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Abstract

The potential to develop materials with antibody-like molecular recognition properties has helped 

sustain interest in protein-imprinted polymers over the past several decades. Unfortunately, despite 

persistent research, the field of noncovalent protein imprinting has seen limited success in terms of 

achieving materials with high selectivity and high affinity. In this Perspective, important yet 

sometimes overlooked aspects of the imprinting and binding processes are reviewed to help 

understand why there has been limited success. In particular, the imprinting and binding processes 

are viewed through the scope of free radical polymerization and hydrogel swelling theories to 

underscore the complexity of the synthesis and behavior of protein-imprinted polymers. 

Additionally, we review the metrics of success commonly used in protein imprinting literature 

(i.e., adsorption capacity, imprinting factor, and selectivity factor) and consider the relevance of 

each to the characterization of an imprinted polymer’s recognition characteristics. Throughout, 

common shortcomings are highlighted, and experiments that could help verify or disprove the 

efficacy of noncovalent protein imprinting are discussed.
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■ INTRODUCTION

Molecular imprinting is the most important polymer chemistry approach for designing and 

producing synthetic receptors. Although the term “molecular imprinting” was not coined 

until the 1970s, the idea of including a template molecule during synthesis to drive self-

assembly and generate materials with specificity for the template stems back to a study by 

Dickey in 1949.1 Inspired by Pauling’s proposition that an antibody’s selectivity was 

achieved by self-assembling around its antigen, Dickey demonstrated improved affinity of 

silica gels for specific dye molecules when the gels were prepared in the presence of 

template dyes.

Since Dickey’s seminal paper, interest in the idea of generating molecularly imprinted 

polymers (MIPs) grew. In the production of these “artificial antibodies”, monomers with 

functional groups capable of forming favorable interactions with a molecule of interest, 

called the template, are used as building blocks instead of amino acids. In the production of 

antibodies, cells incorporate amino acids in an exact order based on the genetic code. In the 

production of MIPs, on the other hand, scientists rely on self-assembly of the functional 

monomers and template to try to influence monomer incorporation. The intention is that, 

after initiating polymerization, the functional groups will be locked into a well-defined 

pattern that is complementary to the template.

Originally this preassembly was achieved using a combination of reversible-covalent and 

noncovalent interactions,2 but the technique became more adaptable when systems relying 

entirely on noncovalent interactions were introduced.3,4 Crosslinking molecules are typically 

included at high percentages to minimize the mobility of the polymer chains and ultimately 

generate cavities that correspond to template size.3

Much of the early work in the molecular imprinting field was aimed at separation of small 

molecules (e.g., for making chromatography resins), which is a challenging feat in its own 

right.5 In many cases, high selectivity for the template was achieved,4,6 while in other cases, 

it was found that selectivity was template dependent. For example, Shea et al. showed that, 

using the same imprinting strategy, selectivity depended not only on separation distance of 

functional groups in the imprinted cavity but also on template identity.7 For one template, 

they achieved selectivity factors (i.e., ratio of template bound to nontemplate bound) as high 

as 3.8, while for another template tested, the selectivity factors were less than 1 (~0.6), 

suggesting that the polymer had an inherent selectivity for the nonimprinted molecule rather 

than the template.7 In another study, the high cross-reactivity of amino acid-imprinted 
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materials brought the authors to the conclusion that “...interactions involved in binding to 

MIPs are more complex than generally envisaged.”8

Despite the challenges and cross-reactivity observed in many cases, the success stories of 

small molecule imprinting motivated researchers to push forward to more complex 

templates, including peptides,9 proteins,10 viruses,11,12 and whole cells.13,14 There is no 

doubt that synthetic materials capable of protein recognition are alluring as low-cost 

platforms for applications in drug delivery,15 sensing,16 and tissue engineering.17 However, 

molecular imprinting of protein templates poses additional challenges stemming from the (1) 

large size, (2) chemical and structural complexity, and (3) environmental instability of 

proteins.

First, the large size of proteins leads to significant diffusion limitations. Specifically, the 

diffusion coefficient of a template inside a polymer network relative to that in water 

decreases greatly when the template size approaches the network mesh size (i.e., as the 

restriction parameter (template radius/network mesh size) approaches 1). As a result, 

proteins are unable to diffuse into, or out of, many of the imprinted cavities within a bulk 

MIP. To overcome this diffusion limitation, methods for producing MIPs with smaller 

dimensions (i.e., crushing films into microparticles to expose binding sites, nanoscale 

imprinting, and surface imprinting) were established (Figure 1).19 Nanoscale and surface 

imprinting strategies are particularly advantageous for protein imprinting because they 

require less protein template and thus reduce cost relative to that of macroscale film 

synthesis.

A few noteworthy strategies have been developed in response to the increased complexity of 

macromolecular templates such as using aptamers as macromonomers20,21 or similarly 

(meth)-acrylate containing assistant recognition polymer chains (ARPCs) that assemble with 

the protein before initiating polymerization.22,23 However, in most reports, the usual 

imprinting strategy (i.e., using small, commercially available monomers that form 

noncovalent interactions with the protein) is still used. As for the environmental instability, 

the conditions necessary for proteins to be in their native form (i.e., aqueous buffer, 

temperature around 37 °C or lower, no surfactants) are the opposite of the conditions that 

would be ideal for MIPs: a catch-22.

Nonetheless, there are many studies reporting high selectivity for macromolecules as a result 

of imprinting.24–26 The question, then, is whether or not the imprinting process is truly 

responsible for improved selectivity, despite all of the obstacles.

■ DISCUSSION

1. Understanding the Imprinting Process.

Protein MIPs are made by including protein molecules in the prepolymer mixture to try to 

influence monomer incorporation. To help researchers unfamiliar with the field understand 

the imprinting process, a schematic very similar to that shown in Figure 2 is commonly 

included in literature reports. The first frame of these prototypical schematics shows static 

interactions between a template protein and functional monomers. Then, the second frame 
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shows the formed polymer where monomers were locked into place based on how they had 

preassembled with the protein template. Lastly, it shows an empty cavity with a size that 

remains unchanged after protein extraction. This schematic is at best oversimplified and at 

worst misleading. A more accurate but still simplified depiction of the imprinting process is 

shown in Figure 3.

First, the more accurate MIP schematic (Figure 3) shows that the interactions between 

monomers and protein molecules are highly dynamic, particularly in aqueous buffers where 

water and salt molecules compete with monomers for interactions with the protein. The 

dynamic interactions can be described by the association (kon) and dissociation (koff) rate 

constants of the monomer—template complex (Figure 3a). The association rate constant is 

primarily dependent on the diffusion coefficients of the template and monomer, although 

long-range electrostatic interactions can enhance kon via charge steering.27,28 Although kon 

can vary depending on the small molecule—protein pair, it is typically diffusion limited, and 

thus, the upper limit and common values are on the order of 108–109 M−1s−1.29 The 

dissociation rate constant, on the other hand, primarily depends on the number and strength 

of noncovalent interactions between the monomer and template. For example, higher 

molecular weight compounds have more functional groups that can interact with the protein, 

so they typically have lower koff and, in turn, longer residence times (tR = 1/koff).28

Thermodynamically, this makes sense. Imagine two monomers, one which can form only 

one hydrogen bond with the template and another which can form two. Knowing that the 

Gibbs free energy (ΔG) is related to the dissociation constant (KD = koff/kon = e ΔG/RT) and 

assuming an average ΔG for a hydrogen bond (−2.2 kcal/mol)30 and equivalent kon for both 

monomers, KD and koff for the doubly hydrogen bonding monomer will be 40 times lower 

and will stay bound to the protein 40 times longer than the singly hydrogen bonding 

monomer. The actual strength of a hydrogen bond will vary depending on the acidity of the 

hydrogen bond donor and basicity of hydrogen bond acceptor, orientation of the hydrogen 

bonding pair, and reaction conditions (e.g., pH, temperature, and ionic strength).31 

Nevertheless, hydrogen bonds break and reform on fast time scales, from picoseconds to 

tens of nanoseconds, depending on the strength of the hydrogen bonds.32,33 Thus, for 

imprinting systems that rely solely on hydrogen bonding for preassembly, monomer- 

template interactions are forming and breaking in fractions of a second. Thus, hour-long 

preassembly steps are not only unnecessary because of the rapid reversal of monomer- 

template interactions but potentially detrimental due to monomer-induced protein instability.
34

Similar to increasing the number of noncovalent interactions, increasing the strength of the 

noncovalent interaction can increase residence time. For example, Coulombic interactions 

are typically stronger than hydrogen bonds in low ionic strength solutions and thus are 

commonly exploited in the synthesis of protein-imprinted polymers. Unfortunately, the 

trade-off when using ionizable monomers is increased crossreactivity.35 Additionally, when 

ionizable monomers are used in the synthesis of protein-imprinted polymers, it is important 

to take the ionic strength of the polymerization buffer into consideration, as the ionic 

strength will affect the formation of Coulombic interactions. Specifically, the length over 

Culver and Peppas Page 4

Chem Mater. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which an electrostatic effect persists in an electrolyte solution (i.e., the Debye length, λD) is 

inversely proportional to the square root of the ionic strength (I) as shown in eq 1:

λD =
ε0ε1kBT

2NAe2I
(1)

where εo is the dielectric constant of the solution, εr is the permittivity of free space, kB is 

the Boltzmann constant, T is the temperature (K), Na is Avogadro’s number, and e is the 

charge of an electron. Clearly, as ionic strength is increased, the attraction of two oppositely 

charged species (e.g., an anionic amino acid residue and cationic monomer) will be 

diminished.

Going back to the traditional MIP schematic (Figure 2), in the second frame, where the 

monomers are shown to have polymerized with adjacent monomers, important aspects of 

free radical polymerization are disregarded. First, the rate of polymerization depends on both 

the initiator and monomer concentrations and thus will change as the reaction proceeds.36 

Specifically, as the initiator and monomer are consumed to form growing polymer chains 

that serve as macroradicals, initiation efficiency decreases as a result of diffusional 

limitations of the macroradicals.37 Overall, polymerization is fastest initially before large 

oligomers form, during the time when monomer—template interactions will be most rapidly 

forming and breaking. While studies have shown that inclusion of templates affects 

polymerization kinetics, the rate enhancement can be detrimental if a low-affinity monomer 

happens to be the first monomer to reach the template near the growing radical chain, 

resulting in unfavorable monomer placement.38,39

Furthermore, the dependence of polymerization on monomer reactivity ratios is not evident 

in the second frame of Figure 2. In free radical polymerization, incorporation of 

comonomers will follow a statistical distribution that depends on the feed ratio and reactivity 

ratios of the monomers (Figure 3b). A reactivity ratio describes the preference of a radical to 

react with a monomer of the same identity versus a monomer with a different identity. 

Factors affecting monomer reactivity include steric effects, resonance stabilization of the 

radical site, and polarity of the double bond. Reactivity ratios also depend on the reaction 

conditions (i.e., bulk vs solution, solvent, temperature, and pH). In extreme cases, it is 

possible that a radical strongly prefers to react with either the comonomer (reactivity ratio 

→0) or a monomer of its own kind (reactivity ratio → infinity). In an ideal 

copolymerization, the incorporation of monomers is completely random, meaning that the 

radical has an equal preference for reacting with all monomers present. However, most 

copolymerizations are not perfectly random.36 Thus, even if two monomers are close to one 

another due to association with a protein template, unfavorable reactivity ratios may impede 

the desired or expected incorporation (Figures 3c and d).

Lastly, the traditional MIP scheme (Figure 2) shows only a single cavity in the network 

when in reality much of the crosslinked polymer will not be imprinted. In other words, even 

though monomers may be incorporated near the protein in a somewhat altered manner, 

random polymerization of monomers not associated with protein molecules will lead to 
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nonspecific binding sites (Figure 3e). While the imprinted cavities may be reminiscent of the 

“hot spots” that are known to be important for protein—protein binding,40,41 the extent to 

which monomer distribution was altered by the imprinting process is unknown. Instead, the 

presence of the protein during polymerization may change the morphological properties 

(e.g., increased porosity where template was successfully extracted, increased stiffness due 

to residual protein serving as “crosslinks”)42,43 or chemical properties (e.g., functional 

groups from residual protein)35 of the polymer in ways not explained by the traditional 

concept of molecular imprinting. Overall, the standard view of how imprinting influences 

the protein binding properties of cross-linked polymers is inaccurate or at least incomplete.

3. Understanding the Binding Process from the Context of Hydrogel Swelling Theory.

In the prototypical imprinting scheme (Figure 2), the recognition cavity is shown to be the 

same size before extracting the protein as it is during rebinding. For small molecules, this is 

reasonably realistic, as a very high percent of cross-linking monomer is used to help achieve 

size exclusion and maintain rigidity. However, for proteins, less cross-linker is included to 

enable proteins to diffuse into and out of the network. Instead of being viewed as rigid 

materials, protein-imprinted polymers should be regarded as hydrogels, which are well-

known to exhibit environmentally responsive swelling behavior (Figure 3f). The amount that 

a hydrogel swells depends on the functional groups present in the hydrogel and the density 

and distribution of covalent crosslinks or other tie-points (e.g., chain entanglements, 

hydrogen bonds, electrostatic interactions). For hydrogels that do not contain any ionizable 

functional groups, the swelling behavior can be described by the Peppas—Merrill equation.
44 From this equation, the equilibrium volume swelling ratio and mesh size can be 

calculated.45,46

For nonionic hydrogels, the degree of swelling and mesh size depends primarily on 

molecular weight between cross-links. However, for hydrogels containing ionizable 

monomers, which are very common in protein imprinting literature, the swelling is also 

dependent on external factors, specifically pH and ionic strength as described by the 

modified Brannon—Peppas eq (Figure 4).47

Mesh size is an important value to consider for imprinting studies, as it affects the diffusion 

of a solute (e.g., the template) through a hydrogel network.48,49 As described above, if the 

mesh size is smaller than or similar to the diameter of the template, which is the case for 

protein templates, diffusion of the template into the network will be greatly hindered. Unlike 

binding to an antibody, where the binding sites are freely exposed in solution, many of the 

binding sites in bulk-imprinted polymers are not accessible to protein template. As 

mentioned in the Introduction, MIP films can be crushed into microparticles to expose 

otherwise inaccessible binding sites. Alternatively, MIPs can be synthesized on a surface 

and/or on the nanoscale to achieve more complete protein extraction and faster protein 

binding.19 Even though the most accessible binding sites reside on or very near the surface 

of the MIP, it is beneficial to allow the gel to swell during the extraction step such that 

protein diffusion is less hindered and the amount of template extracted can be maximized. 

This can be achieved by increasing the pH (for anionic hydrogels) or decreasing the pH (for 

cationic hydrogels). Ideally, the change in pH for protein extraction should also eliminate 
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charge—charge interactions between the protein and polymer, as favorable interactions will 

further impede the diffusion of the protein out of the network.

When doing rebinding, it is a trade-off between having an open mesh (to facilitate protein 

diffusion) and having the polymer in the same conditions as those where the imprinting was 

performed (such that the recognition cavity’s mesh size more closely matches the size of the 

protein). Even if the same buffer is used for both imprinting and rebinding, it is likely that 

the mesh size will be different for two reasons. First, functional groups that once interacted 

with the protein template can now interact with one another (e.g., monomers with opposite 

charge), decreasing the mesh size. For large templates, it is less likely that functional groups 

will be able to interact with one another, but it is a conceivable problem, especially for 

smaller proteins or peptides. Second, removing the proteins which once served as tie points 

will increase the mesh size. The main point of this discussion is to emphasize how the 

complexity of hydrogel swelling can cause the behavior of MIPs to deviate from traditional 

descriptions of these materials.

4. Metrics for the Success of Imprinting.

The primary goal of protein imprinting is to develop polymers capable of selective 

recognition of a target protein. The most commonly reported values for quantifying the 

success of imprinting are the adsorption capacity (Q), imprinting factor (IF), and selectivity 

factor (α). We will walk through each of these to better explain what information is 

contained within these values. We also suggest other values that should be reported and 

experiments that can and should be performed when developing new protein-imprinted 

polymers. In all cases, it is crucial to repeat synthesis and binding studies to demonstrate 

reproducibility and be able to make substantial claims about the effect(s) of imprinting. 

Unfortunately, much of the current data in protein imprinting literature are presented without 

statistics. Repeating synthesis of free radical polymerization is particularly important due to 

the inherently uncontrolled nature of this polymerization technique. Future researchers are 

urged to demonstrate reproducibility and provide appropriate statistical analysis to make 

their conclusions more convincing.

Although the reason has not been definitively proved, synthesizing cross-linked polymers in 

the presence of protein molecules does improve adsorption capacity in many cases.50 Q is a 

measure of the mass of protein that can be absorbed per mass of polymer and is calculated 

by eq 2:

Q =
Co − Ce V

m (2)

where Co and Ce are the initial and equilibrium concentration of the protein in solution (mg/

mL), respectively, V is the rebinding volume (mL), and m is the mass of particles used (mg). 

A high adsorption capacity is beneficial for many applications, but what information about 

the molecular recognition behavior of the polymers does it provide? Adsorption capacity can 

provide a measure of relative affinity in certain situations. Specifically, if MIPs prepared the 

same way are tested against multiple different proteins and the concentration of MIPs is kept 
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constant (i.e., the number of binding sites is constant), the adsorption capacity is a 

reasonable measure of relative protein affinity, as fractional occupancy is related to 

equilibrium protein concentration, Ce, and the dissociation constant, KD, by eq 3:

f ractionaloccupancy =
ce + KD

ce
(3)

However, if two polymers are morphologically different (e.g., a nonimprinted polymer (NIP) 

and the corresponding MIP), the number of binding sites per mass of particle will be 

different; thus, differences in adsorption capacity should not be used to make conclusions 

about relative affinity. Instead, KD should be measured from available techniques such as 

surface plasmon resonance, quartz crystal microbalance, or isothermal titration calorimetry. 

At the very least, data should be fit to an isotherm such as the Langmuir, Freundlich, or 

Langmuir— Freundlich isotherms, from which KD can be approximated.51 Affinity is an 

important measure because it provides information on how much protein will bind to the 

polymer at a given concentration. For example, in the development of biosensors, affinity is 

important to know to determine the limit of detection. For example, if an MIP has a KD of 1 

μM, 50% of the binding sites will be filled when the protein concentration is 1 , μM. At 

concentrations below this, most sites will remain empty, and it is unlikely that a detectable 

signal will be produced.

A value very much related to Q is the imprinting factor (IF), which is the adsorption capacity 

of the MIP divided by that of a NIP made from the same constituent monomers (eq 4):

IF =
QMIP
QNIP

(4)

The IF is often used to make conclusions about how much imprinting improved the affinity 

of a polymer for the template, but this generalization cannot be made. As discussed above, 

two morphologically different polymers will have a different number of binding sites, and 

thus IF is not a fair way to compare affinity. Instead, IF simply provides a measure of how 

much more protein binds to MIPs than NIPs. Reported values for IF are almost always 

greater than 1, as imprinting likely increases the porosity of the material due to the presence 

of protein molecules during polymerization serving as porogens. To demonstrate increased 

porosity in protein imprinted materials, the MIP and NIP should be compared by techniques 

such as electron microscopy, atomic force microscopy, and/or mercury porosimetry. Another 

good control would be to compare the target-imprinted polymer to a different protein-

imprinted polymer that is likely to have similar morphological properties to the target MIP.52

As MIPs are often claimed to be “plastic antibodies”, a critical property to characterize is 

their selectivity.9,53 Unfortunately, much of the data reported in literature does not support 

that MIPs are selective. The selectivity factor is calculated by eq 5:
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α =
Qtemplate

Qnontemplate
(5)

and can be used to compare relative affinity of the same polymer for the two proteins, 

although it is still advisable to obtain KD values. The selectivity factor can be reported for 

experiments that were done noncompetitively (i.e., proteins incubated individually with the 

polymer) or competitively (i.e., two or more proteins simultaneously incubated with the 

polymer). Noncompetitive binding experiments provide information on what is driving 

protein binding. For example, if the polymer preferentially binds proteins with similar 

isoelectric points, it is likely electrostatic attraction driving the binding. If only proteins 

below the molecular weight of the template bind, it is likely size exclusion. For most MIPs, 

particularly those containing ionizable functional groups, crossreactivity is inevitable. This 

is useful for some applications (e.g., differential sensing)54 but prohibitive for other 

applications (e.g., targeted drug delivery).

Competitive studies are more representative of the complex mixtures that MIPs would 

actually be used in (e.g., bodily fluids, wastewater, and separations). In some literature 

reports, competitive binding experiments are not even performed. When these experiments 

are performed, they often have some flaws in the experimental design or interpretation of 

results. First, it is imperative to perform the competitive studies with both MIPs and NIPs 

made from the same monomers. Then, if the conclusions from these studies are along the 

lines of “imprinting resulted in improved selectivity” or “selectivity was achieved by 

molecular imprinting”, then the NIP must not show similar selectivity. In cases where the 

NIP exhibits similar selectivity, the commentary should be supported by the data, focusing 

on the improved adsorption capacity and inherent selectivity of the starting polymer. It is 

indeed advantageous if the polymer formulation chosen is selective for the desired template, 

but it cannot be claimed that imprinting was responsible for the observed selectivity.

Several reports have demonstrated that NIPs are good predictors of the selectivity that will 

be observed for corresponding MIPs, enabling rational design.55 Thus, we believe this 

rational design strategy is an imperative first step before attempting molecular imprinting. 

Time and money will be saved if a polymer that is selective for the target protein is identified 

or designed before imprinting. If it is desirable to have increased adsorption capacity, then 

molecular imprinting can be implemented.

5. Rational Design and Choosing Appropriate Controls.

There are many resources available for obtaining more detailed information on proteins that 

can help rationally design recognitive polymers. First, reviewing published literature on 

what drives protein—protein binding is a crucial step.40,41,56 Then, with the target protein in 

mind, the primary sequence should be analyzed to determine the distribution of amino acids. 

The primary sequence as well as crystal structure (i.e., secondary and tertiary structure) of 

many proteins can be obtained from the Protein Data Bank (http://www.rcsb.org/pdb/home/

home.do). Additionally, PyMOL (https://www.pymol.org/) is a useful software for 

visualizing proteins. One of the particularly useful features of PyMOL is its ability to 
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quickly calculate vacuum electrostatics of protein surfaces (i.e., a qualitative view of the 

distribution of charges on the protein surface), which can help guide monomer selection.

A more quantitative tool is PDBePISA (http://www.ebi.ac.uk/pdbe/pisa/), a free online tool 

from which information such as the solvent accessible surface area (SASA) of proteins57 can 

be found. SASA is an important protein property for designing MIPs because, as the name 

implies, it gives information on the relative accessibility (specifically for a water molecule) 

of the amino acids in a protein. For example, for a protein with an exceptionally high 

percentage of hydrophobic SASA, hydrophobic monomers should be considered in the 

polymer design. SASA can also provide information on which charged residues are the most 

solvent exposed versus ones that are buried.

All of these computational resources can also be used to appropriately choose nontemplate 

proteins for investigating the selectivity of a protein-imprinted polymer. While choosing a 

protein with similar pi and/or molecular weight (MW) to that of the template is a good first 

step, these two metrics alone do not provide a complete picture of the differences between 

two proteins. A good example of this is lysozyme, one of the three most commonly 

imprinted proteins, and cytochrome c, lysozyme’s most common competitor. Lysozyme and 

cytochrome c have similar pi and MW; however, the majority of lysozyme’s cationic 

residues are arginine, while the majority of cytochrome c’s are lysine. Arginine is known to 

be enriched in protein—protein interfaces and can form several more non- covalent 

interactions than lysine. Considering the earlier discussion of koff and the importance of 

multivalent interactions, polymers containing hydrogen bond acceptors and anionic 

functional groups will undoubtedly show preference for lysozyme over cytochrome c.50

In another example, many MIPs are developed using boronic acid containing monomers in 

an effort to achieve selective recognition of glycoproteins. In one case, horse radish 

peroxidase (HRP) was imprinted and then selectivity was probed by comparing its binding 

to other nonglycoproteins and one other glycoprotein, ovalbumin.58 However, what was not 

mentioned was that HRP is over 20% glycosylation by weight,59 while ovalbumin is only 

3% glycosylation by weight.60 It is not surprising, then, that a polymer made to bind the 

diols of a glycoprotein would preferentially bind the more heavily glycosylated protein. At 

first look, another study showed promise as they imprinted several different glycoproteins 

using boronic acid monomers and demonstrated selectivity for even the less glycosylated 

proteins. However, the polymerizations for each template were carried out for different 

amounts of time, affecting polymer thickness. Thus, the effects of polymerization time and 

imprinting on the observed selectivity cannot be decoupled.61

In general, control proteins for competitive binding assays should be more carefully 

selected. If a protein with truly similar properties can be used, that is ideal, but, at the very 

least, differences in the properties of the proteins used in the selectivity studies should be 

mentioned in the discussion. Alternatively, biological tools have been established for making 

protein mutations (e.g., site-directed mutagenesis).62 Mutants of the original template could 

be very useful in demonstrating the importance of specific amino acids in the imprinting and 

recognition processes.
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6. Additional Shortcomings in Protein Imprinting.

Beyond the challenges and shortcomings described above, there are several system-specific 

challenges. For example, the cost of many proteins that would be interesting templates are 

prohibitively expensive, which is why the majority of literature reports are on the same few 

low-cost proteins.10 Relatively high protein concentrations are typically used in the synthesis 

of MIPs, diminishing the low-cost advantage of imprinting when expensive proteins are used 

as templates.

Additionally, there are added challenges associated with surface imprinted nanomaterials, a 

popular class of MIPs for overcoming the diffusion limitation associated with proteins. 

While nanoscale polymers are unquestionably advantageous for protein binding, the 

methods available for making nanoscale polymers often require conditions that are likely to 

denature the protein. For example, microemulsion polymerizations require surfactants, and 

precipitation polymerizations often necessitate the use of high temperatures. While there are 

a few examples of using emulsion polymerizations for making nanoscale protein-imprinted 

polymers,63,64 the design of these emulsions requires special considerations, as some 

surfactants or solvents used in these systems are more likely than others to denature proteins.
65

Other researchers have reported achieving thin, uniform nanoscale MIP layers on the surface 

of nanomaterials using nonemulsion strategies.24,66 While this is an ideal method, better 

material characterization is necessary. In particular, it would be beneficial for the field of 

protein imprinting if high quality transmission electron microscopy (TEM) images were 

presented to clearly show that uniform, nanoscale shells were indeed achieved. Ultrathin 

polymer layers can be hard to visualize by TEM because under- or overfocusing can 

generate light or dark Fresnel fringes, respectively, that could be mistaken as thin imprinted 

layers.67 Additionally, the method used for staining the particles should be explicitly stated 

because, without staining, polymer shells do not have sufficient electron density for 

observable contrast by TEM. In general, better material characterization would make 

positive imprinting results more convincing.

■ CONCLUSIONS AND OUTLOOK

Several of the early developers and leaders in the molecular imprinting field have 

acknowledged the persistent challenges of macromolecule imprinting. For example, in his 

most recent review, Wulff said, “Imprinting of high molecular weight biopolymers is still 

problematic...it is still unclear whether a really high selectivity for very similar proteins can 

be achieved.”68 Additionally, Shea and his team suggested that, “The synthesis of NIPs with 

intrinsically high affinity and selectivity to a target toxin without molecular imprinting or 

affinity purification would streamline the process of antidote development” and, indeed, 

their team was able to do just that.69 Likewise, it is our opinion that if imprinting does not 

afford substantially improved affinity and selectivity, then it is not worth the increased time 

and cost associated with this step. For those who want to continue pursuing noncovalent 

protein imprinting, rational design of the polymer, careful selection of competitive proteins, 

and thorough discussion of the benefits of imprinting based on data and not preconceived 

notions are necessary to revitalize this field.
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Figure 1. 
Evolution of molecular imprinting. Molecular imprinting was first introduced for small 

molecule templates, and imprinting was done on the bulk scale. As the complexity of the 

templates evolved to larger templates such as proteins and viruses, methods for reducing the 

dimensionality of the polymers to improve binding site accessibility (i.e., crushing films into 

microparticles, nanoscale imprinting, or imprinting on the surface of substrates) emerged to 

help overcome diffusion limitations.
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Figure 2. 
Traditional schematic of the molecular imprinting process. The first frame shows static 

interactions between monomers and a template protein. After initiation, the second frame 

shows a pore of the polymer network, where the monomers were locked in their 

preassembled order. The third frame shows the pore after the template has been extracted 

with the same rigid structure as before the template was removed.
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Figure 3. 
Schematic depiction of the dynamic nature of noncovalent protein imprinting. (a) 

Interactions between monomer and template protein are highly dynamic. The residence time 

(i.e., time that the monomer is bound to the protein) depends on the off rate (koff) and is 

dependent on the strength of the noncovalent interactions between the monomer and protein. 

The on rate (kon) is a function of diffusion as well as long-range electrostatic interactions. 

(b) Upon initiation, the “pre-assembled” system may look different than just moments 

before initiation. The ability of monomers to polymerize together is determined by both 

localization and reactivity ratios of the monomers. Long and short arrows depict high and 

low preference, respectively, for reacting with the nearby monomer. (c) If two monomers are 

in proximity to the growing radical oligomer, the monomer with which the radical reacts will 

be influenced by the reactivity ratios. (d) By the time the next propagation step is occurring, 

the monomers or growing oligomers may diffuse away from the protein template, although 

higher molecular weight species will have a slower koff (i.e., a longer residence time) due to 

the multivalent nature of the interaction. (e) After the polymerization is complete, some of 

the pores in the hydrogel are imprinted while others are not, leading to nonspecific binding 

sites. (f) After the template is extracted, the MIP is likely to swell or collapse depending on 

the solvent, environmental conditions (e.g., pH, ionic strength), and amount of template 

removed.
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Figure 4. 
Swelling behavior of ionizable hydrogels. Equilibrium volume swelling ratio (Q) calculated 

as a function of pH or ionic strength using the modified Brannon—Peppas equation. (a) Q 

for anionic hydrogels increases as the hydrogels transition above the pKa of the acidic group, 

while Q for cationic hydrogels increases as they transition below the pKa of the basic group. 

(b) Q decreases rapidly with increasing ionic strength. This swelling behavior is important to 

keep in mind during template extraction and rebinding steps.
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