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Abstract

Molecular imprinting is a generic technology that allows for the introduction of sites of specific

molecular affinity into otherwise homogeneous polymeric matrices. Commonly this technique has

been shown to be effective when targeting small molecules of molecular weight <1500, while

extending the technique to larger molecules such as proteins has proven difficult. A number of key

inherent problems in protein imprinting have been identified, including permanent entrapment, poor

mass transfer, denaturation, and heterogeneity in binding pocket affinity, which have been addressed

using a variety of approaches. This review focuses on protein imprinting in its various forms, ranging

from conventional bulk techniques to novel thin film and monolayer surface imprinting approaches.

1. Introduction

Specific molecular recognition is the fundamental process governing control of both biological

form and function. This impressive and ubiquitous biological phenomenon is mediated, in the

main, by proteins. Proteins are complex macromolecule assemblies possessing sites that can

controllably and specifically interact with and bind target molecules. The binding process arises

as a result of attractive forces that exist between complimentary loci on the protein (or host)

and ligand (or guest molecule). Binding of the host to the guest arises when these forces result

in a host-guest complex leading to a decrease in the free energy of the system. Therefore binding

specificity is simply an indirect measure of the energy of the system. These forces result in

either entropy- or enthalpy-driven reduction in the free energy of the system. The binding

process depends on the appropriate geometric organization of functional groups, including

hydrophilic domains, within the host molecule that match or fit reciprocal functionality on the

guest. The conceptionally simple “lock and key” hypothesis of protein-guest interaction is

perhaps the most useful illustration of the principle. Moreover, biological recognition in

macromolecules, in particular antibodies, has led to development of highly useful and adaptable

laboratory tools. Extending upon the natural systems, the production of artificial recognition

elements (e.g., “plastic antibodies”) that mimic these highly selective agents is also a highly

desirable research objective that may afford unique advantages over the biological

counterparts.

A number of divergent strategies, both natural and synthetic, have been described that operate

as molecular structures and act as “host” sites for a ligand or “guest” moiety. Crown ethers
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(1), cyclophanes (2), phage display generated peptides (3), cyclodextrins (4), and dendrimers

(5) are examples of these. Methods to synthesize these materials rely upon either “design and

synthesis” or “coincidental fit” approach. One drawback to the host-guest route is the lack of

a generic process, meaning that each recognition problem requires a novel solution.

Approaches that utilize naturally occurring macromolecules to act as selective recognition sites

are well documented (6).

An alternative strategy is to prearrange the recognition site around the target molecule or

template. This strategy is the basis for the process of molecular imprinting. Compounds with

functional groups reciprocal to those of a target molecule or template are selected and used to

form a scaffold around the chosen template. This complex is then preserved within a matrix to

form an imprint that is chemically and sterically complementary to the template (Figure 1).

Molecular imprinting is now a well-established technology in the field of synthetic molecular

recognition, offering a generic, robust, and cost-effective alternative to existing techniques

such as monoclonal antibodies (7). The nature of molecular imprinting lends itself to the

generation of 3D imprint systems where binding sites are formed throughout a bulk material.

However, molecular imprinting on surfaces (2D imprinting) is gaining momentum especially

when forming imprints against large macromolecules such as proteins and in sensor design

(8).

Molecular imprinting has been extensively reviewed in both the periodic press (7,10–13) and

in a series of books (14–17), and the number of original articles and patents have continued to

increase (18). However, despite the current good health of molecular imprinting in general, the

commercially important subdiscipline of protein imprinting remains underdeveloped and

remains largely in its infancy.

Commonly, small (MW ⋦1000) multifunctional template molecules have been shown to give

rise to high affinity and specificity MIPs (19); however, an increase in molecule size and

functionality on the template leads to increased binding site heterogeneity seen in respective

polymers (20). Commonly these systems have utilized polar noncovalent interactions to

establish polymer-template reciprocal functionality on which MIP function relies. Examples

of this type of strategy includes amino acids (21), drugs such as theophylline and diazepam

(22), nucleotides (23), and pesticides (24). An alternative approach relies initially on covalent

interactions to establish reciprocal functionality, while subsequent rebinding has been

demonstrated through either the re-establishment of covalent linkages or via a noncovalent

mechanism (25). Examples of the type of templates addressed using this approach are sugars

(26), monoalcohols (27), and steroids (28).

1.1. Protein Imprinting

A challenging area that is currently receiving a great deal of attention is the molecular

imprinting of bio-macromolecules and in particular proteins. In the area of selective protein

binding current laboratory practice is almost entirely dependent on antibodies to achieve

specific protein entrapment in assays and in isolation, extraction, and biosensors (29).

However, such systems are notoriously expensive and often suitable only for single use due to

the fragility and labile nature of the protein recognition element involved. Hence there is a

strong demand for inexpensive, robust, and reusable alternatives to these biological moieties

(30) that afford levels of selectivity and specificity similar to those of their biological

counterparts, as has been shown with small molecule imprinting (12,31,32).

The potential application of such materials could also extend well beyond the laboratory. From

the biological or cellular perspective, biologically functional proteins rarely act independently,

and protein–protein interactions influence all aspects of cell regulation and control. Therefore
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it is possible that protein-selective MIPs could be developed as useful tools through which it

would be possible to influence control over biological systems (29).

1.2. Obstacles Faced when Imprinting Proteins

Despite the obvious advantages in the development of these systems, there is a paucity of

literature on the development of MIPs for the recognition of biological macromolecules (29).

This suggests intrinsic limitations in the scalability of traditional molecular imprinting

techniques from small bioactives to macromolecules.

The historical dominance of small molecule imprinting means that, to a great extent, both the

covalent and the noncovalent approaches have focused on the development of materials that

favor the smaller templates, in terms of polymer composition and structure. In particular the

arguably key technique of preparing dense (meth)acrylate polymer monoliths in a nonpolar

solvent is wholly unsuited for protein imprinting. When imprinting proteins there are a number

of key issues to address that are largely absent when targeting small molecules, and these are

related to the molecular size, complexity, conformational flexibility, and solubility.

1.2.1. Size—Traditional polymer monoliths tend to be relatively dense, leading to difficulty

in a macromolecular template reaching (or leaving) any formed binding site. Such poor mass

transport and permanent entrapment result in inadequate recognition properties. While a

porogen may be added during imprinting to better control the MIP surface area (7), the

pervasiveness of these problems often necessitates shattering and grinding of the monolith in

an effort to expose binding sites. This in turn can damage a formed binding site.

1.2.2. Complexity—Unlike smaller templates, proteins present a large number of potential

recognition sites over a relatively large surface area. Different regions of a protein exhibit

distinct physiochemical properties and hence problems can arise with recognition and cross

reactivity. It is accepted that MIPs exhibit greatest selectivity when the number of points of

interaction is small but the interactions themselves are strong. Multiple weak interactions are

less likely to produce a highly specific MIP and tend to favor nonspecific binding (14).

1.2.3. Conformational Flexibility—Polymerization conditions can also be problematic

when applying traditional imprinting procedures to proteins. The nonphysiological conditions

often employed during polymerization may denature proteins or force them into conformations

or aggregates that are not suitable for imprinting. This flexibility could affect selectivity as a

protein might alter conformation to fit into an imprint formed for an alternate template. This

could be especially true with families of proteins or those that have been selectively modified

(by site-directed mutagenesis for example). It can be theorized that this effect could work to

our advantage as imprints could be used as a method of forcing a protein into a known

conformation, hence obtaining a form of catalysis.

1.2.4. Solubility—Perhaps the greatest challenge of all is the limited choice of solvent. The

majority of molecular imprinting takes place in apolar, organic solvents in an attempt to

maximize electrostatic interactions, such as hydrogen bonding, upon which many MIPs rely

for recognition. However, the poor stability and solubility of most proteins in apolar solvents

limits their use. This also limits the choice of monomers available for selection as many popular

monomers are insoluble or partially soluble in water. Water is far from the ideal solvent for

conventional molecular imprinting because it will compete for and potentially disrupt any

hydrogen-bonding sites on the template and monomers (13).

It is clear that the size and complexity of proteins and their behavior in solution will play an

important part in an attempt to imprint them. However the major factor limiting this work is
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the effects that the organic solvents, normally used for imprinting, have upon the structure and

surface properties of protein. Solubility still limits the choice of polymer composition and

suitable monomers as it is vital to maintain the conformation of the template upon

polymerization. This makes imprinting in aqueous solutions a necessity, as specific imprints

of proteins must be tailored to the native structure to be of any use in an assay or sensor system.

The influence of water competing for binding sites is an important factor that has to be

considered, but it has been shown that this effect is more pronounced with small molecule

binding, and thus using a macromolecular template with increased surface interactions can

lower or remove this effect (16). Many groups in the past have studied imprinting within

aqueous solution, with a variety of templates. We therefore look to these examples to obtain

clues to best imprint our target macromolecular templates in these conditions.

1.3. Imprinting in Aqueous Environments

It is theorized that most imprints work best in the solvent that was used for polymerization

(7); therefore the use of water as a solvent has been studied for several targets with the aim of

using the resultant imprinted polymers in aqueous systems. Hydrophobic interactions, caused

by the exclusion of water, are frequently employed for imprinting in aqueous systems, and

hydrophobically driven molecular imprints have proven successful with a variety of small

molecules in a range of polymer matrices.

Kugiyama relied on hydrophobic interactions between pyridine monomers and the chosen

template sialic acid to produce a MIP capable of selective recognition in aqueous media (33).

Likewise, Haupt imprinted the hydrophobic herbicide 2,4,5-trichlorophenoxyacetic acid, in a

mixture of methanol and water (34). This polar medium elicited hydrophobic binding sites

within a 4-vinylpyridine (4-VP) functionalized imprinted polymer.

Perez-Moral produced core-shell particles with surface imprints that used shape-specific

hydrophobic interactions to recognize the hydrophobic molecule cholesterol (35,36).

Similarly, Carter formed core–shell particles, prepared in water using emulsion

polymerization. These particles were noncovalently imprinted with caffeine and theophylline,

using both hydrophobic and electrostatic interactions (37,38). The caffeine imprinted system

displayed selective molecular recognition, although this method did not produce a system

selective for theophylline over caffeine. In a different approach to the same templates, Han

demonstrated a novel method of aqueous imprinting using an oil/water emulsion (39). The

selected monomer and template sequestered into water droplets within the oil and formed

complexes. These complexes were then transferred to a microporous membrane substrate and

photopolymerized. Using this method, selectivity between theophylline and caffeine was

demonstrated with a concentration-dependent separation factor of 4.9 ± 0.8. This patented

method offers a possible scale-up to macromolecules as mass transfer problems are reduced

by the thin film imprints.

Dirion used a high-throughput synthesis and evaluation of MIP sorbents to optimize a MIP for

the local anaesthetic bupivacaine in aqueous systems (40). The resultant MIPs showed high

imprinting factors in water, attributed to reduced nonspecific binding to the imprinted polymer.

Batches of these sorbents were successfully employed for extraction of the template from blood

plasma samples.

In proteins, most hydrophobic residues are generally sequestered in the core of the native

structure, though patches of hydrophobicity often exist on the protein surface and could thus

be targets for molecular recognition. Similarly, polar residues presented on the surface of a

protein are more suited to hydrogen bonding and electrostatic interactions. Proteins use these

types of interactions to maintain conformation and folding. A reciprocal hydrogen bond

acceptor or donor group positioned within a polymer matrix, corresponding to a suitable region
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on the surface of a protein, would offer excellent binding, using the directional properties of a

hydrogen bond to its advantage.

Mathew developed a polymer capable of recognizing adenine over other nucleotide bases, in

an aqueous medium, using methacrylic acid (MAA) and 4(5)-vinylimidazole (41). This

polymer also demonstrated pH-dependent binding of adenosine 5′-triphosphate (ATP). They

interpreted this in terms of hydrogen bonding and ionic interactions between ATP and

corresponding ligands within the polymer.

The group of Shea presented an approach toward the development of oligonucleotide receptors

(42). A 2′-deoxyadenosine dimer was imprinted in aqueous based solvents using the

conventional noncovalent imprinting compounds MAA and ethylene glycol dimethacrylate

(EGDMA). The developed MIPs demonstrated selectivity for adenine over guanine. The same

group also reported a new procedure for imprinting peptides, utilizing the affinity of Ni(II) for

N-terminal histidine (His) residues (43). A complex between Ni(II) linked with a polymerizable

ligand and an N-terminal His peptide was prepared in water. This complex was then

copolymerized with other hydrophilic monomers, including the water-soluble cross-linker N,N
′-ethylenebis(acrylamide) (BisA) and optimized. The resultant material used the His-Ni(II)

interaction, combined with secondary interactions between peptide and polymer, to distinguish

between a series of simple peptides.

Sol–gel systems are highly compatible with aqueous environments (44). Typically, the

formation of this type of polymer requires mild conditions (temperature, pH), with the

functionalized interactions between template and monomer favoring weak intermolecular

forms (hydrogen bonding, van der Waals). Relying on these forces between template and

monomer, Zhang demonstrated stereoselectivity within an imprinted sol-gel thin film in

aqueous solution (45). Selectivity was demonstrated, using a quartz crystal microbalance

(QCM), for several amino acids and L and D isomers of histidine. Similarly, Makote produced

a selective imprint for dopamine in a sol-gel hybrid film using cyclic voltammetry and UV–

vis adsorption spectroscopy for detection (46).

It is clear that forming imprints and using them for selective rebinding in aqueous systems is

achievable in a variety of matrices using different forms of polymer/template interactions.

Hydrophobic interactions have been shown to work, but this type of bond is non-directional.

This may lead to lower specificity, especially when working with macromolecules with similar

structure, as well as problems with solubility and conformation due to apolar effects. Polar

interactions on the other hand are directed and therefore more favorable in obtaining specificity.

By using these residues on the surface as targets we can position interaction sites that will

conform to complementary sites on our protein. Therefore, unlike the simple, small molecules

for which the majority of MIPs have been demonstrated, the size and complex structural

makeup of any target protein provide numerous angles for building multivalent binding sites,

which may be singular in recognition nature or a collage of hydrophobic, hydrogen bonding,

and other electrostatic interactions as discussed next.

2. Molecular Imprinting of Proteins

The use of the term “protein imprinting” can cause some confusion because it is used to describe

two separate, although related, areas of research The two areas can be distinguished according

to the role of the protein, specifically, whether the protein is employed as the imprintable

matrix, a process often referred to as bioimprinting, or as the template molecule (47). This

review will focus on the latter case where the protein is used as a template to form binding sites

in synthetic materials with template-specific binding characteristics. A current overview of

research in protein imprinting is provided in the following sections and summarized in Table

1.
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Strategies for imprinting protein can conveniently be subdivided into either 2D or 3D platforms.

2D imprinting refers to those systems that limit the template protein to the surface of the imprint

material, whereas 3D imprinting refers to those methods that bring about an imprinting effect

by trapping the template within the bulk of the matrix.

2.1. 3D Imprinting of Proteins: Acrylates, Hydrogels, Sol-Gels, and Hybrids

a Key issue when developing 3D protein imprinting strategies is the limitations that the

imprinted polymer imparts on the movement of the protein. A fundamental requirement of any

system is that the template protein can freely be removed and reintroduced into the imprinted

site. Control of porosity and pore size is a major design criteria, and a number of different

matrices have been used.

2.1.1. 3D Acrylate Imprinting of Proteins—A number of studies have used conventional

(meth)acrylate chemistries to prepare protein MIPs (7). However, a major limitation of this

approach is that conventionally this method is carried out using solvents in which proteins are

largely insoluble. Additionally, the dissolution or dispersion of protein in nonaqueous media

commonly results in the protein adopting a conformation that is significantly different from

what it adopts in water. This may have implications for the efficacy of the resulting MIP in

aqueous environments. Several groups have therefore used water-soluble acrylic monomers to

prepare bulk hydrogel MIPs with compositions analogous to electrophoretic gels (83).

Vaidya et al. used AAm and BisA to molecularly imprint trypsin (51). A complex of trypsin

and its polymerizable inhibitor N-acryloyl p-aminobenzamidine (acting as a specific monomer)

was polymerized in a mixture of DMF and water, and the protein was extracted from the

resultant gel using acetone. The cross-linker concentration was optimized to ensure minimum

swelling while maintaining imprint integrity and suitable pore size to allow maximum transport

of protein. Solution depletion experiments demonstrated trypsin binding and the original

template was favored in a competitive binding assay mixture of trypsin and chymotrypsin. The

Scatchard analysis of this system showed that the imprinted polymers worked like a true

receptor (straight line suggesting selective binding), differing from the non-imprinted, which

exhibit the properties of an affinity chromatography system (exhibiting nonlinear

characteristics and hence nonselective binding).

Similarly the group of Hjerten polymerized AAm and N,N′-methylenebisacrylamide (MBisA)

in the presence of protein to form a gel (53–55). The gel was pressed through a sieve, and the

resultant particles were packed into a column for chromatography. The protein was removed

from the gel using a solution of acetic acid (HOAc) and sodium dodecyl sulfate (SDS).When

a variety of proteins including the template were run on the column, the template was

selectively adsorbed. This technique was demonstrated for bovine hemoglobin (Hb),

cytochrome C (CyC), and transferrin (Tf) (54) and later for human growth hormone (HgH),

RNase, and horse myoglobin (Mb) (53). It was hypothesized that a large number of weak

electrostatic bonds formed between the gel and the protein, giving an overall strong interaction

and hence the success of the imprint. This is in opposition to traditional imprinting theory that

suggests that fewer strong bonds are better than numerous weak ones. In part Hjerten’s theory

is supported by the demonstration of imprints of small proteins binding specifically, but with

less adsorption volume than larger proteins to the same gel (larger proteins having greater

surface area and therefore more interactions with the gel).

Methacrylic acid based gel beads were imprinted with bovine serum albumin (BSA) by Pang,

using an inverse-phase suspension method (67). They obtained good quality spherical beads

exhibiting excellent macroporous structure, which is important in facilitating the movement

of proteins through the material. The produced beads demonstrated higher adsorption over their

non-imprinted counterparts, and more importantly, a relatively high separation factor (α = 4.71)
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was obtained between the BSA (MW 67 kD, pI 4.8) and a challenging protein (ovalbumin,

MW 44 kD, pI 4.5). The authors attributed this success to steric factors and multiple point

electrostatic interactions, similar to that suggested by Hjerten.

Acrylamide gel was used by Guo as an entrapment material for the imprinting of Hb

(64).Macroporous cross-linked chitosan beads were used as a support in which the acrylamide

and protein were allowed to diffuse into the pores before polymerization. The protein was then

removed by washing with an acetic acid/SDS solution. The imprinted chitosan beads were

shown to have greater capacity and higher selectivity for the template protein than the non-

imprinted chitosan/acrylamide beads and pure polyacrylamide beads. This work was then

carried further by the use of these beads in the chromatographic phase, where selectivity of Hb

and BSA was demonstrated (63). The addition of the chitosan as a surface to support the

imprints was demonstrated to improve the mechanical stability of the beads.

Huang et al. developed an amphoteric imprinted polymer for application in protein separation

(49). They imprinted BSA and hen egg white lysozyme (Lzy) in a suspension of two functional

monomers (MAA and N-[3-(dimethylamino) propyl]methacrylamide), the crosslinker (BisA),

and CaCO3 as a pore-forming agent in a phosphate buffer. The resultant gels were then treated

with acid to remove the CaCO3 and then with a pronase to digest the templates. These polymers

were applied in chromatographic stationary phases to assess capacity and selectivity. The

protein Lzy showed preferential binding to its equivalent polymer but not the BSA imprinted

system. This was attributed to cooperative multiple electrostatic interactions.

A further method of imprinting Lzy was reported by Ou et al., using MAA and AAm as

functional monomers and 2-(dimethylamino)ethyl methacrylate as cross-linker (52). The

resultant polymer was wet sieved and then washed with deionized water, NaCl solution, and

then water again to remove the template (this mild elution condition is contrasted with the

acidic wash step used by Hjerten (53) and Huang (49)). The gels were lyophilized and subjected

to solution depletion assays. Selected imprinted polymers gave imprinting factors (binding of

protein to imprinted polymer/ binding of protein to nonimprinted polymer) of 1.83–3.38.

However, rebinding was not strictly template-specific as the polymer also bound albumin

(~13.3% w/w from protein solution). It was also noted that >25% of the original template

remained in the polymer.

Imprinting of proteins using acrylate chemistry in aqueous solution relies on forming gels with

a low degree of cross-linking to ensure mobility of large molecules. Some success was gained

with the methods described above; however, it is known that low cross-linked materials lose

their imprinted properties rapidly and are in general less stable with respect to changes in

environment (84). The acrylate imprinting protocols are also somewhat limited in terms of

suitable monomers, thus leading to exploration of other novel materials.

2.1.2. Hydrogels—In recent years a class of novel swellable polymers known as hydrogels

has been synthesized. These stimuli-responsive gels can undergo a reversible volume transition

between the swollen and collapsed phases, which can be triggered by such external stimuli as

temperature, solvent composition, pH, ionic strength, light, and specific chemicals. Such gels

are often termed “smart” gels and are commonly used as controlled release systems, actuators,

and sensors, as well as for the demonstrations of artificial muscles (29). These responses would

be of value in controlling specific binding of proteins and various efforts have been made at

combining hydrogel and molecular imprinting technologies to prepare hydrogels exhibiting

enzyme-like behavior.

Karmalkar reported a metal ligand mediated approach, positioning imidazole, carboxyl, and

hydroxyl groups within a hydrogel matrix to mimic the serine protease class of enzymes (e.g.,
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α-chymotrypsin) (85). The template molecule, 2-([(isobutyrylamino) caproyl]-L-phenylalanyl)

2-aminopyridine, was removed, and the catalytic behavior of the polymer was tested by

monitoring the hydrolysis of nitrophenyl esters. The imprinted polymer catalyzed the

hydrolysis at a rate comparable to that of α-chymotrypsin, whereas the non-imprinted hydrogel

exhibited only modest activity.

Kofinas’ group has reported noncovalent molecular imprinting of poly(allylamine

hydrochloride) with glucose phosphate, producing a MIP hydrogel capable of quantitative,

isomer specific glucose recognition (86,87). A pre-polymerization complex relying on ionic

interactions is formed and then cross-linked with epichlorohydrin. MIP hydrogels templated

with glucose were selective in rebinding the template over fructose.

Watanabe synthesized temperature sensitive hydrogels by copolymerizing N-

isopropylacrylamide and acrylic acid (AA) with a cross-linker in the presence of various

template molecules, including norephedrine (88). After template removal the hydrogel

exhibited characteristic swelling at temperatures below the lower critical solution temperature

(LCST) with complete collapse seen at higher temperatures. The swollen gel at a low

temperature showed no change in swelling upon re-exposure to the template. However, the

collapsed high-temperature hydrogel exhibited increased swelling upon increased template

concentration, implying that the imprinted hydrogel in the collapsed state could memorize the

template, whereas the swollen state could not. Specificity for norephedrine was inferred from

swelling with increased ephedrine concentration and no change upon exposure to adrenaline.

Imprintable hydrogels, although only demonstrated for small molecules, offer a possible

solution to the problem of protein entrapment as their ability to swell would allow for controlled

protein removal (89). This is further supported by several papers reporting the use of these

materials as protein delivery agents, with protein encapsulation a major exponent of these

systems (90,91). This encapsulation and entrapment of proteins while maintaining biological

activity has been demonstrated in a wide range of materials (92,93). Sol–gel chemistry has in

particular proved to be an ideal solution for producing these doped polymers (94). Gill and

Ballesteros developed highly porous sol-gels for encapsulation of macromolecular compounds.

These polymers, based on a poly(glyceryl) silicate, have demonstrated high stability compared

to more traditional sol-gels. This stability combined with unusually high porosity could be used

for the benefit of imprinting (95).

2.1.3. 3D Sol-Gel Protein Imprinting—Sol-gels have proved able to specifically interact

with a variety of proteins for protein encapsulation (92,93). This has been adapted to protein

imprinting utilizing the benefits of working with sol-gels (mild polymerization conditions (pH,

ionic strength) and that they favor aqueous solutions).

Venton prepared imprints for urease and BSA in polysiloxane copolymers, using 3-

aminopropyltriethoxysilane and tetraethylorthosilicate (60,61). The polymers were formed as

monoliths and then crushed, and the entrapped proteins were removed by a pronase digestion.

Increased affinity for each template was demonstrated for its corresponding polymer (+30%

for urease and +3% for BSA, when compared to opposing protein), and selectivity was shown

between the two proteins. However, a similar study by the same group using Hb and Mb failed

to show any imprinting effect for either MIP (60). Rebinding experiments using labeled

proteins demonstrated that the bound proteins did not equilibrate with labeled proteins in

solution, suggesting strong association between polymer and template, possibly hiding

specificity. Experiments measuring the release of urea in the presence of the specific MIP and

its template (Hb and Mb) suggested that specific imprints were formed, as the amount of urea

released was less for the specific template association than for the other protein. No mention
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of the influence of porosity is made, but this work shows that ~25% of protein still remains

trapped in the polymer matrix.

As discussed above, the sol-gel reaction is highly suitable for imprinting proteins (mild

polymerization conditions, water compatible). However, the bulk imprinting of proteins seems

to be limited to the above example. This is possibly due to the dense structures of sol-gel formed

and the requirement of grinding to expose binding sites. This may greatly diminish specificity

for the macromolecules, as larger binding sites are destroyed by the mechanical process of

grinding, unlike those of smaller molecules.

2.1.4. 3D Hybrid-DNA Protein Imprinting—The interactions between a protein and DNA

are known to be highly specific. A novel method of protein imprinting has been demonstrated

by Umeno who used a polymer-coated DNA strand for protein recognition (50). A temperature-

responsive monomer designed to interact with DNA was synthesized (poly(N-isopropyl

acrylamide terminated with psoralen) and combined with a DNA strand to form a conjugate

(photoinduced reaction between DNA and psoralen end group). The conjugated polymer

coating the strand elicited a blocking effect to proteins trying to interact with the DNA. This

blocking effect was then used to imprint the binding site of EcoR1 (a restriction endonuclease)

by incubating the DNA with the endonuclease before conjugation with the polymer. A binding

pocket, specific for the binding site of EcoR1, was formed and preserved (Figure 2). This novel

technique demonstrates the selectivity that can be obtained when building upon an existing

target site, which is then singled out by essentially occupying (and rendering inaccessible) all

other potential binding sites. Although the practical use of this system is clearly limited

(possible uses for separation of DNA-binding proteins), this represents a unique biomimetic

approach toward MIPs.

These varied approaches toward protein imprinting illustrate the potential of applying

traditional bulk and hybrid molecular imprinting technologies for specific protein entrapment

and separation. However, the stability of such systems for use as robust biosensors has yet to

be determined. The requirement of high porosity for protein transport through these materials

has led to favoring the formation of gels. These lack the high degree of cross-linking required

to maintain stability over long periods, compared to traditional monolith imprinted materials.

Environmental changes also affect the abilities of these gels and in some situations can lead to

pore collapse and permanent loss of function. Additional requirements of harsh washing steps

(acids, pronases) to remove templates will also affect the function of these materials. A more

favorable situation for macromolecule templates, such as proteins, is that of surface imprinting.

2.2. 2D Protein Imprinting: Designer Surfaces and Interfaces

The compatibility of bulk imprinted materials for use with large templates is limited. An

alternative approach has been to produce polymers in thin films or fixed to a supporting surface

(8). This 2D or in-plane approach allows free access to binding sites for larger molecules and

allows specific areas of proteins to be a target for imprints (anchor points). However, these 2D

approaches may not offer as high a specificity as only a small portion of the surface of the

protein will be recognized. Binding site heterogeneity for such systems may also be high. These

limitations may be outweighed by the potential advantages afforded by high mass transfer,

integration with sensor platforms, and robustness gained by having a support. Due to these

benefits and the increased interest in surface chemistry (a large and rapidly expanding field in

its own right), several novel methods of imprinting at a surface have been reported.

2.2.1. 2D Sol-Gel Imprinting—The first reported successful protein imprint was by the

group of Mosbach (62). They developed a method of coating an imprinted polymer for the

glycoprotein transferrin (Tf) onto the surface of porous silica beads. A mixture of silanes was
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polymerized on the surface of porous silica particles in aqueous solution, including a new

boronate-silane functional monomer designed to interact with the carbohydrate portion of Tf

in the mixture. Using HPLC they showed the Tf-imprinted polymer to have a higher affinity

for its template than for BSA (relative retention of 2.16). These coated beads were compared

to a bulk material produced using the same mixture and ground. The beads were found to have

superior enzymatic properties (40% for the imprinted siloxane on beads compared with 5% for

the siloxane only ground material). This was attributed to superior protein entrapment

compared to that of the bulk polymer.

Shiomi imprinted porous silica with hemoglobin (Hb) by covalently immobilizing it to the

silica using imine bonds (75). After imprinting the protein was removed by an oxalic acid wash,

to break the covalent attachments. These imprints were observed to be superior to those formed

using free (in solution) Hb when studied for rebinding of hemoglobin and competing proteins.

The results showed binding affinity to be linked to isoelectric point (pI) of the protein and the

size of the protein as well as the characteristics of the binding site itself (shape, hydrophobicity).

Despite numerous sol-gel examples of protein interaction and entrapment (93) and integration

with sensors and electrochemistry (96), examples of sol-gel protein imprinting (2D or 3D) are

few.

2.2.2. 2D Metal Coordination—Metal ions and their role in coordinating specific binding

in imprinted polymers has been reviewed elsewhere (84). By combining favored groups into

polymeric structures these interactions have been used with protein residues to gain specificity

toward protein templates.

Mallik et al. used metal ions to coordinate His residues via imidazole functionality (30). A

series of bis-imidazole protein analogues (two imidazoles linked with organic spacers) were

investigated, with a view to producing a synthetic receptor capable of coordinating proteins.

Using a similar approach, Kempe reported a surface-imprinting procedure for the preparation

of selective adsorbents for HPLC separation of proteins (77). They employed a metal chelating

monomer, N-(4-vinyl)-benzyl iminodiacetic acid (VBIDA), with methacrylate-derivatized

silica particles, in the presence of the protein ribonuclease A (RNase A) and metal ions.

Reference polymers were made with BSA. Imidazole groups on the surface exposed His

residues, which combined with the monomer VBIDA to coordinate Cu2+ ions. When

polymerized the metal binding ligands are positioned on the silica surface at precise distances

as to enable selective rebinding of the protein in the presence of the Cu2+ ions (Figure 3). RNase

A was recognized over Lzy using this method. However, this method is limited to proteins

with exposed His residues and as such is not universally applicable for protein imprinting.

2.2.3. 2D Acrylate Chemistry—Burow imprinted glucose oxidase (GO) using acrylates on

functionalized silica bead supports (68,69). A mixture of two cross-linking monomers (MBisA

and N,N′-1,2-dihydroxyethylenebisacrylamide), and two functional monomers (AAm and AA)

was polymerized in the presence of the protein and surface activated silica beads, leading to

the polymer forming a thin layer, or coat, around the silica. Rebinding assays showed selectivity

for the imprinted protein GO over BSA. The recognition effect was attributed to both weak

electrostatic interactions and a shape conformation between template protein and polymer

(69). Hirayama, using the same technique, also reported a Lzy-imprinted polymer that modest

exhibited selectivity for Lzy over Hb, although nonspecific binding of both proteins did occur

(71).

The methods discussed above target several sites upon the surface of a protein. By forming

numerous interaction points they attempt to obtain specificity through steric properties as well

as complementary chemistries. An alternative to this entitled the “epitope” approach has been
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developed by Rachkov, where the template used for polymer development is not the whole

protein but a short peptide that represents part of a larger polypeptide or protein, as an epitope

represents an antigen in immunology (Figure 4) (57–59). This is technically not imprinting of

proteins in the traditional sense but is included as the ultimate goal is to obtain recognition of

the parent molecule.

The imprinting procedure used was akin to more conventional methods (MAA and EGDMA

were the functional monomer and cross-linker respectively in an organic solvent). Selective

recognition of oxytocin, a nonapeptide, was demonstrated by a polymer imprinted with a

tetrapeptide, YPLG. Both compounds possessed the same three amino acid sequence at the C-

terminal. This allows for specific, strong interactions with part of the protein to be formed,

rather than relying on numerous weak interactions all over the molecule, thus (theoretically)

increasing specificity and affinity. This also allows for traditional imprinting methods in

organic solvents to be used, as the small peptides are not subject to the major conformational

and degradation problems seen with whole proteins. The results demonstrated selectivity and

high affinity for the template molecule. However, when this was repeated using an angiotensin

II octapeptide in aqueous solvent, the formed polymer retained for the octapeptide, while its

parent protein angiotensin II was not bound at all to the polymer (57).

A commercial product based upon a concept similar to Rachkov’s epitope approach has been

recently launched. Aspira Biosystems has designed ProteinPrint technology (48,97). A

synthetic peptide whose sequence corresponds to a small portion of a protein is used as a

template molecule to form cavities on the surface of polymer arrays or beads, as shown by

Hirayama (71). Aspira plans to market films for single proteins, or arrays of different proteins,

for separation and analysis (97). Such films are planar polymer surfaces containing sequence-

specific locations, each of which contains multiple binding sites. Their patented technology

claims high affinity films can be made to capture a single protein across an entire film area, or

a microarray of imprints can be constructed to capture a family of proteins (97).

Though acrylate chemistry is considered the general and most popular technique for imprinting,

we have shown above that it is not ideal for working with proteins. A number of other materials

exist and several groups have demonstrated the use of non-acrylate polymerizable matrices

with regards to imprinting.

2.2.4. Other 2D Methods for Protein Imprinting—Ramanaviciene prepared a

polypyrrole-based MIP for the direct detection of the bovine leukaemia virus (BLV)

glycoprotein gp51 (gp51) (76). The polymer was prepared as a surface coating onto a platinum

electrode in a potassium chloride solution. Using pulsed amperometric detection (PAD), they

demonstrated binding, washing, and rebinding of the protein over several cycles; however, the

recognition and affinity degraded with each repeat.

Bossi used 3-aminophenylboronic acid (APBA) oxidized by ammonium persulfate to form

imprints against several proteins (HRP, Hb, Microperoxidase, Lactoperoxidase) (72). During

the polymerization process, the resultant polymers are grafted to the polystyrene surface of a

microplate. This grafting procedure was demonstrated to stabilize and aid the imprinting

process and hence recognition of the target proteins. For all proteins used, good imprinting

factors were obtained with respective low cross reactivity. The effects of the washing steps on

rebinding of template supported formation of specific binding sites. A steady increase in

reabsorbed protein per washing step is seen, in contrast to the blank, which decreases.

Rick and Chou used a similar APBA protocol to form films specific for Lzy and CyC (74).

Using microcalorimetry, they demonstrated successful imprints shown by the significant

differences in the enthalpy observed upon binding when comparing template with a competing
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protein. The enthalpy of binding produced by the template protein (that used to form the

imprint) was less than that created by the addition of a foreign protein. An interesting discovery

was made when they performed a dual imprint with both proteins present. It was found that

the maximum enthalpy change was obtained when the two proteins were present in an

equimolar ratio (73). Also, solutions of the component proteins in different ratios offered the

best recognition when present at the same ratio used for the imprint. Neither of the component

proteins offered any recognition when exposed on their own to the “dual” imprint. Therefore

they concluded that a new motif had been formed from the two proteins and that recognition

comes from a protein–protein complex (Figure 5). The work also demonstrated the ease of

integration of the APBA protocol with a known sensor technique (in this case QCM). The

APBA chemistry is a fairly simple protocol that conforms to the environmental constraints of

protein imprinting and one that can be integrated into sensor systems, but as Bossi showed, the

interactions are highly dependent on environment with respect to rebinding (72).

The same group developed another method of imprinting using a polymerizable analogue of

a proteins natural ligand. In this case the pentameric C-reactive protein (CRP), known to be a

marker and pathway activator in pneumococcal pneumonia, was imprinted. A series of

imprinted polymers and their respective blanks (differing by cross-linking degree) were

produced by a microcontact or “protein stamping” approach. A layer of the protein/

polymerizable ligand was placed on a glass coverslip, sandwiched between the slip and glass

slide, and then cured by photopolymerization. The cover slip was then removed, leaving the

thin film imprint on the glass support. Competitive assays with other proteins of similar size

demonstrated good selectivity for the CRP. Using the same method the group copied the

experiment with human serum albumin (HSA). This polymer demonstrated a relatively good

recognition for its own template of 2.66 µg/cm2 compared with 0.27 µg/cm2 for CRP (78).

Another method of “protein stamping” was developed previous to this by Ratner, who used

radio frequency glow-discharge (RFGD) plasma deposition to form polymeric thin films

around proteins coated with disaccharide molecules (65,66,98,99). A protein is fixed onto a

mica surface and exposed to a disaccharide solution. During sample dehydration multiple

hydrogen bonds are formed between the hydroxyl groups of the disaccharide and polar residues

on the surface of the protein. When exposed to the plasma-induced polymer film, these

disaccharides form covalent bonds, creating upon protein removal polysaccharide-like cavities

that exhibit highly selective recognition for the template protein (Figure 6). This is then fixed

to a support. The mica is then removed, and the protein is decomposed using a pronase and

eluted with a basic solution (NaOH/NaClO), leaving a thin film with protein-imprinted cavities

fixed onto a support. By using this sugar coat the protein can be incorporated into the plasma

film with minimal damage. The RFGD plasma deposition of fluoropolymers (e.g.,

hexafluoropropylene) yields a smooth film that is mechanically and chemically stable, and

since mica is atomically flat, the imprint surface reflects only the topographic features arising

from the template protein. Using this technique, several proteins including BSA,

immunoglobulin G (IgG), Lzy, RNase, and streptavidin were imprinted (66). Template

recognition was assessed by radiolabelled protein adsorption from single solutions and binary

mixtures, detergent elution of surface-bound proteins, and displacement of surface-adsorbed

proteins by solution-phase proteins (65). Specificity in competitive assays was shown for BSA

imprints (MW 66k) (5–10 times greater uptake of BSA over IgG) and IgG imprints (150k) (4–

7 times greater uptake of IgG over BSA); and more impressively between Lzy (MW 14.5k)

and RNase (13.7k), two proteins that are comparable in molecular weight and dimension (20

and 26 times greater uptake in favor of template respectively).

The mechanism of recognition was mainly attributed to hydrogen bonding between the

precisely positioned hydroxyl groups from the immobilized sugars and the surface polar

residues of the protein. Hydrophobic interactions and van der Waals forces were also thought
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to be involved. The extent to which elution/decomposition of the protein may alter the imprint

site or leave fragments of protein behind is unknown, but loss of protein structure during

dehydration also appears to be minimal as inferred by the selectivity upon rebinding.

It is noted that many of these techniques are variants of bulk imprinting methods that have been

restricted to an interface. A more biomimetic approach has been followed by allowing proteins

to adsorb to a fluid interface containing the recognition elements, such as multicomponent lipid

monolayers, at the air/water interface (81,100,101) or supported bilayers (102). For this class

of 2D imprinting the protein must “select” the recognition elements (e.g., through electrostatic

interactions between protein residues and charged lipid head groups) and induce a local

demixing of the lipids as predicted through a mean-field theory (103).

The binding of proteins to monolayers and at interfaces has been well documented (80,104);

however, recent attention has been drawn toward the possibility of using these interactions to

produce imprints at the air/water interface. The potential for using lipid monolayer films as

protein imprint matrices is evident in template-mediated crystal nucleation and

biomineralization, where monolayers serve as fluid lattices that laterally restructure to favor

epitaxial crystal nucleation and growth (105,106). This concept can be extended to impart

recognition sites through adsorption-induced restructuring (patterning or templating) of fluid

monolayers, as has been investigated using metal chelating lipid monolayers to target His-

tagged proteins (101). A multivalent interaction of protein with functionalized lipids such as

lectin-mannose or avidin-biotin is desirable for enhancing the affinity and specificity of the

patterned lipid film for the target protein. However, patterning of mixed lipid monolayers not

containing a population of lipids presenting known ligands for the target protein offers a more

generic imprinting platform, in which the pattern of residues on the protein surface must induce

a complimentary pattern in the lipid head groups.

Applying this concept, Britt adsorbed the acidic protein ferritin to mixed cationic/non-ionic

lipid monolayers in an effort to induce charge patterns (i.e., local demixing) in the fluid

monolayers (100). It was noted that as the monolayer charge density was decreased through

“diluting” the cationic lipid with the neutral lipid, ferritin binding increased, reaching a

maximum value for a neutral/cationic lipid ratio of 6:1. However, if the monolayers were first

immobilized on a solid support, protein adsorption was maximal for the pure cationic lipid

film. These opposing protein adsorption trends on fluid versus immobilized monolayers

demonstrated the strong influence of lipid lateral mobility in protein adsorption to a

heterogeneous film, supporting the applicability toward protein-induced monolayer patterning.

Building upon this work, Du investigated whether the initial binding event induced a protein-

specific imprint through rebinding kinetics (81). Successive adsorption/desorption cycles

revealed that fluid monolayers, capable of laterally restructuring during the initial protein

adsorption event, bound up to 60% more ferritin (dependent on the cationic/nonionic lipid

ratios) as compared to monolayers that were immobilized on a hydrophobic support during

this first adsorption step. These findings suggest lipid restructuring producing local charge

patterns complementary to the fixed distribution of acidic amino acids on the ferritin coat. The

success of this method was limited by a large fraction of irreversibly bound protein on the

patterned monolayers, attributed in part to strong protein-protein interactions (aggregation)

during the patterning process. The latest advancement in this area has demonstrated the

prevention of this aggregation by the addition of poly(ethylene glycol) (PEG) bearing

phospholipids to the monolayers. These inhibit protein aggregation by forming an inert brush

layer separating the specific binding pockets (79). The binding/rebinding of ferritin to these

layers has been studied using QCM. Mixed layers were prepared at the air/water interface, with

and without ferritin, and transferred to a hydrophobically modified QCM crystal (82). The

results demonstrated increased binding to the imprinted films over the non-imprinted. AFM
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of the resultant surfaces showed pockets formed in the templated monolayer, formations not

seen in the blank. Cross-reactivity and stability is yet to be studied.

3. Discussion

The evidence presented above demonstrates that imprinting proteins is a reality. However,

protein imprinting accounts for <2% of the total published material in the field, the focus of

most molecular imprinting still being small bioactives. As discussed, the inherent difficulties

associated with protein imprinting account for this imbalance, especially when competing

technologies such as antibody recognition, immunoaffinity columns, ELISA, and separation

gels are commercially available and well-developed.

The size of the template and its steric influences are major obstacles. Working with a

macromolecular template requires, in bulk, high porosity for mass transfer. In turn, this porosity

weakens the structure of any polymer, leading to stability and practical issues. In general, bulk

acrylate materials imprinted for proteins tend to rely on loose-linked polymers with specific

sites embedded in them (49,51–53,67). This low cross-linking affords reasonable mass transfer

and, as demonstrated with hydrogels, can offer swelling as an additional factor for template

removal and rebinding. The ability to control pore size by environmental conditions is of great

benefit, as demonstrated clearly in the acrylate beads developed by Pang, which showed clear

macroporous structure (67) at the working range of his protocol. The advent of hydrogel

technology has brought the possibility of combining protein encapsulation and specific

imprinting. For example, use of these materials as drug delivery agents means that degradation

or porosity change could be tailored to release template at a known rate by altering the

environmental conditions. However, for other uses such as separation, this instability and loss

of function would be detrimental. By forming dense matrices to obtain stability and maintain

function, the chances of template entrapment are greatly increased. This in turn, lowers any

practical use (possible template leaching and decreased total capacity). More traditional highly

cross-linked polymers as described by Venton (61), albeit in this case a sol-gel, have shown

that they can be used for protein recognition; however, it was clear from this work that a high

percentage of template remained in the polymer confirming the importance of porosity.

Working with a thin film or imprinted surface greatly reduces the steric influence of the

template but can lead to potential problems, with partial imprinting causing site heterogeneity.

The stability issues seen with 3D gels are negated by the presence of a support, be it beads

(71), glass (78), or polystyrene (72), and the demonstrated integration with sensor platforms

is also advantageous (73,76). However, 2D imprinting also reduces the total capacity of a

material, which limits practical uses in some circumstances, such as high volume separations.

The reliance on aqueous solvent for the imprinting step limits the choice of monomer, cross-

linker, and polymerization method. Water is far from the ideal solvent for conventional

molecular imprinting, as it competes for and disrupts potential hydrogen-bonding sites on the

template and monomers (13). Any produced polymer will be required to work in conditions

that are considered, in theory, unavorable to binding, such as the competition of water in

binding pockets. The additional and often cumulative effects caused by changes in environment

(pH, ionic strength, temperature) will also affect polymer performance (7,72).

The approaches described in this paper aim to overcome these problems, either by utilizing

protocols known to be aqueous friendly (53,61,72), or by using traditional organic techniques

to target a peptide chain so it may be used as an anchor point for total protein recognition

(59). Disruption of the binding pocket by the presence of water does not seem to greatly affect

the protein/polymer interactions. This could be attributed to the size of the protein and the high

number of interactions present, which may aid in forcing water out.
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It is accepted that MIPs exhibit greatest selectivity when the number of points of interaction

is small but these interactions are strong. Multiple weak interactions are less likely to produce

a highly specific MIP and tend to favor nonspecific binding (14). It is also theorized that the

thermodynamic considerations of imprinting indicate that a less rigid template such as a protein

will yield less defined recognition sites in its corresponding matrix (107). The increased surface

area of a protein will in theory lead to a higher number of interactions, which will generally

be weaker and less specific. This leads to site heterogeneity, as a high number of potential

interactions between a protein and corresponding polymer will lead to an increase in

nonspecific interactions.

It is clear from the literature that there are two schools of thought regarding the best methods

to form imprints. Hjerten proposed that the weak but many approach produces selectivity as

steric factors found with a large template aids the recognition and alignment process. This has

some experimental support from his 3D gel work (53) and others relying on massed

electrostatic interactions (69). The method shown by Dhruv (79,82) relies on hydrophobic

interactions with steric factors playing a huge part in obtaining enhanced binding of their chosen

template. These are in contrast to other protocols that rely on focused interactions to obtain

specificity. For example, the epitope approach relies on a target region to provide recognition

(59). The APBA (72) and metal chelation (77) polymers each have their own specific targets

on a polymer surface (hydroxyl groups and His residues, respectively), leading to a few strong

but specific interactions. Neither method has demonstrated its superiority.

The majority of work within the field of molecular imprinting has concentrated on small

bioactive molecules. The imprinting of these materials has resulted in the development of

materials with exceptionally high affinity for their target templates. For example, the

dissociation constant (KD) for biotin using computationally designed MIPs ranged from 1.4 to

16.8 nM (108); for microcystin-LR, 0.3 nM (32); and for estradiol, 0.44–6.6 nM (109). In

comparison Bossi demonstrated KD’s of 1.5 µM for microperoxidase, 0.54 µM for

lactoperoxidase, and 0.056 µM for hemoglobin, using an APBA matrix (72). The obtained

values for protein detection are an order of magnitude lower than those gained for small

molecules. This is not surprising as the lack of study in this field has not lead to optimization

of the protein systems, in comparison to those found with the technically easier small molecule

systems. Likewise, specific recognition of template protein compared to other macromolecules

has been demonstrated in several systems (66,74), but so far limited success has been attained

in separations of template protein from a mixture of competing macromolecules (63), unlike

in the case of small molecules where enantiomers have been separated by MIPs (110,111). All

of the systems presented in this paper show enhanced rebinding of original templates, but this

competitive rebinding to demonstrate true imprints for the target template is the more definitive

metric. There are several cases where enhanced selectivity for the template is hidden by high

cross-reactivity (60,71). This reduces the practical value of the corresponding materials. It has

also been shown that cooperative binding (73) and aggregation of template (81) are also factors

that can affect the formation of any imprint. A specific recognition site for a monomeric protein

will be greatly different from that of an aggregated particle. Forming an imprint against an

aggregate will lead to site heterogeneity and loss of function. Again, environmental factors

during the imprinting phase have to be taken into consideration, as even minor changes in

phase, pH, or salt concentration can cause proteins to aggregate.

In the examples presented here, the removal of proteins tends to rely on fairly harsh methods

(acid washes, detergent, pronases), which can affect polymer structure, properties, and ability

(53,66). Indeed, incubating a polymer with pronase for 160 h does not lead to a practical

protocol for commercialization (60). The steps required to return a polymer back to a working

level are also of importance (e.g.,, detergents such as SDS must be removed completely to
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ensure no bearing on rebinding). Milder approaches tend to leave a high percentage of template

behind (52).

4. Conclusions and Future Outlook

The 3D and 2D protein imprints presented in this review are elegant in design (51,66,77) and

have demonstrated fair affinity and specificity. However, several of these protocols are

complex and labor-intensive (66), lack generic application (50), and have yet to demonstrate

long-term stability. At present no universal method exists for generic protein imprinting. This

is due simply to the wide and varying properties that proteins exhibit (the very properties that

make them so important in biology). Certain methods have demonstrated versatility in

imprinting several targets, but each has its drawbacks. Further examples of each technique are

required, using a wider range of proteins. The potential demonstrated with sol-gels is high

(93), but as yet only three protocols have been reported (60,62,75).

As yet, only MIPs for smaller biomolecules have yielded commercial success (112,113). Areas

such as medical devices, biomarker sensing, drug delivery, and peptide separations would

benefit greatly from materials with the recognition properties of antibodies but superior

robustness and reusability. Therefore the continued study of methods to imprint recognition

sites in artificial matrices, especially for important biomolecules such as proteins, must

continue as the practical benefits of such systems will be great indeed.

Notation

AA, acrylic acid

AAm, acrylamide

APBA, 3-aminophenylboronic acid

BisA, N,N′-ethylenebis(acrylamide)

BSA, bovine serum albumin

CRP, C-reactive protein

CTrp, chymotrypsin

CyC, cytochrome c
DMPA, N-[3-(dimethylamino)propyl]methacrylamide

EGDMA, ethylene glycol dimethacrylate

ELISA, enzyme-linked immunosorbent assay

GO, glucose oxidase

GPX, glutathione peroxidase

Hb, hemoglobin

His, histidine

HgH, human growth hormone

HOAC, acetic acid

HPLC, high performance liquid chromatography

HSA, human serum albumin

IgG, immunoglobulin G

Lzy, lysozyme

MAA, methacrylic acid

Mb, myoglobin

MBisA, N,N′-methylenebisacrylamide

MIP, molecularly imprinted polymer

OA, ovalbumin

PEG, poly(ethylene glycol)

QCM, quartz crystal microbalance

RFGD, radio frequency glow-discharge plasma deposition
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SDS, sodium dodecyl sulfate

SPE, solid-phase extraction

Tf, transferrin

TLC, thin layer chromatography

TRP, trypsin

VBIDA, N-(4-vinyl)-benzyl iminodiacetic acid

2D, two-dimensional

3D, three-dimensional

4-VP, 4-vinylpyridine
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Figure 1.

Schematic of molecular imprinting process adapted from Byrne (9). 1: formation of pre-

polymerization complex; 2: polymerization; 3: template removal/rebinding.
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Figure 2.

Protein imprinting on DNA backbone using protein/DNA recognition for protein

immobilization adapted from Umeno (50).
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Figure 3.

Creation of RNase A binding site on surface of modified silica. Adapted from Kempe et al.

(77).
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Figure 4.

Schematic representation of the epitope approach adapted from Rachkov and Minoura (59).
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Figure 5.

Representation of protein–protein interaction as in Rick and Chou (73). The imprint (A) is

formed between two proteins interacting with one another. The two constituent proteins (Lzy

and CyC) are unable to bind on their own (B) and only when placed in their original ratio will

form the complex which is the specific motif for the imprint (C).
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Figure 6.

RFGD plasma deposition used for surface imprinting of proteins adapted from Shi et al. (66).
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Figure 7.

Schematic of Langmuir monolayer imprinting. The unordered surfactant layer at the air/water

interface (A) interacts with the protein, inducing demixing, allowing specific binding pockets

to form (B). The layer is transferred to a hydrophobic support, which hinders further lateral

movement of the monolayer components hence holding the defined pockets in place (C).

Specific rebinding of protein is demonstrated (D), upon removal of the template.
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