM. The resulting sensor showed excellent
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selectivity for the template over other test proteins (e.g. BSA and Hb), and this selectivity depended on
the overall effect of charge, molecular shape and the degree of swelling of the imprinted film. Rick and
Chou [38] used cyclic voltammetric deposition to provide more control of the protein imprinted
polymerisation process on a screen-printed platinum support, resulting in enhanced reproducibility of
thin polymer films with defined conductivity.

Surface imprinting results in the formation of specific cavities on the surface of the imprinted
polymer. These cavities have particular shapes or steric effects that are complementary to parts or
fragments of the protein template. However, because of the complexity and conformational flexibility of
proteins, the interactions between the protein template and the functional monomer are not as specific
and efficient as desired. As a result, protein surface-imprinted polymers sometimes exhibit cross-
reactivity, non-specific binding and low selectivity. Furthermore, their template capacity is lower than
that of protein bulk-imprinted polymers. Hence, an improved and efficient strategy termed ‘epitope
imprinting’ appears to be a very promising way forward, combining the concepts of both surface
imprinting and bulk imprinting.

Epitope imprinting. An epitope is the part of a macromolecule that is recognized by the immune
system, specifically by antibodies, B cells or cytotoxic T-cells. Inspired by this rational, Rachkov and
Minoura [39,40] created a new approach for protein imprinting by imprinting only a short peptide
sequence that represents a small and exposed fragment of the whole protein [39,40]. The resulting
polymer was able to recognize not only the small peptide template but also the entire protein. This
approach was christened ‘epitope imprinting’.

Recently, Shea and co-workers [41] presented a remarkable example of epitope imprinting using
protein imprinted thin film. They used small peptides fragments of cytochrome ¢ (cyt ¢) as epitopes to
imprint the capture sites (see Figure 3). In comparison with non-imprinted film, the resulting film
showed a roughly seven-fold higher affinity and capacity for the target protein. The result of epitope
imprinting of BSA showed a significantly high selectivity for BSA when the correct peptide was
employed as the epitope. It is of particular note that a very poor selectivity for BSA was observed when
a mutant peptide (only one amino acid had been mutated) was used as the epitope under the same
conditions. Moreover, non-specific binding was reduced, owing to the low number of potential binding
sites for non-target protein, and specific binding was enhanced by cooperative and multivalent
interactions, such as hydrogen bonds and hydrophobic interactions.
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Figure 3. Epitope imprinting using protein imprinted thin film. (a) Method for glass modification and
peptide attachment. The vinylsilane surface was oxidized with KMnO4, NalO4 and K2CO3. The
carboxylic acid-terminated monolayer was activated with a mixture of N-hydroxysuccinimide (NHS)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). The peptide epitopes were subsequently
attached to the substrate in a solution of phosphate buffer (PH 7.3) and NaCl. The attachment protocol
is illustrated only for N-terminal attachment. (b) Illustration outlining MIP film fabrication and
evaluation. The C-terminal nonapeptide epitope is attached through a tether to a glass or oxidized
silicon surface by the N-terminal amino acid of the peptide. Monomers were photochemically cross-
linked and the glass substrate and/or silicon wafer was removed by soaking in buffer overnight. (c)
Proposed mechanism for recognition of C-terminal peptide-sequence-imprinted surfaces. A nanocavity-
bound target protein is formed by many cooperative weak interactions, involving hydrogen bonds and
hydrophobic interactions. Adapted with permission from [41].

Encouraged by the development of a series of urea-based functional monomers [42—44] and their
successful application for the recognition of phosphate and phosphorous esters [45], Steinke’s group
synthesized a new MIP system for the recognition of phosphorylated peptides and proteins by epitope
imprinting (Ge, Y. and Steinke, J.H.G., unpublished). Instead of urea-based functional monomers,
thiourea-based compounds were used as functional monomers in order to provide stronger ionic
hydrogen bonding with phosphate groups, which would result in high affinity and good selectivity.
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An unusual approach for the separation and recognition of cyt ¢ (surface histidine-exposed protein)
employed L-histidine as an epitope template, which had metal-coordination interaction with the metal-
chelating monomer N-methacryloyl-(L)-histidine-Cuz- [46]. As previously discussed by Conrad II and
Shea [20], the metal coordination force enhanced the binding affinity and selectivity. The imprinted
system was stable and reusable without considerable loss of template adsorption capacity after the
template was removed, but this system is only applicable for certain protein templates (e.g. Hb and Mb)
containing exposed residues that can form a metal coordination bond with the monomer.

Epitope imprinting has several advantages. First, more specific and stronger interactions with a
small part or fragment of the protein can minimise non-specific binding and improve affinity. Second,
organic solvents can be employed for the polymerisation process, because small peptide templates are
more stable in these solvents. Finally, synthesizing the short peptides that serve as epitopes is
inexpensive. However, modified and functionalised peptides such as phosphorylated peptides are
difficult to purify or synthesize.

Other biomacromolecular imprinting

In addition to proteins, other biomacromolecules or even microorganisms have recently been used as
templates for imprinting. A porous blend of poly(ethylene-co-vinyl alcohol) and dextran in the presence
of a-amylase as template resulted in a molecularly imprinted membrane that showed selective
recognition features for biomacromolecules such as pepsin, albumin and amyloglucosidase [47].
Escherichia coli-imprinted gel granules synthesized by bulk imprinting were able to distinguish
between different types and strains of bacteria by using free-zone electrophoresis [48]. However,
surface imprinting is a more practical approach owing to the large dimensions of microorganisms, as
demonstrated by the successful surface imprinting of cells and viruses (e.g. yeast cell and tobacco
mosaic virus) by Dickert et al. [49-51].

Synthetic macromolecular imprinting

In biomacromolecular imprinting, several physical and chemical compromises need to be made in terms
of solubility, stability and identification of functional groups, and it is usually difficult to synthesize the
MIPs in an environment that reflects a biological environment. The complexity, inconsistency and
expense of some biomacromolecules also hinders its development. Consequently, synthetic
macromolecules, particularly those with biomimetic functionalities and defined functional groups such
as dendrimers and hyperbranched polymers (HBPs), offer interesting alternative templates and
synthetic analogues to biomacromolecules.

Dendrimer and hyperbranched polymer imprinting

Dendrimers are well defined, three-dimensional and nanoscopic macromolecules constructed from an
interior core, with a regular array of branching units. They are able to mimic not only the size and
shape of natural macromolecule such as proteins but also biological functions such as molecular
recognition of substrates, either in their interior or on the surface [52]. Therefore, they have been
increasingly used for a wide range of biological applications such as molecular imaging and drug
delivery [52—54]. Furthermore, some dendrimers can be easily degraded under certain conditions (e.g.
high or low extremes of pH) and dissolved in a range of solvents, which considerably facilitates the
process of template removal.

Following some preliminary studies using poly(propylene)imine dendrimer as a single-molecule
template for the casting of mesoporous cavities in silica sol-gels [565,56], a remarkably elegant
imprinting approach, wherein a single template was dynamically imprinted in a single dendrimer, was
recently reported by Zimmerman et al. [57-59]. The significant advantages of this technology were as
follows: (i) nearly homogeneous binding sites; (il) only one binding cavity per polymer molecule; (iii)
complete template removal; and (iv) good solubility of the resulting material in common organic
solvents. However, technically this example does not constitute dendrimer imprinting, because the
removable template was not a dendrimer.

The first genuine examples of dendrimer imprinting were presented by Sellergren and Hall*. In
addition to dendrimer imprinting, they also introduced hyperbranched polymer (HBP) imprinting for
the first time*. Unlike well defined and monodispersed dendrimers, HBPs are polydispersed and have
defects in the form of built-in linear segments; but they are they are still highly branched dendritic
molecules. HBPs are promising and competitive materials owing to their relative ease of preparation
and cost-effectiveness [60]. Various HBPs have been investigated and have proved competitive with
dendrimers for biological applications such as device delivery [61] and as oxygen carriage [62]. In
common with dendrimers, HBPs can be partially or completely decomposed under the right conditions
and have good solubility in a range of solvents, facilitating temple removal.
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In Sellergren and Hall’s patent application*, MIP was synthesized using either a dendrimer or HBP
as the template with at least one functional monomer (e.g. carboxylic acid, boronate or urea functional
monomer) and through either bulk imprinting or surface imprinting. After the template was removed,
the resulting MIP was used for affinity-phase separation or sensing of relevant proteins,
polynucleotides or polysaccharides, which have similar size, shape and functional groups to the
polymeric template. Owing to the multifunctionality of the terminal groups on the surface of the
dendrimer and HBP, the properties of the complementary domain of MIP can be modified and specially
designed. For instance, when some small ligands such as peptides and oligosugars are attached to the
surface of a dendrimer or HBP template, additional imprinted sites are created, thus mimicking
functionalised biomacromolecules (e.g. glycosylated Hb imprinting). Furthermore, combined with other
pore-forming species, such as silane-modified silica and porous silica, dendrimers and HBPs could be
either used as templates to increase accessibility of MIP binding cavities or attached to porous
disposable solid supports for subsequent MIP synthesis by adapting Yilmaz’s method [29].

In conclusion, synthetic macromolecular imprinting using dendrimers and HBPs is a promising
approach for a broad range of applications. An important advantage of this technology is that MIPs can
be synthesized and analysed in either non-aqueous or aqueous solutions without conformational change
or loss of bioactivity of the templates, which is an obstacle to most types of biomacromolecular
imprinting. In addition, this technique could facilitate a range of highly functionalised and reactive
macro-templates that are either not found in nature or difficult to obtain. It should be noted, however,
that the expense and laborious synthesis of dendrimers and the high polydispersity of HBPs might
restrict the widespread use of this technology.

Conclusions and outlook

The field of macromolecular imprinting has expanded rapidly in recent years, particularly owing to the
considerable increase in demand for macromolecular detection, separation and analysis. There are
multifarious examples of successful molecular imprinting for relatively low molecular weight molecules,
such as steroids and pesticides. In addition, large biomolecules such as proteins and cells have also
been successfully imprinted. However, because of their natural limitations, conventional preparation
and analysis of imprinted polymers has to be modified to accommodate the physical properties (e.g.
solubility, stability and conformation) of these biotemplates. Therefore, synthetic analogues, such as
dendrimers and HBPs, could provide alternative and practical templates for future imprinting
applications. Meanwhile, among the three general approaches for macromolecular imprinting, epitope
imprinting seems be advantageous, owing to its desirable characteristics, such as increased specific
recognition and higher affinity. However, more investigations are required to further improve
selectivity, stability, site accessibility and cost-effectiveness, especially in biomedical applications such
as medical devices, diagnostics, drug delivery and biological assays. Excellent progress has been made,
but it might be some time before a generic and scaleable approach to imprint macromolecules will be
achieved.
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