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Bulk imprinted polymers were synthesized using traditional small molecular 

weight imprinting techniques for the recognition of bovine serum albumin (BSA). 

Reproducibility and capacity concerns prompted the use of circular dichroism to 

investigate the potential effects that conditions commonly employed have on the 

structure of the protein prior to polymerization. These studies clearly showed a 

substantial change in the secondary structure of three common model protein 

templates when in the presence of various monomers and crosslinkers. Molecular 

docking was used to further examine the interactions taking place at the molecular 

level. Docking simulations revealed that significant amounts of non-covalent 

interactions are occurring between the amino acid side chains and ligands; although, the 

interactions taking place amongst the analyte and polypeptide backbone are 

responsible for the experimentally observed conformational change. The computational 

studies also showed that several of the ligands preferentially ‘docked’ to the same 

amino acids in the protein, indicating that if multiple monomers are employed, this 

competition for similar binding sites will potentially result in non-specific recognition. 

These findings are important as they offer insight into the fundamental reasons why 

recognition of macromolecular templates has proven difficult as well as provide 

guidance for future success in the field. 
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Using this information, novel surface imprinted polymers were synthesized via a 

facile technique for the specific recognition of BSA. Thin films based on 2-

(dimethylamino)ethyl methacrylate (DMAEMA) as the functional monomer and varying 

amounts of either N,N’ methylenebisacrylamide (MBA) or poly(ethylene glycol) (400) 

dimethacrylate (PEG400DMA) as crosslinker were synthesized via UV free-radical 

polymerization. A clear and reproducible increase in recognition of the template was 

demonstrated for these systems as 1.6-2.5 times more BSA was recognized by the MIP 

sample relative to the control polymers. Additionally, these polymers exhibited specific 

recognition of the template relative to similar competitor proteins with up to 2.9 times 

more BSA adsorbed than either glucose oxidase or bovine hemoglobin. These synthetic 

antibody mimics hold significant promise as the next generation of robust recognition 

elements in a wide range of bioassay and biosensor applications. 
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CHAPTER 1: INTRODUCTION 

Biological organisms are some of the most efficient machines ever created. Most 

notably, molecular recognition is a fundamental and ubiquitous process that is the 

driving force behind life.  This elegant mechanism can be seen in a variety of life 

process, including enzymatic catalysis, antibody/antigen recognition in the immune 

system, DNA transcription, as well as intercellular complementary interactions. Despite 

the complex milieu of biological fluids, these natural receptors bind to their target via 

non-covalent forces with exceptionally strong affinities – the strongest interaction 

known in nature, the avidin-biotin complex, has an equilibrium dissociation constant on 

the order of 10-15 M [1]. 

Due to their unparalleled proficiency, scientists have long sought to mimic 

natural recognition pathways. This desire, coupled with the increase in molecular level 

understanding of pathogens and disease states over the past few decades, has 

pioneered a new era in diagnostic tools which rival the selectivity of natural recognition. 

These methods, based on biorecognition elements themselves, are superior in terms of 

speed, cost, and reliability compared to traditional laboratory diagnosis methods which 

employ cell culture, polymerase chain reaction, and/or histology [2]. One system that is 

robust and cost effective enough for widespread use both inside and outside of 

laboratory settings is enzyme-linked immunosorbent assay (ELISAs) based technologies. 

ELISAs are used in a variety of applications including the diagnosis of HIV [3] and West 

Nile Virus [4] as well as for quality control purposes in various industries [5, 6].  

 Despite their successes, these methods rely upon natural recognition elements 

and enzymatic amplification, neither of which is suitable in certain situations. 

Specifically, the diagnosis of infectious diseases in resource poor settings like those in 

developing countries or after natural disasters is often impractical with such systems. 

Each year millions die from malaria, respiratory infections (i.e. influenza), enteric 
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infections (i.e. cholera), and tuberculosis [7]. More than 95% of these deaths occur in 

developing countries, the majority of which are children or young adults and are often 

completely treatable with current medicine [7]. Accurate diagnosis of these ailments 

remains a major issue especially given that access to therapeutics for patients in need 

has significantly improved in the past decade due to philanthropic campaigns. The 

World Health Organization defined the characteristics of an ideal diagnostic test which 

can be employed at all levels of healthcare infrastructure as one that is affordable, 

sensitive (few false-negatives), selective (few false-positives), user-friendly, robust 

(refrigerated storage not required), rapid, equipment free, and deliverable to those who 

need them [8]. Obviously, the development of such a device that is competitive with 

laboratory based assays would be no small task. However, sacrificing sensitivity for a 

rapid response may potentially lead to better overall outcomes because patients often 

do not return for the results of tests that are sent away to laboratories [9].  

 Despite this striking need, very few approaches have been reported which 

attempt to address the issues plaguing current diagnostic tools in this arena. One such 

promising technique from Sikes et al. [2, 10]; however, used polymeric materials for 

facile detection of biomolecules with orders of magnitude better detection limits than 

standard enzyme amplification methods. In this work, a dual-functional macroinitiator 

capable of both recognition and initiation of a polymerization reaction was employed. 

This molecule allowed for the formation of a solid polymer only on areas of the surface 

where molecular recognition of the target analyte and subsequent polymerization 

occurred, thus achieving visible yes/no diagnosis. While this work is a step in the correct 

direction by obviating the need for enzyme amplification or auxiliary instrumentation, 

natural elements like oligonucleotides or antibodies are still central to the design.   

 Another promising methodology for this purpose is molecular imprinted 

polymers (MIPs) which have received an increasing amount of interest from the 

scientific community for biomedical applications in the past several years. These 
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‘antibody mimics’ are synthesized via the crosslinking of an inorganic or organic polymer 

network in the presence of an analyte or template molecule of interest [11-13]. After 

polymerization, the template is removed and binding sites specific to this analyte 

remain. This technique has been successfully applied to small molecule templates in the 

areas of separations, artificial enzymes, chemical sensors, and pharmaceuticals [14]; 

however, MIPs specific to biomacromolecules have even greater potential as 

recognition elements in the next generation of biomedical devices. Specific applications 

of macromolecular MIPs include biosensors, protein purification tools, and in the 

removal of unwanted biomolecules from the body. These fully synthetic systems are 

also well-suited to be employed as diagnostic tools in resource constrained settings 

because they are stable in a variety of environmental conditions, can be stored long-

term without performance loss, and can be tailored to recognize almost any 

macromolecule of interest. 

In this dissertation, novel recognitive thin films were developed based on 

macromolecular MIP methodologies for employment as synthetic sensing elements in 

robust diagnostic platforms. Additionally, we offer insight into the fundamental reasons 

why recognition of biomacromolecular templates have proven difficult with this general 

approach to date as well as provide guidance for future success in the field.  

Within this body of work, the research is divided into several chapters. Chapter 2 

offers detailed background and a critical review of the current trends in macromolecular 

imprinting. Chapter 3 describes the overall objectives and specific aims of this research. 

The optimization and synthesis of protein recognitive hydrogels based on traditional 

small molecular weight procedures is presented in Chapter 4. Chapter 5 details the 

systematic circular dichroism studies used to determine the effect that various ligands 

commonly used in protein imprinting have on the secondary structure of bovine serum 

albumin. The molecular level analyses of computational docking simulations on the 

complex interactions taking place in the pre-polymerization solution of protein 
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imprinted polymers is described in Chapter 6. Chapter 7 continues the systematic 

circular dichroism studies with two other common protein templates. Chapter 8 

describes the development, synthesis, and characterization of the novel surface 

imprinted thin films for the recognition of bovine serum albumin. Finally, the 

conclusions and future recommendations are presented in Chapter 9.  
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CHAPTER 2: BACKGROUND 

2.1. Natural Recognition  

Molecular recognition is a fundamental biological mechanism ubiquitous in 

nature. This elegant, yet simple mechanism is found in a variety of biological processes, 

including antibody/antigen recognition in the immune system, enzymatic catalysis, 

signal transduction, and nucleic acid interactions such as replication, transcription, and 

translation. Natural recognition is driven largely by non-covalent forces, including ionic 

interactions, hydrogen bonding, van der Waals forces, pi-pi interactions, and entropic 

considerations such as the hydrophobic effect [1].  Molecular recognition relies on the 

complex between receptor and substrate, which Emil Fischer first described as the ‘Lock 

and Key Model’ over a century ago. This elegant concept asserts that the formation of 

the complex is the result of intermolecular interactions between complementary 

functional groups on the lock or receptor (protein/enzyme) and the desired key or 

substrate (analyte) [2]. In other words, the two molecules must correspond both 

spatially and chemically. 

The main receptors responsible for specific recognition in nature are antibodies 

(immunoglobulins), enzymes, nucleic acids, and cells. Antibodies, the most widely 

studied, are large Y-shaped glycoproteins (or groups of proteins), 10-40 nm in diameter, 

produced and used in immune systems of higher order organisms to identify and 

neutralize foreign substances (antigens). Antibodies consist of two identical heavy 

polypeptide chains (55 kDa) linked via disulfide bridges with two identical light 

polypeptide chains (25 kDa) which form the characteristic Y-structure [3]. Each tip of the 

‘Y-structure’ contains a short variable sequence of amino acids, called the paratope, 

which is specific for one particular moiety of the antigen, termed the epitope [4]. In 

addition to the residue sequence at the N-terminus, specific recognition is also due to 

the spatial orientation of the binding pocket defined by the heavy and light chains. 
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Despite the complex milieu of biological fluids, antibodies bind to their target with 

exceptionally strong affinities, with typical dissociation constants on the order of 10-8 to 

10-10 M [5], which is superior to most Kd values of other natural receptors. As a result, 

antibodies are the current gold standard and are extensively employed in a variety of 

bioassay and biosensor applications.  

2.2. Biosensors 

The field of biosensor technology has exploded since its origins from the seminal 

papers in the 1960’s in which enzymes were used to detect biological compounds [6-8]. 

More recently, the combination of a greater understanding of biological recognition 

processes and integrated circuit technology has led to increased interest in 

commercializing highly specific, accurate, and reliable microsensor devices for a variety 

of applications in many disparate areas. Fields where biosensor devices have been 

pursued and developed include agriculture, food safety, national security, 

environmental protection, chemical production, and biomedical diagnostics [9].   

A biosensor is characterized by two main components, a recognitive or sensing 

element, which specifically interacts with a target analyte, and a transducing element, 

which converts the interaction into a quantifiable effect (Figure 2.1). Key requirements 

of an effective biosensor are specificity for its desired target and detection capabilities 

over the entire relevant concentration range [10]. This necessitates that the recognition 

element be able to selectively bind the analyte with high affinity and selectivity.  

In biomedical applications, the most common forms of recognition elements are 

based on antibody/antigen, enzymatic, nucleic acid/DNA, cellular, and biomimetic 

(synthetic bioreceptor) interactions [11, 12]. Even analytes which do not have a natural 

receptor can be recognized by creating suitable recognition elements using recombinant 

antibodies [13] or phage display antibody libraries [14].  
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Although a variety of transducers have been studied, the most widespread 

include electrochemical, optical, and piezoelectric [15]. Electrochemical sensors 

measure the changes that result from the interaction between the analyte and sensing 

surface of the detecting electrode. Electrochemical sensors can be separated into 

subgroups dependent on the measurement mode and include amperometric (current), 

potentiometric (voltage), conductometric (conductance), impedimetric (impedance), 

and field effect transistors (voltage) [15].  

More than half of the reported literature on biosensors is based on 

electrochemical transducers due to their sensitivity, simplicity, and low cost [16].  

Optical biosensors transduce a biological event using an optical signal such as 

absorbance, fluorescence, chemiluminescence, surface plasmon resonance (to probe 

refractive index), or changes in light reflectivity [17]. Optical biosensors are 

advantageous for screening a large number of samples simultaneously, but cannot 

easily be miniaturized for in situ applications [9]. Lastly, piezoelectric based sensors are 

operated by applying an oscillating voltage at the resonance frequency of the 

piezoelectric crystal and measuring the change in this frequency when the desired 

analyte interacts with the crystal surface. The most common piezoelectric sensors are 

those which include surface acoustic wave (SAW), bulk acoustic wave (BAW), and quartz 

crystal microbalance (QCM) based components. Several excellent reviews have recently 

been written on biosensors based on these transducer platforms [9, 17-20]. 

2.3. Molecularly imprinted polymers (MIPs) 

Despite the successes of systems based on natural recognition elements, their 

inherent disadvantages—which include poor chemical, physical, and long-term stability; 

batch-to-batch variability; skilled-labor intensive; as well as relatively high cost [10, 

21]—have led researchers to investigate alternative synthetic receptor systems which 
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can overcome these weaknesses. One such technique that has gained significant 

interest recently is molecularly imprinted polymers (MIPs).  

Molecularly imprinted materials have been called ‘antibody mimics’ because 

these systems attempt to mimic the interactions of their natural counterparts and have 

achieved affinities and selectivities that approach those of the current gold standard. In 

a recent study, Lotierzo et al. [22] reported that their MIP system was able to 

outperform monoclonal antibodies under the same conditions with a broader detection 

range and better long term stability. Seminal work by Polyakov [23] in the 1930s, using 

silica matrices, was the first report in which selectivity effects were explained in terms of 

a template effect, although the additives were included after polymerization. The 

inspiration for the field of MIPs; however, evolved from Linus Pauling’s hypothesis on 

antibody formation in the immune system [24]. Pauling proposed that the primary 

structure of any antibody was identical but that the free chains could surround an 

antigen and memorize its shape, with a term called “complementariness”[24]. Later 

work in Pauling’s lab showed distinct selectivity for a small molecule, methyl orange, in 

silica based system, similar to Polyakov’s approach, except that the template molecule 

was present during synthesis [25]. Twenty years later, Mosbach [26] laid the foundation 

for the current field with the first report of organic polymers in this arena. This study 

employed polyacrylamide gel networks with acrylic functionalities for the entrapment of 

enzymes and cells [26]. Interestingly, acrylamide and acrylic based monomers remain 

important still today as backbone components in many MIP systems.   

Molecular imprinting is a promising field in which a polymer network is formed 

with specific recognition for a desired template molecule. Briefly, functional monomers 

are chosen which exhibit chemical structures designed to interact with the desired 

template molecule via covalent or non-covalent chemistry.  The monomers are then 

polymerized in the presence of the desired template; the template is subsequently 

removed; and the product is a polymer with binding sites specific to the template 



 11 

molecule of interest (Figure 2.2). This technique has been successfully applied to small 

molecule templates in the areas of separations, artificial enzymes, chemical sensors, and 

pharmaceuticals [27]. The imprinting of small molecules is well developed, and tailor-

made molecular imprints are now available commercially. Companies that produce 

products based on imprinted molecules include MIP Technologies AB (Lund, Sweden – 

now a subsidiary of Biotage AB), POLYIntell (Val de Reuil, France), MIPSolutions Inc. 

(Kettle Falls, Washington, USA), and Semorex (Fenwood, NJ, USA). For more in-depth 

background information on small molecular weight MIPs, refer to a recently published 

review article [28].  

2.4. Imprinted polymers with macromolecular templates 

Macromolecular imprinted polymers, MIPs synthesized in the presence of 

macromolecular templates (>1500 Da), have received a significant amount of interest 

from the scientific community over the past several years, especially since 2005 (Figure 

2.3). Due to their importance, proteins are the most extensively studied template in 

macromolecular imprinting. However, less than 2% of published work in the area of 

MIPs uses proteins as templates.  

A summary of the comparison of MIPs to natural recognition elements is shown 

in Table 2.1. Of note is the fact that MIPs have many advantages over antibodies in 

terms of their overall stability, ease of synthesis and use, as well as facile integration 

with transducers. However, at this point MIPs are not able to directly compete with the 

binding affinity and selectivity demonstrated by natural recognition elements, especially 

for current applications where antibodies are used in their soluble form.    

Nevertheless, synthetic systems exhibiting the ability to selectively recognize 

specific macromolecules in a complex milieu would be advantageous over natural 

counterparts for a variety of applications. In the laboratory setting, the low cost, 

reusability and overall robustness would be useful in the isolation, extraction, or 
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purification of proteins in assays. Specifically, techniques which currently utilize 

antibodies bound to a solid support – immunoassays, immunoaffinity chromatography, 

and immunosensors – would benefit from robust synthetic recognition elements.  

Potential applications of macromolecular MIPs beyond the laboratory include in 

biosensing, removal/neutralization of toxic biomacromolecules in the body as well as 

targeted therapeutic delivery in feedback-controlled devices. Protein MIPs are 

particularly well suited to be employed as diagnostic tools in settings where medical 

infrastructure is lacking, such as in the detection of communicable diseases prevalent in 

developing countries or after natural disasters. Several excellent review articles have 

been reported which summarize the work in this field [29-32].  

2.5. Critical barriers to the success of protein-recognitive MIPs  

In spite of the interest and large potential impact of these systems, relatively 

little progress has been made in the field towards realizing the potential of these 

synthetic antibodies for a variety of reasons. Most notably, the inherent properties of 

proteins – size, complexity, and conformational instability – have been the main 

hindrances for macromolecular MIPs as they prevent the direct extension from the far 

more successful field of small molecular weight MIPs.   

Traditional imprinted polymers tend to be relatively dense networks (small pore 

sizes for diffusion of the template into and out of the matrix) in order to retain the 

binding sites created during polymerization. This is problematic for large templates such 

as proteins as they can become entrapped in the network after polymerization and 

cannot easily diffuse back into the network to find binding sites subsequently. Network 

diffusion limitations, in both directions, lead to inadequate recognition properties. 

Additionally, slow leakage of the template is sometimes observed, which can 

significantly impact recognition results, especially in the testing of trace substances. 
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 Unlike smaller templates, proteins are complex biopolymers composed of linear 

sequences of amino acids that present a large number of potential recognition sites. 

Different portions of a protein exhibit distinct chemical functionality. Because of the 

large number of potential heterogeneous binding sites, proteins lend themselves to 

having multiple weak interactions, which favors nonspecific binding. To achieve a 

relatively easy on/off binding event where the protein template can be removed with 

minimal damage to the three dimensional cavities, a non-covalent recognition process is 

favored. Therefore, the same supramolecular interactions that occur in nature are 

exploited to achieve recognition. However, these non-covalent interactions are 

relatively weak; thus, specificity against competitor proteins remains a challenge.  

In most cases, the polymerization conditions employed during traditional 

imprinting procedures are non-physiological. Changes in protein template structure 

would lead to conformations different than those found in their natural environment, 

causing the binding sites formed during polymerization to be specific to this alternate 

state.  Therefore, when re-binding is attempted later under physiological conditions, 

specific recognition of the template is not observed. Indeed, results presented later in 

this Ph.D. thesis clearly show the detrimental effects that protein MIP constituents have 

on protein templates. Specifically, we performed systematic circular dichroism studies 

with the three most frequently used protein templates (BSA, lysozyme, BHb) in the 

presence of several common monomers and crosslinkers at relevant polymerization 

concentrations. We found that these reactants induced significant changes in the 

secondary structure of all three protein templates at concentrations far below what are 

used in the literature. This is obviously a cause for concern and potentially a large 

reason for the lack of success in the protein MIP field to date.  

Another major obstacle is the solvent, as one must be chosen that does not 

interfere with the monomer-template interaction while still allowing complete 

miscibility between all constituents. Proteins are often insoluble and/or unstable in the 
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aprotic organic solvents typically used in small molecular weight imprinting. And, while 

proteins are completely miscible in aqueous solutions, it is far from the ideal solvent as 

water will compete for and potentially disrupt hydrogen bonding between the 

monomer and template, the interaction upon which many systems rely for recognition.  

2.6. General approaches to macromolecular imprinting  

Despite these obstacles, many groups have undertaken the task of developing 

protein recognitive polymers over the past decade through a variety of approaches - 

most commonly categorized as bulk, particle, surface, and epitope.  Figure 2.3 shows 

that interest in the field of macromolecular imprinting has increased considerably since 

2005. It is also clear is that the field has been dominated by surface imprinting, with 

approximately 60% of all papers published describing this approach. 

An exhaustive analysis of the literature reveals a few obvious trends. First, with 

few exceptions [33-38], almost all of the literature to date employ model proteins as 

templates. Of those, bovine serum albumin (BSA), lysozyme, and bovine hemoglobin 

(BHb) are the most common (Figure 2.4 A). The overwhelming majority of studies 

employ acrylamide (Aam) and N,N’ methylene bisacrylamide (MBA) as a functional 

monomer and crosslinker, respectively (Figure 2.4 B&C). The five most common 

monomers – acrylamide (Aam), methacrylic acid (MAA), aminophenylboronic acid 

(APBA), acrylic acid (AA), and N-isopropylacrylamide (NiPAam) – account for nearly 60% 

of the monomers used in the literature (Figure 2.4 B). And as a whole, MBA and 

ethylene glycol dimethacrylate (EGDMA) are crosslinkers in over 80% of the published 

reports (Figure 2.4 C). Consequently, it seems that despite the large number studies to 

date (around 175 in total), researchers tend to employ the same components in their 

work. The following discussion overviews each of the four general approaches and 

highlights studies of interest from the literature. Other recent reports are summarized 

for each approach in Tables 2.2-2.5.  
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2.6.1. Bulk imprinting 

 Bulk imprinting, the standard technique which has been so successful for small 

molecular weight MIPs, is the most straightforward approach to macromolecular 

imprinting. The general bulk imprinting procedure was outlined in Section 2.3 and 

illustrated in Figure 2.2. The advantages to this approach are that three-dimensional 

binding sites are formed for the entire protein and that there are a multitude of facile 

procedures already present in the literature.  

In a recent bulk protein imprinting strategy, Ou et al. [39] used equimolar 

amounts of methacrylic acid (MAA), acrylamide (Aam), and 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) as the functional monomers and N,N’-methylenebisacrylamide 

(MBA) as the crosslinker to imprint for lysozyme. The charged monomers were used to 

exploit electrostatic interactions with the oppositely charged amino acid residues of 

lysozyme. Up to 27% (w/w) of the original template remained entrapped in the polymer 

after the template removal process.  After lyophilizing, moderate affinities were 

demonstrated (1.3-3.4 times more lysozyme absorbed with the imprinted polymer than 

the control polymer); however, the rebinding was not specific as the MIPs absorbed 

essentially the same amount of BSA (13.3% w/w) as lysozyme (15% w/w).     

In another bulk imprinting study, Hawkins et al. [40] took an interesting 

approach to quantify the recognition of the protein template, bovine hemoglobin (BHb), 

using Aam as the functional monomer and MBA as the crosslinker.  In contrast to the 

majority of imprinting literature, this procedure accounts for non-specific binding via 

load, wash, and elution phases. Briefly, the protein is incubated with the polymer 

particles (load), rinsed five times in water (wash), and then eluted with an SDS/acetic 

acid aqueous solution (elution).  Detection of the protein template in the elution phase 

subsequent to load and wash steps indicates specific recognition has occurred. Sodium 

dodecyl sulfate (SDS) is a surfactant that has been shown to denature proteins by 

destroying the secondary structure [41], thus causing a protein molecule that is 
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chemically attached to the MIP to alter its conformation, cleaving non-covalent bonds, 

and allowing subsequent diffusion out of the network. Excellent affinities (~16-23 times 

more BHb seen in MIP elution than control elution phases) and selectivities (3.8 versus 

myoglobin and 5.1 versus cytochrome C) were demonstrated [40].  

In spite of these great results, there are a few unanswered questions for this 

particular study. First, after optimization, only ~48% of the initial template was removed 

after polymerization, which is well below typical values of ~70-90% seen in the literature 

[32]. Secondly, more BHb was recovered in the recognition studies than was initially 

added to the load phase.  This may be a result of the fact that there was still quite a bit 

of template left in the polymer particles before the rebinding studies were performed.  

It is worth noting here that template removal is a crucial step in protein 

imprinting, especially in the bulk approach, that is often not properly addressed. The 

most common methods include aqueous SDS/acetic acid [34, 40, 42-64], SDS/NaOH [65-

71], aqueous NaCl [39, 72-86], or just simply water/buffer [38, 43, 87-97]. Despite the 

importance, relatively few studies have focused on optimizing the template removal 

process [39, 40, 50, 98]. Additionally, the use of SDS/acetic acid for template removal, 

while highly successful, has led to experimental artifacts in subsequent recognition 

studies by several groups [40, 45, 51, 52, 60, 61, 99]. This problem, attributed to the 

inability to completely remove SDS from the polymer network, was highlighted quite 

effectively in a recent review article [29]. As a result, one must be mindful of the 

compromise between effective template removal and integrity of the binding sites as 

well as ensuring that the washing compounds are completely removed prior to 

recognition studies. 

The results obtained in the bulk imprinting studies mentioned above are 

representative of those typically seen in the literature. A few inherent obstacles have 

prevented this strategy from being successful, including diffusional limitations, solubility 
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concerns of the template in organic solvents often used in small molecule imprinting, 

and conformational changes in the protein template caused by the non-physiological 

conditions employed. As a result, alternative approaches have received increased 

interest in the past few years. 

2.6.2. Particle based imprinting 

The majority of bulk imprinting involves wet sieving or crushing the polymer 

after polymerization and before template removal procedures to minimize diffusional 

limitations.  However, this produces irregularly shaped and polydisperse particles and 

may destroy potential binding sites [100, 101]. As a result, various studies have explored 

the use of emulsion or suspension polymerizations to directly synthesize micro-

/nanoparticles [56-58, 60-62]. The main differences between bulk and particle platforms 

are the addition of stabilizers/surfactants and the monomer/template are at a much 

lower concentration in the pre-polymerization solution. Drawbacks to this method are 

that residual amounts of stabilizers have remained in the polymer particles even after 

extensive washing as well as the potential disruption of the monomer-template complex 

due to the presence of surfactants. 

In a few recent studies by the same group, Pang et al. [56-58] synthesized 

polyacrylamide particles after optimizing temperature and crosslinking density using an 

inverse suspension polymerization with BSA as the model protein template. Ethyl 

cellulose, the stabilizer, was dissolved in toluene to form the continuous phase into 

which an aqueous monomer solution containing Aam and MBA was added. Free radical 

polymerization yielded relatively monodisperse particles ranging in size from 150-280 

µm which were rinsed in SDS/acetic acid for template removal. Rebinding studies on the 

resultant microparticles showed affinities of ~4 (amount loaded into MIPs vs. control 

polymers) and adequate selectivities (~3.8 and ~5.4) over hemoglobin and ovalbumin, 

respectively. 
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In novel approach recently published from the Peppas group [102], BSA 

imprinted particles were synthesized via the ionic crosslinking of sodium alginate (SA) in 

calcium chloride (CaCl2). To do so, an aqueous solution of BSA/SA was added dropwise 

from a syringe into a solution of CaCl2. Alginate is a hydrophilic natural linear 

polysaccharide which is both biocompatible and biodegradable [103]. This rapid and 

facile procedure does not require the addition of organic solvents or surfactants, which 

has been the case for the majority of previous protein imprinting studies with alginate 

particles [104-108] as well as other particle-based imprinting studies.  

While this study produced particles in the size range of 2-3 mm, the diameter is 

easily tunable by changing the viscosity of the BSA/SA solution or using a nitrogen gas 

stream. For example, Ying et al. [109] report a similar protein imprinting procedure in 

which alginate particles down to 300 μm were produced by the addition of a nitrogen 

gas stream aimed at the tip of the syringe to decrease the droplet size. Standard 

pharmaceutical spray technologies have also been shown to produce ionically 

crosslinked alginate particles below 50 μm with a narrow particle size distributions 

[110]. Additionally, alginic acid based protein imprinted thin films were recently 

reported by the Peppas group which demonstrated successful imprinting of BSA [111]. 

Although further study is needed, alginic acid based systems appear promising going 

forward as a platform technology for the production of protein MIPs without the need 

for harsh synthesis conditions or surfactants, thus eliminating concerns of protein 

conformational instability.      

2.6.3. Surface imprinting 

In the most common protein MIP strategy, surface imprinting, the imprinted 

binding sites are located at or very near the surface of the polymer. This is achieved by 

either synthesizing a thin polymer film using similar approaches to those in bulk 

imprinting or by attaching the protein template on the surface of a substrate (flat or 
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spherical) with subsequent polymerization.  This method facilitates diffusion of the large 

macromolecule into and out of the network, thereby minimizing template size concerns. 

Additionally, surface imprinted MIPs tend to be more physically robust due to the 

presence of the support and allow for easier integration with sensor platforms. 

However, the trade-off is often a decrease in specificity as only a portion of the protein 

is imprinted, thus later recognized. Many excellent studies have been published using 

this approach, some of which are highlighted below and in Table 2.4. 

In one of the seminal papers in protein imprinting, Shi et al. [112] used radio 

frequency glow discharge (RFGD) plasma deposition to form thin fluoropolymer films 

around the protein template coated with disaccharides in a surface imprinting strategy. 

The protein template (including BSA, immunoglobulin G, or lysozyme) was adsorbed 

onto a mica surface and a disaccharide solution was added forming hydrogen bonds 

between the hydroxyl groups on the sugars and the exposed polar amino acid residues 

on the protein during subsequent dehydration. After RFGD plasma deposition, which 

created covalent bonds between the disaccharide and polymer, and subsequent 

removal of the mica and protein, cavities specific to the protein template were present 

in the polysaccharide.  While affinity (ratio of template absorption of MIP to that of non-

imprinted) of these surface imprinted systems were not great, selectivities (ratio of 

template absorption of MIP to competitor protein absorption of MIP) demonstrated 

were excellent.  Specifically, the selectivity of the BSA MIP for BSA over IgG 

(immunoglobulin G) was 5-10, IgG MIP for IgG over BSA was 4-7, and more impressively 

lysozyme MIP absorption for lysozyme over RNase A was 20 especially due to their 

similar size and isoelectric point. 

In general, living radical polymerizations – iniferter, reversible addition-

fragmentation chain transfer (RAFT), atom-transfer radical polymerization (ATRP), and 

nitroxide-mediated polymerization (NMP) – control chain growth and termination via a 

chain transfer agent to yield monodisperse polymers. Despite the obvious benefits that 
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these types of polymerizations have over traditional free-radical polymerizations due to 

their potential ability to minimize heterogeneity of inner morphology and binding site 

affinities, only a few have been reported to date for small molecular weight MIPs [113]. 

In the first study that combines a controlled polymerization with protein MIPs, Qin et al. 

[59] modified the surface of polystyrene beads with a dithiocarbamate iniferter and 

synthesized an Aam/MBA based thin film for the recognition of lysozyme. Superior 

affinity (12.7 vs. 2.6) and selectivity (>12 vs. ~1) was demonstrated for lysozyme with 

the iniferter based films relative to films synthesized with traditional thermal free 

radical polymerization. Additionally, the iniferter allowed for greater control of film 

thickness. Similar results were obtained in a more recent publication by the same group 

which used an iniferter based controlled polymerization to produce a temperature 

responsive protein MIP [84]. While the compatibility of controlled polymerization 

ingredients with those of typical MIP recipes is sometimes limited, controlled/living free 

radical polymerization is a promising new area in macromolecular MIPs that merits 

further investigation.  

In another recent study, Jing et al. [79] developed a novel method for the rapid, 

low cost, and selective detection of lysozyme in human urine samples. Fe3O4 

nanoparticles were silanized to promote covalent attachment of the MIP layer 

synthesized via thermal free radical polymerization which consisted of Aam and MAA as 

functional monomers and MBA as crosslinker. Chemiluminescence was used to quantify 

the selective recognition of lysozyme after magnetic separation of the MIPs without the 

need for elution from a column or centrifugation, which is the case for traditional solid-

phase extraction. Under optimal conditions the entire analytical procedure was 

achieved in less than 12 minutes and the limit of detection was 5 ng mL-1. Affinity (~9), 

selectivity (up to 4), and capacity (110 mg lysozyme per g polymer) values compare 

quite favorably with previous surface imprinting literature [32, 114]. Additionally, 

lysozyme concentrations in human urine samples were determined using a commercial 
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detection kit and with the much simpler, faster, and cheaper MIP based system.  

Comparison of the two sets of readings showed a nice correlation (r=0.9595). Therefore 

this Fe3O4-MIP based system shows promise as a high-throughput analysis system for 

the detection of elevated lysozyme levels in urine for the diagnosis of renal diseases.  

Cai et al. [34] recently prepared arrays of carbon nanotube tips coated with non-

conducting polymers for the subpicogram detection of human ferritin and human 

papillomavirus (HPV) derived E7 protein via impedance spectroscopy. Vertically aligned 

nanotube arrays were grown on a titanium layered glass substrate, a support polymer 

(SU-8) was spin coated onto this assembly, the exposed portion of the nanotubes were 

polished, and finally the MIP coating on the nanotubes was achieved by 

electropolymerization of polyphenol in the presence of the protein template. Highly 

selective recognition was achieved for both templates as a variety of similar competitor 

proteins for each did not produce significant impedance responses. Also, the sensitivity 

level reached (~10 pg L-1 for human ferritin) surpasses that of conventional MIP sensors 

and is comparable to nanosensors based on natural recognition elements. As a result, 

this novel label-free electrochemical surface-imprinted approach appears promising for 

the clinical detection of various biomarkers as well as other proteomic applications in 

lieu of those based on biomolecular recognition. 

2.6.4. Epitope imprinting 

Combining the concepts of surface and bulk imprinting, the epitope approach 

employs a short polypeptide as the template during polymerization to represent a 

moiety of a larger polypeptide or protein ultimately desired to be recognized [90, 115-

122].  This technique attempts to more closely mimic the specific interaction between 

an antibody and antigen described earlier.  

In one early study, Rachkov et al. [120] used conventional small MW 

components – MAA (functional monomer), EGDMA (crosslinker), and solvent 
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(acetonitrile). A highly crosslinked polymer network was formed in the presence of a 

tetrapeptide (YPLG) for the subsequent recognition of the nonapeptide oxytocin 

(CYIQCPLG) with the same C-terminus. Adequate affinity (~1.5-3.5 times more 

absorption of the template with the MIP than the control, depending on crosslinker 

composition) was obtained. Selectivity was observed for both the template and 

oxytocin, however, was unsuccessful when attempting to recognize the parent molecule 

angiotensin II (an octapeptide) using a tripeptide template in another study [119].  

In a milestone study, Hoshino and Shea [116] detailed the first in vivo studies for 

MIPs. Specifically, sub-100 nm NiPAam based nanoparticles (NPs) were synthesized with 

positive (3-aminopropylmethacrylamide), negative (AA), hydrophobic (t-butyl 

acrylamide), and hydrophilic (Aam) functional monomers in the presence of the 

template, mellitin, a 26 unit peptide present in bee venom. Preliminary in vivo studies 

showed no detectible toxicity as well as no significant change in body weight between 

NP injected and control mice 2 weeks after injection. These NPs were also highly 

successful in reducing mortality, as survival rates for mice injected with the MIP NPs 

(~60%) 20 seconds after mellitin injection was significantly higher (p=0.03) than that of 

the control mice (no NP injection, 0%).  Additionally, studies with the MIP NPs showed 

binding affinities comparable to those for antibodies to mellitin (apparent binding 

constant of ~1011 M-1).   Although this study imprints and recognizes a polypeptide (not 

for a parent macromolecule), it is a landmark achievement for the field as it is a proof-

of-principle for specific template recognition in complex biological fluids with no 

apparent toxicity.  

The epitope approach is advantageous over bulk and surface protein imprinting 

as it addresses, at least to some extent, all three major obstacles to successful protein 

imprinting – size, complexity, and conformational instability. First, the small template 

allows for high crosslinking and structured binding sites without concerns of template 

removal. Obviously, since the ultimate goal is the recognition of the parent molecule, 
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diffusional limitations in the macromolecule rebinding studies still must be addressed. 

Second, analogous to natural recognition pathways as well as small molecular weight 

imprinting, the complexity of the template is minimized, thereby limiting non-specific 

interactions. Consequently, binding affinity and selectivity of the MIP should, in theory, 

increase. Third, polypeptides are far less sensitive to their environments as secondary 

and tertiary structures are not present. Additionally, aprotic organic solvents can be 

used for dissolution without solubility or conformational change concerns. Additionally, 

protein biomarkers are expensive, so the ability to use short peptides of a protein would 

certainly be more cost-effective; although the synthesis and/or purification of 

functionalized peptides can be difficult.  Overall, epitope imprinting allows for the 

employment of common small molecule MIP procedures without typical concerns of 

macromolecular imprinting. However, it remains to be seen whether successful epitope 

imprinting translates into specific recognition of its parent macromolecule as few 

studies using this approach have been reported to date. Nevertheless, epitope 

imprinting appears to be a promising approach going forward and should be explored 

accordingly. 

2.7. Rational design of protein MIPs  

Success of the protein imprinted polymer lies with the monomer-template 

complex (Figure 2.2B). This complex must be thermodynamically favorable and stable 

under reaction conditions, but at the same time the bonds must be easily broken for 

subsequent template removal such that the polymer network and the binding sites are 

not disturbed. Macromolecular MIPs typically rely upon non-covalent interactions for 

recognition, with H-bonding, electrostatic, and hydrophobic interactions the most 

prevalent. 

 In theory, the ability to optimize the pre-polymerization solution by selecting 

monomers with high affinity for the template should lead to a polymer able to more 
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selectively recognize the specific protein template. This will allow for a much more rapid 

investigation of possible compositions rather than the typical process of polymerization, 

template removal, and recognition studies which, in total, can take several days to 

weeks. Despite the importance of this interaction in the pre-polymerization solution; 

however, very few experimental studies have looked at this complex in an attempt to 

optimize the resultant recognitive polymer, especially with protein templates [66, 69, 

71, 123].  

Wang et al. [123] used fluorescence quenching to investigate the interaction 

between the functional monomer, aminophenylboronic acid (APBA), and protein 

template, BSA. Fluorescence quenching was defined, in this case, as the shift in 

fluorescence intensity of BSA at 343 nm caused by the presence of APBA. Using the 

optimal molar ratio of APBA-to-BSA from this analysis, the protein imprinted polymers 

were polymerized on the surface of activated glass spheres. Subsequent recognition 

studies demonstrated excellent affinity (6.1 times more BSA adsorbed for the MIP than 

the control polymer) and selectivity (6.2 times more BSA adsorbed than competitor 

bovine hemoglobin). However, protein fluorescence shifts are commonly used to 

measure changes in conformation of the macromolecule due to unfolding of the protein 

which exposes tryptophan residues previously buried in the hydrophobic core [124, 

125]. As a result, it is not obvious whether the fluorescence shift seen in this study was 

due to protein-ligand binding or simply protein unfolding.  

The Chou group employed isothermal titration calorimetry (ITC) to determine 

the optimal monomer and crosslinker for several protein templates [66, 69, 71]. ITC is a 

calorimetric technique commonly used in biochemistry to study the thermodynamics of 

protein-ligand interactions by monitoring the amount of heat released upon addition of 

discrete amounts of ligand [126].  Various protein templates were adsorbed onto glass 

slides and titrations were individually performed from a set of common monomers and 

crosslinkers.  Synthesizing surface imprinted MIPs with the best functional monomer 
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and crosslinker pair for each template yielded films that were highly successful in 

subsequent recognition studies. Affinity and selectivity values as high as 15 each were 

achieved with this methodology.  These results are promising, though,, the procedure is 

limited. First, the best monomers and crosslinkers were selected only from a set of 5-6 

ligands; therefore, it is quite possible that a monomer or crosslinker not investigated 

could produce an even more desirable heat response. Secondly, this procedure does not 

give the optimal ratio of monomer to template which means that the authors still were 

required to synthesize polymers with various ratios.  

It is clear from the paucity of literature that there is a need for systematic and 

thorough optimization of the type and relative amount of monomer and crosslinker 

from a large set of targets. Factorial design would be useful to determine interactions 

between these variables and others, which are likely numerous. Such a study would 

provide the first real rational design of a protein MIP system. 

2.8. Conclusions and Future Outlook 

 Despite the increasing amount of interest and numerous promising studies 

reported over the past several years, significant challenges still face macromolecular 

imprinted polymers. In reviewing the literature, a few recommendations can be made. 

First, the fundamental mechanisms behind template recognition have received very 

little attention, thus remain largely unknown. Success of the subsequent MIP depends 

on the stability and strength of the monomer-template complex prior to polymerization. 

It is clear that the dominant recognitive forces in protein MIPs are hydrogen bonding, 

electrostatic, and hydrophobic interactions; however, the relative importance of each of 

these is still in question. Elucidating this exact recognition mechanism computationally 

or via other fundamental approaches can go a long way towards progressing the field 

beyond its current state. 
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 Second, somewhat surprisingly, true rational design of protein MIP systems is 

absent from the literature. As previously mentioned, the design of MIP systems after 

systematic optimization of the type and amount of functional monomer relative to 

template (among other variables) should prove useful in efficacious recognition. To do 

so, one could use computational modeling or conduct more thorough analyses using a 

using the aforementioned analytical techniques with a larger pool of ligands. Optimizing 

this interaction could have the added benefit of shedding light into the mechanisms 

behind recognition in macromolecular MIPs.  

 Third, it is obvious that more attention needs to be given to the development of 

robust procedures that set the standard for future work. Two of the main advantages of 

MIPs compared to antibodies are the ease of synthesis and that these artificial matrices 

can, in principle, be used to recognize any biomolecule of interest. Far too often, 

though, it seems that the protocols reported are complex and labor intensive [90, 99, 

112, 127-132] as well as lacking generic applicability to other protein templates. As a 

result, many studies are proof-of-concept for a specific approach rather than attempts 

to develop robust frameworks that provide convincing evidence of an imprinting effect 

for various templates. 

 Lastly, it is now evident that the general design principles of small molecular 

weight MIPs do not apply to the macromolecular regime. In work from this PhD. thesis, 

we clearly show that monomers commonly employed in MIPs significantly alter the 

template conformation prior to polymerization. This is a significant finding as it provides 

insight into a potential major reason for the lack of success to date. If a template is 

forced into a different conformation, then the binding sites will be specific to this 

alterative state. Subsequent studies with the protein template in its native state will not 

result in specific recognition.  
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Based on this result, it seems that epitope and surface imprinting are promising 

approaches going forward as they obviate monomer contact with the sensitive 

macromolecular template. The field has naturally progressed in the direction of surface 

imprinting (Figure 2.3); however, only a few epitope imprinting studies have been 

reported [90, 118-122, 133, 134]. Also, living radical polymerization techniques which 

allow for better control of binding site morphology as well as procedures that employ 

biocompatible monomers, such as alginate, merit further study. Taking these things into 

consideration, we remain positive about the future potential of macromolecular MIPs as 

label-free recognition elements for ultrasensitive biosensors as well as a wide variety of 

other high impact bioassay applications. 
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TABLES 

 

Table 2.1: Comparison of natural recognition elements with MIPs  

 

  Natural Recognition Elements MIPs 

Binding Affinity high affinity/specificity 
varies (especially for macromolecular 

templates) 

Generality one receptor per analyte 
MIPs can be developed for any 

template 

Robustness 
limited stability (each element has 

own operational requirements) 
stable in variety of conditions (pH, T, 

ionic strength, solvents) 

Cost expensive synthesis but cost effective inexpensive 

Storage days at room temperature 
long term storage without loss in 

performance (several months to years) 

Synthesis/ 
Preparation 

time intensive facile 

Sensor integration 
poor compatibility with transducer 

surfaces 
fully compatible 

Infrastructure 
required 

expensive analytical 
instruments/skilled labor 

label-free detection 
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Table 2.2: Summary of recent macromolecular imprinting research using bulk 

approach  

 

Ref(s) Template(s) Components X-linker mol %, 
mon:temp molar 

ratio 

Comments 

[38] interleukin-1 TEOS/APTES/C8-
TMOS/HAPTS 

n/a • sol-gel polymerization, luminescence with xerogels for 
quantification 

• ~2 pg/mL detect limit, <2 min response t, >95% 
reversibility after 25 cycles 
• compared well with ELISA 

[135] Lysozyme MAH, HEMA, 
EGDMA 

650:1 mol 
MAH:Lys 

• UV polymerization in acetonitrile (metal-ion imprinting) 
• affinity: 1.5-4 depending on Lys conc; Selectivity: ~3.6-4.1  

• reusable for 25 cycles up to 95% of original 

[35, 
136] 

HSA Aam, MBA 2.4 mol% MBA, 
371,000:1 
mon:temp 

• thermal polymerization in MOPS buffer (pH=7.4) 
• able to detect & remove HSA from cerebrospinal fluid & 

serum of patients with ALS 

[73] Lysozyme, 
Cyt. C 

NiPAam, MAA, Aam, 
MBA 

1.3 mol% MBA, 
250:1 mol 

mons:temp 

• thermal polym. in Tris-HCl buffer 
• stimuli respons polym: volume decrease of MIP (not NIP) 

as conc. of Lys incr. 
• affinity ~1-2.4 (depending on NaCl conc.), selectivity 

shown as well 

[76] BSA DMAPMA/Aam/NIP
Aam, MBA as X-

linker 

3 mol% MBA, 
2450:1 

mons:temp 

• thermal polym. in Tris-HCl, temp responsive polymer 
network 

• max affinity (~2.6) at 40oC, selectivity (1.8-21)  
• showed ability to purify BSA from bovine calf serum, 

reusable up to 6 cycles 

[137] BSA DMAPMA, 
TEGDMA/PETTA 

9 mol% X-linker, 
7970:1 

DMAPMA:BSA 

• thermal polym. in DI at T=38oC 
• adsorption ↓ as polym time ↑ from 24 to 60 hours  

• affinity=1.7, selectivity against myoglobin=14.5 (but NIP 
selectivity~5) 

• TEGDMA (linear X-linker) gave better results overall than 
PETTA (branched) 

[82] BSA 4-VP, NiPAam, Aam, 
MBA, Cu(OAc)2 

1.3 mol% MBA; 
934 mol mons:BSA 

• thermal polym. in Tris-HCl buffer (10 mM, pH=7.4), metal 
ion imprinting 

• affinity~1.2-2.5 (much higher absorption with Cu(II) in 
soln.) 

• max # of binding sites on BSA is 16; 96% of original 
absorption after 6 uses 

(list of abbreviations at end of Table 2.5)  
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Table 2.3: Summary of recent macromolecular imprinting research using particle 

based approach  

Ref(s) Template(s) Components X-linker mol %, 
temp:mon molar 

ratio 

Comments 

[106, 
107, 
109, 
138, 
139] 

BSA Sodium Alginate, 
CaCl2 

n/a • ionic X-linking with alginate and CaCl2 
• affinity~3.5, Selectivity~2.4-3.5 

• langmuir isotherm behavior 

[60, 
62] 

Rnase A, 
BSA, 

Lysozyme 

MMA, EGDMA, 
surfactant (SDS, PVA) 

4000:1 mol 
MMA:prot, 

75mol% EGDMA 

• looked at effect of rxn type, surfactant, homogenization, 
electrolytes on the protein structure  

• emulsion polym. (thermal initiated much more successful 
than UV init.) 

• affinity with Rnase (~1.2-7), BSA (~1), lysozyme (~1) 
• Selectivity adequate (max of 2) 

[37] Staphylococc
us aureus 
protein 

Aam,  MBA, ethyl 
cellulose 

~5 mol% X-
linking, 1.2E6:1 

Aam:SpA 

• thermal polymerization (emulsion and bulk) 
• affinity (~3.5-5.3) and selectivity (5.2  vs. ovalbumin, 3.5 

vs. E.coli) 
• docking studies used to look at Aam & SpA interaction 

[140] Trypsin methacrylamide, 
EBA, 

methacryloylaminob
enzamidine  

60% Xlinker • large particles (d~1 um) synthesized via UV polym. 
• affinity~2.5-2.8, selectivity ~ 2-5 

• 3 order of magnitude better enzyme inhibition than low 
MW competitor inhibitor 

[36, 
141] 

amylase, 
lipase, Lys, 
creatinine, 

'HSA 

EVAL, Quantum Dots n/a • quantum dot composite nanoparticle MIPs (dispersion 
polym.) 

• dissolved proteins in DMSO during polymerization 
synthesis 

• affinity for amylase (~3.8), lipase (~2.6), lysozyme (~2.1), 
albumin (~6.1) 

• >94% accuracy in conc of proteins with real saliva samples 
(compared to commercial system) 

(list of abbreviations at end of Table 2.5)  
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Table 2.4: Summary of recent macromolecular imprinting research using surface 

approach 

  

Ref(s) Template(s) Components X-linker mol %, 
mon:temp molar 

ratio 

Comments 

[142] albumin DMAPMA; TEGDMA/ 
TMPTMA/PETTA as 

X-linker, Au 
electrode 

90 mol% X-linker, 
205:1  

mon:albumin 

• UV polym (no solvent), spin coat onto QCM with various 
electrodes, thiol SAM 

• affinity (~8), selectivity (~10, but competitor proteins 
much smaller) 

[65-
71, 

143] 

Rnase A, 
Lysozyme, 
Myoglobin, 
Ovalbumin, 

CRP 

Styrene, MMA, MAA, 
DMAEMA, 4VP, 
HEMA; various 

PEG(n)DMA Xlinkers 

30-75 mol% 
Xlinker 

• microcontact imprinting (adsorp of protein onto glass 
slide, sandwich onto mon solution, UV polym.) 

• optimized functional monomer and Xlinker using ITC 
• varying affinity (1.5-20) and selectivity (3-35) depending 

on template 

[144] BSA MAA, EGDMA, Silica 
beads, saccharose 

(sugar coating) 

54 mol% EGDMA • thermal polym. in EtOH (ice bath), surface of silica beads 
• able to see shift (Δ color) down to 1 ng/mL of BSA (up to 

10 mg/mL) 
• affinity~7-20, selectivity~5-20 (various conc & 

competitors) 

[145] Cyt. C Aam, mica, 
MBA/EBA/PDA/ or 
PEGDMA as Xlinker 

3.3 mol% MBA • thermal polym. in DI water, BSA attached to mica surface 
• used AFM for 1st time to measure force of interact of 

protein w/ surface MIP 
• affinity (~1.1-4.1) 

[61, 
99] 

BSA MMA, EGDMA, Fe3O4 
particles 

80 mol% EGDMA, 
BSA surf 

immobilized 

• thermal polym., BSA immobilized on Fe3O4 particles, 
core-shell emulsion (lengthy method) 

• higher BSA adsorption than lit (up to 56 mg/g) 
• affinity (~6.5), selectivity (~3 vs. lysozyme) 

[146, 
147] 

Avidin PSS/PEDOT, Au 
electrode, in porous 

PC membrane 

n/a • redox polym., of electrically conducting polymers in PBS 
• BSA adsorp onto PCM membrane, precise microrods 

formed in PCM pores 
• affinity~5, selectivity not clearly shown 

[63, 
64] 

Lysozyme, 
BHb 

Acryloyl-β-
cyclodextrin, Aam, 

MBA 

~2 mol% MBA, 
1100:1 mons:Lys, 
4800:1 mons:BHb 

• thermal polym. in PBS (10 mM, pH=7) on silica beads 
• dynamic and isotherm adsorption studies (affinity~3-5)  

• BHb: affinity ~4.9, selectivity ~3.5-4.7 (vs. BSA, lysozyme, 
Cyt C) 

• Lysozyme: selectivity (~4.2, vs. variety of competitors) 

[96] CEA 11-mercapto-1-
undecanol 

19:1 vol 
thiol:template 

• novel SAM surface MIP (in aqueous acetic acid) for 
variety of cancer biomarkers 

• affinity~25, selectivity~30 (vs. hemoglobin) at relevant 
conc (ng/mL) 

• 2-10 min response time 

[148] BHb Dopamine, silanol-
modified 

superparamagnetic 
nanospheres 

3225:1 moles 
DA:BHb 

• thermal polym. in PBS on core-shell superparamagnetic 
NP 

• thorough optimization & facile separation with external 
mag field 

• affinity (~3-3.5), selectivity (~3-4, for variety of 
competitors) 

[84] Lysozyme NiPAam/Aam/MAA/
MBA 

1.4 mol% MBA, 
270 mol mons:Lys 

• UV polym. with iniferter modified PS beads in Tris-HCl 
• Template removal up to 88% w/w 

• affinity (~0.8-2.6), selectivity (~4-9 for various 
competitors and temperature) 

[86] Lysozyme MMA/TMPTMA, 
CaCO3 as porogen, 
Au QCM electrode 

41 mol% TRIM 
(Xlinker), 54000 
mol MMA:Lys 

• UV polym. on surface of QCM transducer 
• ~ 10 min response time, affinity (~3.7), selectivity (~ 4) 

(list of abbreviations at end of Table 2.5) 
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Table 2.5: Summary of recent macromolecular imprinting research using epitope 

approach  

Ref(s) Template(s) Components X-linker mol %, 
mon:temp molar 

ratio 

Comments 

[118, 
119] 

Angiotensin 
II, SA 

(octapeptide
) 

Na acrylate, PEGDA; 
and MAA,EGDMA 

86-96 mol% 
PEGDA, 8:1-32:1 

mon:temp 

• thermal polymerization of bulk monolith 
• moderate affinity for SA (octapeptide), none for 

angiotensin 
• affinity affected by pH, ionic strength of PBS, and % 

acetronitrile in aqueous loading solution 

[122, 
134] 

15-mer 
peptide for 

Dengue 
Virus Protein 

AA/Aam/N-
benzylacrylamide 

n/a • UV polymerization of thin film on surface of QCM 
transducer  

• affinity & selectivity shown (for 15-mer peptide & parent 
protein in patient samples) 

[90] epitopes for 
Cyt c, ADH, 

and BSA 

Aam, MBA, 
PEG(200)DA 

33% X-linker • UV polymerization, complex protocol (each nonapeptide 
was chemically synthesized)     

• affinity up to 5 with Cyt. C MIPs; selectivity shown in all 
MIPs   

• specific binding in BSA MIPs – changed one amino acid 
and no binding 

[121] peptide for 
anthrax 

protective 
antigen 
(PA83) 

AA or Acr-L-His-
NHBn/Aam/N-

benzylAam or N-Acr-
tyramine, EBA as 

Xlinker 

50 mol% EBA, 73:1 
mol mons:peptide 

• UV polymerization on surface of QCM transducer 
• used various length peptides as templates, longer 

peptide = lower Kd (i.e. better affinity) 
• parent protein recognition excellent (Kd~pM), but no 

controls used 

 
Abbreviations: 
4-VP: 4-vinyl pyridine; AA: acrylic acid; Aam: acrylamide; APTES: aminopropyltriethoxysilane; BSA: bovine serum 
albumin; C8-TMOS: n-octyltrimethoxysilane; CEA: carcinoembryonic antigen; CRP:C-reactive protein; Cyt C: 
cytochrome C; DA: dopamine; DMAEMA: 2-(dimethyamino) ethyl methacrylate;  DMAPMA: 3-dimethylaminopropyl 
methacrylamide; dnd: did not disclose; EBA: N,N-ethylenebis(acrylamide); EGDMA: ethyleneglycol dimethacrylate; 
EVAL: poly (ethylene-co-vinyl alcohol); HAPTS: bis(2-hydroxy-ethyl)aminopropyltriethoxysilane HEMA: 2-hydroxyethyl 
methacrylate; ITC: isothermal titration calorimetry; MAA: methacrylic acid; MBA: N,N’-methylenebis acrylamide; 
MMA: methyl methacrylate; NiPAam: N-isopropyl acrylamide; PC: polycarbonate; PDA: 1,4-bis(acryloyl) piperazine; 
PEDOT: poly-3,4-ethylenedioxythiophene; PEG(200)DA: polyethylene glycol (200) diacrylate; PEG(n)DMA: 
poly(ethylene glycol) (n) dimethacrylate; PETTA: pentaerythritol tetraacrylate; PSS: polystyrene sulphonate; PVA: 
poly(vinyl alcohol); QCM: quartz crystal microbalance; SAM: self-assembling monolayer; SDS: sodium dodecyl 
sulphate;  TEGMDA: tetra(ethyleneglycol) dimethacrylate; TMPTMA: trimethylolpropane trimethacrylate; TBA: tert-
butyl acrylamide; TEOS: tetraethoxysiloxane; 
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FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

Figure 2.1: Schematic of the key components of a biosensor platform 
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Figure 2.2: General MIP Procedure 

(A) Solution mixture of protein template, cross-linking monomer (yellow), and functional 

monomers (green, purple, orange); (B) Complex formation between functional 

monomers and template via covalent or non-covalent chemistry; (C) The formation of 

the polymer network typically via free radical polymerization; and (D) Template removal 

step which leaves binding sites specific to the original template. 

complex 
formation 

free radical 
polymerization 

template 
removal 

rebinding 
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Figure 2.3: Published macromolecular imprinting articles by year and approach 
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Figure 2.4: Relative frequency of common components in macromolecular MIP 

literature 

(A) Protein templates – bovine serum albumin (BSA), bovine hemoglobin (BHb); (B) 

functional monomers – acrylamide (Aam), methacrylic acid (MAA), aminophenylboronic 

acid (APBA), acrylic acid (AA), and N-isopropylacrylamide (NiPAam); (C) crosslinkers – 

N,N’ methylenebisacrylamide (MBA) and ethyleneglycol dimethacrylate (EGDMA).  
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CHAPTER 3: OBJECTIVES 

Protein imprinted polymers are ideal replacements to their natural counterparts 

as recognition elements for a variety of reasons, including facile synthesis, flexibility to a 

wide range of biomolecules, greater chemical and long-term stability, and reusability. 

Selective recognition of an analyte in a complex milieu (such as blood) by a robust 

synthetic receptor would have wide ranging applications. Specifically, techniques in 

which natural elements are bound to a solid support, such as bioassays and biosensors, 

would benefit from synthetic recognition elements. In addition, these materials are 

particularly well suited to be employed as point-of-care diagnostic tools in settings 

where infrastructure lacking, such as the detection of communicable diseases prevalent 

in developing countries or after natural disasters. This type of device would allow for the 

cost-effective and simultaneous detection of several infectious diseases without the 

need for traditional labor and resource intensive methods which are likely not available 

in these situations. 

The overall goal of this research was to synthesize novel imprinted polymers for 

the specific recognition of bovine serum albumin. Novel recognitive polymer networks 

have been designed with considerations of the complex interactions taking place 

between the protein template and ligands at the molecular level. This synthetic 

recognition element is a step towards the development of a functioning point-of-care 

diagnostic device for the detection of physiologically relevant concentrations of 

macromolecular biomarkers. The specific aims of this research were to: 

1. investigate the effects of commonly employed monomers and crosslinkers 

on the structure of protein templates via circular dichroism; 

2. employ computational modeling to examine the types of interactions 

occurring in the pre-polymerization solution; 
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3. develop and synthesize protein recognitive surface imprinted thin films for 

the recognition of bovine serum albumin; and 

4. examine the ability of these thin films to recognize the template molecule 

as well as structurally similar competitor macromolecules. 

Each of these specific aims is addressed in the chapters that follow. Initial work 

conducted on the synthesis and characterization of protein recognitive hydrogels by 

traditional methods is detailed in Chapter 4. Chapters 5 & 7 highlight systematic 

analyses of the effects of monomers and crosslinkers on the secondary structure of 

various commonly employed protein templates indicated in Specific Aim #1. 

Computational modeling of the pre-polymerization solution is described in Specific Aim 

#2 is discussed in Chapter 6.  Chapter 8 details all of the associated studies for Specific 

Aims 3 & 4. And, chapter 9 concludes the discussion with an overview of the results and 

resultant conclusions from this work with guidance on potential future directions of the 

field. 
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CHAPTER 4: INITIAL STUDIES USING A TRADITIONAL BULK IMPRINTING 

APPROACH 

4.1. Introduction 

As mentioned in Chapter 2, there are four main approaches to protein imprinting 

– bulk, surface, particle, and epitope. Of these, bulk imprinting remains a desirable 

technique due to the facile synthesis procedures and the formation of three-

dimensional binding sites. This standard technique has been highly successful with small 

molecular weight imprinting. Typically, bulk-imprinted polymers are formed by the 

following procedure: (A) dissolve all components together with compatible solvent; (B) 

allow complexation between the template and functional monomers; (C) polymerize in 

the presence of the template; and (d) removal of template to yield a crosslinked 

polymer network with binding sites specific to the analyte of interest (Figure 2.2). 

4.2. Materials and Methods 

4.2.1. Terpolymer composition modification 

 Previous work in our lab [1, 2] as well as by Ou et al.  [3] has shown the potential 

for bulk imprinted polymers composed of basic, anionic, and neutral monomers for the 

specific recognition of Lysozyme. These previous studies exploited ionic interactions 

between the charged functional monomers and oppositely charged amino acids present 

in lysozyme with reasonable success.  

As a result, the work presented here employed a similar procedure for the 

recognition of bovine serum albumin, BSA, with some key modifications. The polymer 

network consisted of a terpolymer composed of functional monomers methacrylic acid 

(MAA), acrylamide (Aam), and 2-(dimethylamino)ethyl methacrylate (DMAEMA) and 

crosslinked with polyethylene glycol (400) dimethacrylate PEG(400)DMA. Electrostatic 
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interactions between the charged monomers (MAA and DMAEMA) and the amino acids 

of the protein template, BSA, were leveraged for recognition. MAA, which has a pKa 

value of ~4.5 [1] , is negatively charged at the neutral pH used in the polymerization, can 

target positively charged amino acids like lysine. Conversely, DMAEMA, which has a pKa 

value of ~8.2 [1], is positively charged at neutral pH and can target a negatively charged 

amino acid like aspartic acid. In addition, proteins contain polar, uncharged amino acids 

that can undergo hydrogen bonding with Aam.  BSA, with a pI=4.7 [4], is negatively 

charged at physiological pH. Initially, the positive, negative, and uncharged polar amino 

acid residues of the model protein template, BSA, were tallied to determine the 

concentrations of monomers (Table 4.1) [5].  Thus, the concentration of DMAEMA was 

matched with the proportion of negative amino acids (glutamic acid and aspartic acid); 

the same was done with MAA for the positive amino acids (histidine, lysine, and 

arginine) and Aam for the polar uncharged amino acids. 

To further improve the design of the system, the amino acid residues present at 

the surface of BSA were determined. This was done to match the monomers with the 

corresponding amino acids they would actually come in contact with in solution, which 

may be quite different than simply using the overall primary structure. For example, we 

would anticipate that the hydrophobic amino acids (valine, leucine, isoleucine, 

methionine, and phenylalanine) would be more highly concentrated in the interior of 

the protein. To do this, the crystal structure of human serum albumin (similar structure 

to BSA) was modified to highlight the charged amino acids (Figure 4.1) and amino acids 

present on the surface were manually counted. As a result, a new monomer 

composition was established and can be seen relative to the composition from the total 

amino acid sequence in Table 4.2.  

There appears to be relatively little change between the first two columns in this 

table – the first column is the composition using the entire amino acid sequence and the 

middle column is the desired composition using the amino acids present on the surface. 
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Only a small decrease in the desired final MAA composition (28% to 25%) was seen 

along with the appropriate increase in DMAEMA (28% to 31%). The amount Aam 

remained the same because all that could be accounted for in this approach were 

charged amino acids. Therefore, only the relative amounts of the charged monomers 

were altered. 

However, the design so far assumes that the resultant polymer will have the 

same composition as is present in the pre-polymerization solution.  This may not be the 

case because the monomers will polymerize at different rates. Therefore, the 

concentration of the monomer solution was modified, once again, in such a manner that 

the resultant terpolymer synthesized would have the desired composition (middle 

column in Table 4.2).  Reactivity ratios are a measure of the likelihood of a monomer 

unit i reacting with itself versus another monomer unit.  The well-known copolymer 

composition equation (equation 4.1) was extended for a terpolymer (equation 4.2) [6]: 

   
    

      

    
            

       Equation 4.1 

where F1 is the composition of species 1 in the polymer, ri is the reactivity ratio of 

species i, is the and fi is the concentration of species i in the monomer solution. 
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where d[Mi] is the composition of species i in the terpolymer, [Mi] is the concentration 

of species i in the monomer solution, and rij is the reactivity ratio of species i with 

respect to species j. These equations are generally valid when all of the monomer 

reactivity ratios have finite values. The reactivity ratios of the monomer pairs were 

determined via the Q-e scheme. This is a standard approach used for co-/terpolymers 

and is shown below in Equation 4.3 [6]: 
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where Qi is the intrinsic reactivity of monomer i and ei is polarity of Mi radical.  Using 

these reactivity ratios and the desired terpolymer composition, the corresponding 

monomer solution concentration was determined and is shown as the third column in 

Table 4.2. 

 As the values in the third column of Table 4.2 show, there is a large change in all 

three monomer compositions (right-most column) relative to the desired polymer 

composition (middle column).  The fact that the MAA composition decreases tells us 

that it polymerizes  faster than the other two monomers, as only a 14 % MAA solution in 

DMAEMA and Aam is required to yield a polymer backbone that is 24% MAA. 

4.2.2. Fabrication of bulk imprinted polymers 

Acrylamide (Aam, >99%), methacrylic acid (MAA, 99%), 2-(dimethylamino)ethyl 

methacrylate (DMAEMA, 98%), ammonium persulfate (APS, >98%), and albumin from 

bovine serum (BSA, lyophilized powder, >98%) were purchased from Sigma-Aldrich (St. 

Louis, MO). N,N,N',N'-Tetramethylethylenediamine (TEMED, 97%)  was purchased from 

Fisher BioReagents (Fair Lawn, NJ). Polyethylene glycol 400 dimethacrylate 

(PEG(400)DMA) was purchased from Polysciences, Inc. (Warrington, PA). Potassium 

phosphate (Fisher Scientific, Fair Lawn, NJ) was dissolved in Milli-Q grade deionized 

water (10 mM), titrated to pH=7.4 with 1N NaOH, and filtered (0.2 μm) to prepare 

potassium phosphate buffer (PPB). PPB was used as the solvent for all samples. All 

chemicals were used as received. 

1.8 mol% PEG(400)DMA (moles crosslinker/total moles of crosslinker and 

functional monomers) was chosen as the crosslinker type and amount.  Bergmann and 

Peppas employed the same crosslinking density, albeit with N,N’ 

methylenebisacrylamide (MBA) as the crosslinker [1, 2].  A PEG based crosslinker was 



 59 

chosen for two reasons: PEG crosslinkers are commonly used in biomedical applications 

because they have been approved by the FDA for several medical applications [7] and 

PEG crosslinkers are available with varying molecular weights, meaning the length of the 

crosslinker, thus, the mesh size can be varied easily.  Since the diameter of BSA is more 

than twice that of lysozyme (dBSA ~14 nm [8] versus dLys ~5.3 nm [9]), the mesh size has 

to be much larger to allow diffusion of the protein into and out of the network. 

In a typical synthesis, 50 mg BSA, in a ratio of 1:10,000 moles BSA: total moles of 

functional monomer, was dissolved in 4 mL PPB in a 15 mL scintillation vial. Then, each 

functional monomer – MAA, DMAEMA, and Aam – was added in amounts reflected by 

Table 4.2 and allowed to complex with the protein template individually.  This was done 

because MAA and DMAEMA could potentially interact with each other as they are 

oppositely charged instead of interacting with the template as desired. Adding them 

individually allows the preferred electrostatic interactions between the monomer and 

protein to occur.  

After adding all three functional monomers, PEG(400)DMA was added.  The pH 

of the pre-polymerization solution was checked with pH paper and adjusted to pH~7 if 

necessary.  The samples were placed in a glove box and purged with N2 to remove the 

free radical scavenger O2 for 15 minutes. Then, 40 μL each of an aqueous ammonium 

persulfate (APS) solution (10%w/v) and TEMED were added as the initiator and catalyst, 

respectively, and the reaction proceeded overnight at room temperature. A buffer is 

used and the reaction is conducted at ambient temperature in an attempt to keep the 

polymerization conditions as close to physiological as possible. Control polymers were 

synthesized under exactly the same conditions, without the addition of BSA.  Both 

imprinted and control samples were made in triplicate.  The resultant polymers were 

wet sieved to produce sub-150 µm particles and collected in 50 mL centrifuge tubes for 

template removal. The constituents are shown in Figure 4.2 and a schematic of this 

polymerization procedure is shown in Figure 4.3. 
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4.2.3. Template removal from imprinted polymers 

 Typical template removal values demonstrated in protein imprinting literature 

are ~70-90% [10], which are relative to the amount of protein added to the pre-

polymerization solution.  The most common methods include aqueous SDS/AcOH [11-

24], SDS/NaOH [25-28], aqueous NaCl [3, 29, 30], or just simply water/buffer [31-33].  

While one wants a strategy that removes the highest amount of protein possible, harsh 

conditions may be detrimental to the polymer and its binding sites. Therefore, several 

techniques for effective protein template removal were investigated to determine the 

optimal conditions for the current formulation.   After several iterations, it was decided 

to wash the sub-150 µm particles (both imprinted and control) with five rinses of PPB 

followed by five rinses with 3M NaCl/PPB. Finally, samples were rinsed five more times 

with PPB to remove any traces of NaCl. This procedure was selected as it proved 

effective in removing BSA at comparable levels to literature while minimizing swelling of 

the network. This is important because large swelling from the relaxed stated of the 

network (immediately after polymerization but before placing them in water) will cause 

a significant change in the mesh size which defines the three-dimensional protein 

recognition sites. 

After the addition of the desired wash solution, the samples were placed on a 

rotating mixer for 20 minutes to allow adequate time for diffusion, centrifuged for five 

minutes at 3500 rpm, a 0.5 mL sample was pipetted out of the supernatant for UV 

analysis, and the remainder of the supernatant was decanted (the volume decanted was 

recorded). UV analysis was performed using a 96 well UV/vis microplate reader (Bio-Tek 

Synergy HT, Winooski, VT) at 277 nm.  20 minutes was chosen as the minimum time for 

diffusion after an order of magnitude estimate of the diffusion time of BSA out of the 

particles (shown below in Equation 4.4). 

      
  
 

 
       Equation 4.4 
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where Lc is the characteristic length (in this case diameter of the particles) and D is BSA’s 

the diffusion coefficient in water at 20oC (5.9x10-7 cm2/sec [8]).   

The diameter of the particles was estimated based on swelling studies – taken to 

be 150 µm in their relaxed state. The swelling studies showed that the volume of discs 

increased by a factor of ~1.1 when they were completely swollen in PPB compared to 

their relaxed volume. Converting this to a diameter increase of ~1.03, the Lc of the 

swollen particles was assumed to be ~155 µm.  This yielded a diffusion time of ~10 

minutes and was adjusted to 20 minutes to be conservative. 

 The amount of BSA removed at step i was calculated by Equation 4.5, below:  

     (   )    (   )             Equation 4.5 

where V is the volume of supernatant decanted in step i and C is the protein 

concentration determined from an absorbance calibration curve of UV-vis spectroscopy 

at 277 nm.   

The control is subtracted out because unreacted monomer will also absorb at 

this wavelength.  Since both MIP and control are synthesized under the same conditions 

except the addition of protein, this equation will give an accurate representation of the 

actual BSA removed.  The volume decanted (plus the 0.5 mL taken out as a sample) is 

included because the amount of wash solution added before the wash cycle will not 

necessarily be the same as what is obtained after centrifugation due to swelling of the 

hydrogel.  The volume decanted multiplied by the concentration of protein will give an 

accurate mass of BSA.  The mass removed in each step was added together to yield a 

total mass removed which was then compared to the average amount of BSA protein 

added to the pre-polymerization solutions of the MIPs synthesized.   
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4.2.4. Mesh Size Calculation 

Hydrogels are insoluble, cross-linked, hydrophilic polymer networks that have 

the ability to swell significantly in water. Because of this and a corresponding rubbery 

nature, hydrogels resemble natural tissue, and thus have been used in a variety of 

biomedical applications. In addition, the ability to easily modify the molecular structure 

of hydrogels, either through crosslinking density or polymer volume fraction, has made 

them very attractive for drug delivery and molecular recognition applications. An 

important structural parameter for analyzing diffusion of an analyte into and out of a 

hydrogel network is the mesh size.  

Mesh size calculations were performed, as previously published in our lab [34, 

35], to ensure that the pore sizes are large enough to allow diffusion of the large protein 

templates. Instead of making bulk monolithic hydrogels, thin films were synthesized 

under the same conditions as discussed in section 4.2.2. Immediately after adding the 

initiator and catalyst during synthesis, the pre-polymerization solution was pipetted 

between two glass plates separated by a Teflon spacer. This allowed for discs to be cut 

by a 12 mm cork borer, in quadruplicate, for the swelling studies.  Swelling studies were 

conducted in PPB (pH=7.4, 20 mM). Molecular weight between two adjacent crosslinks, 

  ̅̅ ̅̅ , was calculated using the Peppas-Merrill equation (Equation 4.6) [36]. This equation 

is modified from the classical Flory-Rehner theory for neutral hydrogels prepared in the 

presence of water.    
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    Equation 4.7 

In this equation,    ̅̅ ̅̅  is the MW of polymer chains with no crosslinker (~75,000 g.mol-1), 

 ̅ is the specific volume of polymer, V1 is the molar volume of water (18.1 cm3.mol-1), χ1 

is the polymer-solvent interaction parameter,  2,s is the polymer volume fraction in the 
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swollen state, and  2,r 
is the polymer volume fraction in the relaxed state (immediately 

after polymerization but before swelling). Molar weighted averages were used for  ̅ and 

χ1 as each of the homopolymers has their own molar volume and polymer-solvent 

interaction parameters. And, while the system being investigated is not a neutral 

hydrogel, since it has both anionic and cationic monomers in approximately the same 

composition, it can be approximated as such for the sake of this analysis.   ̅̅ ̅̅  was then 

inserted into the following equation for ξ (Equation 4.7): 

      
  

 ⁄ *
    ̅ 

  
+
 
 ⁄

       Equation 4.8 

where ξ is the linear distance between two adjacent crosslinks, or mesh size of the 

hydrogel; Cn is the Flory characteristic ratio (rigidity factor); l is the length of bond along 

polymer backbone (0.154 nm for vinyl polymers): and Mr is the MW of the repeating 

units. Once again, molar weighted averages were used for Cn and Mr. 

4.2.5. Bovine serum albumin recognition studies 

 In order for these systems to be viable options as diagnostic tools for 

biomacromolecules, they must be able to specifically recognize the target analyte in a 

complex solution with other very similar molecules. The first step towards 

accomplishing this is to prove that these recognitive hydrogels are able to absorb higher 

amounts of a model protein template than a control polymer (i.e. polymer synthesized 

under identical conditions in the absence of the protein template). This parameter is 

known as affinity or imprinting efficiency (IE), and can be defined by Equation 8.2:  

   
      

          
      Equation 4.9 

where MR,MIP is the amount of the protein recognized by the imprinted polymer and 

MR,,control is amount of the protein recognized by the control sample. 
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To investigate the affinity of the bulk imprinted terpoylmers, an approach similar 

to the procedure previously published by Hawkins et al. [19] was employed. In brief, the 

procedure includes a load, wash, and elution phase to account for non-specific 

interactions (Figure 4.4). In the load phase, 20 mL of a 12.5 mg.mL-1 solution of BSA in 10 

mM PPB was added to previously washed polymer particles and incubated for 2 hours at 

ambient temperature on a rotating mixer. Subsequently, the samples were centrifuged 

for 5 minutes at 3500 rpm, 0.5 mL was removed from the supernatant for analysis, and 

the supernatant volume was decanted and recorded. BSA concentrations for each 

sample were determined by measuring the absorbance at λ=277 nm using a UV-vis 

spectrometer 96-well plate reader (Bio-Tek, Synergy HT, Winooski, VT). Detection of a 

protein in the supernatant of load phase after centrifugation suggests that protein was 

not bound within the binding sites.  

Next, five successive rinses in PPB were performed to remove any BSA that is 

non-specifically entrapped within the network. After the addition of each wash solution, 

the samples were placed on a rotating mixer for 20 minutes to allow adequate time for 

diffusion, centrifuged for five minutes at 3500 rpm, a 0.5 mL sample was pipetted out of 

the supernatant for UV analysis, and decanted the remainder of the supernatant (the 

volume decanted was recorded). The absorbances of the supernatants were, once 

again, measured at λ=277 nm to determine the protein concentration. If protein was 

detected in the supernatant of these washes after centrifugation, non-specific binding 

occurred (i.e. the protein template was simply physically entrapped in the network).   

 Lastly, five successive rinses in the elution solvent, 3M NaCl/PPB were performed 

in the same manner as the PPB rinses. Detection of the protein template in this phase 

following load and wash steps indicate specific binding between the template and 

polymer has occurred. High salt concentrations are known to denature proteins by 

disrupting ionic bonds [37]. This will cause a protein molecule that is chemically 

attached to the MIP to alter its conformation, causing any non-covalent bonds to be 
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cleaved, and subsequently diffuse out of the network. Therefore, evidence of larger 

amounts of protein in the imprinted polymer versus the control in this elution phase is 

indicative of specific recognition.  

 The mass of BSA present in each step (load, five washes, and five elutions) is 

calculated by simply multiplying the concentration and volume of each of the 

supernatants. Adding together the mass of BSA removed in the five elutions for each 

sample and averaging three independent MIP and control samples yields to MR, MIP and 

MR,control values used to calculate IE in Equation 4.9.  

4.3. Results and Discussion 

4.3.1. Template removal from imprinted polymers 

Using this technique described in Section 4.2.3, we demonstrated the ability to 

consistently remove BSA at levels (68-97% removal) near and above amounts seen in 

the literature. The release of BSA from the five PPB and five 3M NaCl/PPB rinse solutions 

typically seen with this procedure is shown in Figure 4.5.  The majority of BSA is 

removed in the first buffer rinse and the first two NaCl rinses. Swelling studies with 

polymer discs showed that the terpolymers swelled approximately twice as much in the 

3M NaCl/PPB solution relative to pure buffer, so some of this release was attributed to 

an increase in mesh size. As a result, we wanted to ensure that the polymers returned to 

their pure buffer swelling levels prior to conducting recognition studies. This was 

important because the binding sites formed during polymerization remain specific to 

the template only if the polymer swells minimally.  

To achieve this, we performed swelling studies on thin polymer discs previously 

swollen in 3 M NaCl with subsequent rinses in pure buffer. From these results, we could 

ascertain how many rinses are required for the polymers to revert back to their original 

mesh sizes.  The data in Figure 4.6 shows that only two rinses are required to remove all 
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of the NaCl from the polymer network and have the terpolymers revert to their original 

swelling level. Qs/r is a ratio of the volume of the discs in their swollen state after 

equilibration in a particular solvent (swollen state) relative to their volume immediately 

after polymerization (relaxed state). A Qs/r=1 is ideal because this means the mesh size 

has not changed from the original state of the polymer network when it was 

polymerized. This is realized for pure PPB as well as two rinses in PPB after being 

swollen in the presence of 3M NaCl. To be conservative, all samples were rinsed in PPB 

five times prior to BSA recognition studies. 

Despite the great template removal results relative to the literature, a significant 

amount of BSA potentially remains entrapped within the polymer network.  For 

example, if 80% of the template is removed, then ~10 mg BSA remains after the 

template removal process. These BSA molecules not only occupy would-be binding sites 

for the new template used in the recognition study; they also could diffuse out of the 

network, thereby skewing the subsequent results. 

4.3.2. Mesh size calculation 

The hydrodynamic diameter for BSA is ~14 nm [8], and for easy diffusion, a mesh 

size of approximately three times the diameter of the template is desired, or ~42 nm. 

Table 4.3 shows the mesh size results for the current protein recognitive hydrogel 

formulation.  A mesh size of 48.1 ± 9.0 nm for the molecularly imprinted polymer (MIP) 

and 44.6 ± 11.5 nm for the non-imprinted, or control, polymer was determined using 

equations 4.7 and 4.8. These values clearly show the pore sizes of the hydrogel 

networks are large enough for diffusion of the 14 nm diameter BSA molecule; however 

not too large such that the template simply diffuses freely through the network.  

4.3.3. BSA recognition studies 

To investigate the affinity of the proposed formulations, an approach similar to 

the procedure previously published by Hawkins et al. [19], which was discussed earlier 
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in Section 4.2.5 and illustrated in Figure 4.3, was employed.  Recognition studies with 

the optimized formulation demonstrated affinities as high as 8.8 (Figure 4.7) as 8.8 

times more BSA was present in the elution phase of the MIP sample (13.8 ± 4.5 mg) 

compared to that of the control (1.6 ± 1.1 mg).   

While this is highly competitive with current protein MIP literature using BSA as 

template [12, 23, 24, 32, 38], there are two major concerns that limit the practicality of 

this approach going forward. First, while Figure 4.7 shows more BSA present in the 

elution phase of the MIP than the control, it also shows that out of the 250 mg of BSA 

added to start the study, only ~14 mg was recognized.  Since 50 mg BSA was added to 

the monomer solution before polymerization, it is reasonable to assume that at most 50 

mg would be recognized later.  Decreasing the initial amount of BSA used to 100 or 50 

mg in similar studies has not given comparable results.  Using 250 mg (or even 50 mg) 

per sample for six samples (MIP and control in triplicate) would not be economically 

feasible when investigating more expensive protein biomarkers.   

Even more troubling, however, is that we were not able to reproduce these 

results even after multiple attempts. This is an obvious cause for concern and prompted 

us to re-evaluate our approach as well as conduct a thorough analysis of the protein MIP 

literature.  From speaking to scientists in the field and reviewing the literature, it 

appears that others have had similar reproducibility problems. The literature review also 

showed that methods published are not broadly applicable and very little progress has 

been made in the field over the past several years.  

The majority of studies published highlight procedures which are not generally 

applicable as they detail a method that is moderately successful for one particular 

system and model protein template. Researchers appear to have little to no concern (or 

are unable to) towards developing a robust platform approach that others can employ 

for any macromolecule of interest. Furthermore, very little progress has been made 
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since the seminal paper by Shi and Ratner [39] in 1999. Papers published recently seem 

to have affinities and selectivities that are no better than those published a decade ago. 

Also, in many cases template recognition results are not evaluated critically and lack 

statistical analysis [40]. Additionally, it seems most studies select the type and amount 

of components almost arbitrarily; as a result, there are few attempts at true rational 

design.  

Part of these observations can be attributed to the fact that this field is still 

relatively young, but it also suggests a lack of a basic understanding of these systems. In 

order for any substantial progress to be made, a more fundamental approach must be 

taken in which there is an attempt to gain a better understanding of the mechanisms 

underlying the template-monomer interactions and subsequent recognition.  For 

example, it is possible that the reason for reproducibility problems is due to the 

sensitive nature of the protein templates. If the structure of the protein is being 

changed prior to polymerization, the binding sites formed would be specific to this 

alternative conformation.  

4.4. Conclusions 

BSA recognitive hydrogels were synthesized via a thermal free radical 

polymerization of MAA, Aam, DMAEMA grafted with PEG(400)DMA as the crosslinker. 

The composition of the polymer networks was modified by using the surface amino acid 

composition of BSA as well as reactivity ratios in order to optimize electrostatic 

interactions between the monomers and protein prior to polymerization. We 

demonstrated the ability to consistently remove the template at amounts near and 

above values in the literature as well as achieve excellent imprinting efficiencies.  

However, reproducibility and capacity concerns with the current bulk imprinting 

procedure have prompted us to investigate alternative techniques. The observations 

mentioned above provide the impetus for the remainder of the thesis. Significant work 
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has been conducted to investigate conformational changes of the protein template 

during synthesis as well as developing a novel approach to synthesize imprinted 

polymers able to reproducibly recognize bovine serum albumin.  
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TABLES 

 

Table 4.1: Amino Acid Composition of BSA [5] 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

  

Amino Acid # residues total # total %

Ala (A) 48

Val (V) 38

Leu (L) 65

Ile (I) 15

Pro (P) 28

Met (M) 5

Phe (F) 30

Gly (G) 17

Trp (W) 3

Ser (S) 32

Thr (T) 34

Tyr (Y) 21

Cys (C) 35

Asn (N) 14

Gln (Q) 21

Asp (D) 41

Glu (E) 58

Lys (K) 60

Arg (R) 26

His (H) 16

Total Residues 607

Nonpolar 246 41%

Polar, uncharged 160 26%

Negative 99 16%

Positive 102 17%
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Table 4.2: Modified terpolymer composition  

 

 

 

 

 

 
 
First column: polymer composition from overall BSA amino acid sequence; middle 

column: surface amino acid adjusted (middle column); and Third column: reactivity ratio 

adjusted 

  

Initial Polymer 

Composition (from 

overall 1
o
 structure)

Desired Polymer 

Composition 

(from surface 

structure)

Monomer 

composition 

(required to yield 

desired polymer)

Aam 44% 44% 62%

MAA 28% 25% 14%

DMAEMA 28% 31% 24%
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Table 4.3: Mesh size calculation results 

 
 
 

  

v2,s Q σQ

MIP 0.057 17.7 0.88

control 0.064 15.7 0.26

Mc ξ (nm) σξ (nm)

MIP 49,300 48.1 9.0

control 45,700 44.6 11.5
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FIGURES  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1: Crystal Structure of Human Serum Albumin  

Image from Cn3D software (red – negatively charged amino acids, blue – positively 

charged amino acids) 
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Figure 4.2: Chemical structures of components in protein recognitive hydrogels 
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Figure 4.3: Bulk imprinted recognitive hydrogel synthesis procedure 

  

• Purge with N2 for 15 min  

• Add catalyst (TEMED) and initiator 

(APS) 

• Polymerize overnight at room temp.  

• Wet sieve with 150 µm sieve  
• Collect and place in 50 mL 

centrifuge tube for template 

removal procedure 

• Dissolve template in solvent 

• Then, monomers one-by-one 

 

 

 

 

 

 

 

• Put into N2 glove box 

• Allow 30 min. for 

complexation  
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Figure 4.4: Schematic representation of load-wash-elution strategy  

Blue – protein detected in the “load” phase that is not bound to the polymer particles. 

Red – protein detected in the “wash” phase (5 rinses with DI water) indicates that the 

protein was non-specifically absorbed in the network.  Grey – protein detected in the 

“elution” phase indicates specific binding where the denaturant SDS is needed to cleave 

the non-covalent bonds. 
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Figure 4.5: Typical template removal data for recognitive hydrogels 

  

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 10

m
as

s 
B

SA
 r

e
m

o
ve

d
 (

m
g)

 

wash cycle 



 78 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.6: Swelling studies results with thin polymer discs  

Qs/r is a ratio of the volume of the discs in their swollen state after equilibration in a 

particular solvent (swollen state) relative to their volume immediately after 

polymerization (relaxed state) (n=3, ± 1 S.D).   
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Figure 4.7: Bulk imprinting recognition study results  

Affinity value of 8.8 is achieved. In elution phase, 8.8 times more BSA was present with 

the MIP sample (13.8±4.5 mg) compared to that of the control (1.6±1.1 mg) (n=3, ±1 

S.D.). 

  

0

20

40

60

80

100

120

140

160

180

200

Load Wash Elution

m
as

s 
B

SA
 (

m
g)

 MIP

control



 80 

REFERENCES 

1. Bergmann NM. Molecularly Imprinted Polyacrylamide Polymers and Copolymers 
with Specific Recognition for Serum Proteins: University of Texas at Austin; 2005. 

2. Bergmann NM, Peppas NA. Configurational Biomimetic Imprinting for Protein 
Recognition: Structural Characteristics of Recognitive Hydrogels. Industrial & 
Engineering Chemistry Research. 2008;47(23):9099-107. 

3. S.H. Ou MCW, T.C. Chou, and C.C. Liu. Polyacrylamide gels with electrostatic 
functional groups for the molecular imprinting of lysozyme. Anal Chim Acta. 
2004;504:163-6. 

4. Malamud D, Drysdale JW. Isoelectric points of proteins - table. Anal Biochem. 
1978;86(2):620-47. 

5. Spahr PF, Edsall JT. Amino acid composition of human and bovine serum 
mercaptalbumins. J Biol Chem. 1964;239(3):850-&. 

6. Odian D, editor. Principles of Polymerization. 4th ed. Hoboken, NJ: John Wiley & 
Sons; 2004. 

7. Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design variables 
and applications. Biomaterials. 2003;24(24):4337-51. 

8. Putnam FW, editor. The Plasma Proteins: Structure, Function and Genetic 
Control. 2nd ed. New York: Academic Press; 1975. 

9. Lin HY. The microcontact imprinting of proteins: The effect of cross-linking 
monomers for lysozyme, ribonuclease A and myoglobin. Biosens Bioelectron. 
2006;22:534-43. 

10. Turner NW, Jeans CW, Brain KR, Allender CJ, Hlady V, Britt DW. From 3D to 2D: A 
Review of the Molecular Imprinting of Proteins. Biotechnol Prog. 2006;22:1474-
89. 



 81 

11. Guo TY, Xia YQ, Hao GJ, Song MD, Zhang BH. Adsorptive separation of 
hemoglobin by molecularly imprinted chitosan beads. Biomaterials. 
2004;25(27):5905-12. 

12. Pang XS, Cheng GX, Li RS, Lu SL, Zhang YH. Bovine serum albumin-imprinted 
polyacrylamide gel beads prepared via inverse-phase seed suspension 
polymerization. Anal Chim Acta. 2005;550(1-2):13-7. 

13. Fu GQ, Zhao JC, Yu H, Liu L, He BL. Bovine serum albumin-imprinted polymer gels 
prepared by graft copolymerization of acrylamide on chitosan. Reactive & 
Functional Polymers. 2007;67(5):442-50. 

14. Guo TY, Xia YQ, Wang J, Song MD, Zhang BH. Chitosan beads as molecularly 
imprinted polymer matrix for selective separation of proteins. Biomaterials. 
2005;26(28):5737-45. 

15. Tan CJ, Wangrangsimakul S, Bai R, Tong YW. Defining the interactions between 
proteins and surfactants for nanoparticle surface imprinting through 
miniemulsion polymerization. Chemistry of Materials. 2008;20(1):118-27. 

16. Tan CJ, Tong YW. The effect of protein structural conformation on nanoparticle 
molecular imprinting of ribonuclease A using miniemulsion polymerization. 
Langmuir. 2007;23(5):2722-30. 

17. Xia YQ, Guo TY, Song MD, Zhang BH, Zhang BL. Hemoglobin recognition by 
imprinting in semi-interpenetrating polymer network hydrogel based on 
polyacrylamide and chitosan. Biomacromolecules. 2005;6(5):2601-6. 

18. Fu G-Q. Imprinting effect of protein-imprinted polymers composed of chitosan 
and polyacrylamide: A re-examination. Biomaterials. 2008;29:2138-42. 

19. Hawkins DM, Stevenson D, Reddy SM. Investigation of protein imprinting in 
hydrogel-based molecularly imprinted polymers (HydroMIPs). Anal Chim Acta. 
2005;542(1):61-5. 



 82 

20. Tan CJ, Tong YW. Preparation of superparamagnetic ribonuclease A surface-
imprinted submicrometer particles for protein recognition in aqueous media. 
Anal Chem. 2007;79(1):299-306. 

21. Li Y. Protein Recognition via Surface Molecularly Imprinted Polymer Nanowires. 
Anal Chem. 2006;78:317-20. 

22. Hawkins DM, Trache A, Ellis EA, Stevenson D, Holzenburg A, Meininger GA, et al. 
Quantification and confocal imaging of protein specific molecularly imprinted 
polymers. Biomacromolecules. 2006;7(9):2560-4. 

23. Pang X. Soft-wet polyacrylamide gel beads with the imprinting of bovine serum 
albumin. Reactive & Functional Polymers. 2006;66:1182-8. 

24. Pang XS, Cheng GX, Lu SL, Tang EJ. Synthesis of polyacrylamide gel beads with 
electrostatic functional groups for the molecular imprinting of bovine serum 
albumin. Analytical and Bioanalytical Chemistry. 2006;384(1):225-30. 

25. Chou PC. C-reactive protein thin-film molecularly imprinted polymers formed 
using a micro-contact approach. Anal Chim Acta. 2005;542:20-5. 

26. Hsu. Synthesis of and recognition by ribonuclease A imprinted polymers. 
Nanotechnology. 2006;17:s77-s83. 

27. Lin HY, Rick J, Chou TC. Optimizing the formulation of a myoglobin molecularly 
imprinted thin-film polymer-formed using a micro-contact imprinting method. 
Biosens Bioelectron. 2007;22(12):3293-301. 

28. Hua ZD, Chen ZY, Li YZ, Zhao MP. Thermosensitive and salt-sensitive molecularly 
imprinted hydrogel for bovine serum albumin. Langmuir. 2008;24(11):5773-80. 

29. Kublickas R. Polyacrylamide gels containing ionized functional groups for the 
molecular imprinting of human growth hormone. Polymer Bulletin. 2007;58:611-
7. 



 83 

30. Uysal A, Demirel G, Turan E, Caykara T. Hemoglobin recognition of molecularly 
imprinted hydrogels prepared at different pHs. Anal Chim Acta. 2008;625(1):110-
5. 

31. Wang YT, Zhou YX, Sokolov J, Rigas B, Levon K, Rafailovich M. A potentiometric 
protein sensor built with surface molecular imprinting method. Biosens 
Bioelectron. 2008;24(1):162-6. 

32. Nishino H. Selective protein capture by epitope imprinting. Angew Chem Int Ed. 
2006;45:2392-6. 

33. Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Hydrogels in biology and 
medicine: From molecular principles to bionanotechnology. Advanced Materials. 
2006;18(11):1345-60. 

34. Spizzirri UG, Peppas NA. Structural Analysis and Diffusional Behavior of 
Molecularly Imprinted Polymer Networks for Cholesterol Recognition. Chem 
Materials. 2005;17(26):6719-27. 

35. Peppas NA, Merrill EW. Poly(vinyl-alcohol) hydrogels - reinforcement of 
radiation-crosslinked networks by crystallization. Journal of Polymer Science Part 
a-Polymer Chemistry. 1976;14(2):441-57. 

36. Buxbaum E. Fundamentals of Protein Structure and Function. New York: Springer 
Science; 2007. 

37. Zhou X, He XW, Chen LX, Li WY, Zhang YK. Optimum Conditions of Separation 
Selectivity Based on Molecularly Imprinted Polymers of Bovine Serum Albumin 
Formed on Surface of Aminosilica. Chinese Journal of Analytical Chemistry. 
2009;37(2):174-80. 

38. Shi HQ, Tsai WB, Garrison MD, Ferrari S, Ratner BD. Template-imprinted 
nanostructured surfaces for protein recognition. Nature. 1999;398:593-7. 



 84 

39. Verheyen E, Schillemans JP, van Wijk M, Demeniex MA, Hennink WE, van 
Nostrum CF. Challenges for the effective molecular imprinting of proteins. 
Biomaterials. 2011;32(11):3008-20. 

 
 

 



 85 

CHAPTER 5: BOVINE SERUM ALBUMIN CONFORMATIONAL STUDIES 

USING CIRCULAR DICHROISM 

5.1. Introduction  

Circular dichroism (CD) is a well-established spectroscopic technique for studying 

protein secondary structures and can be employed to quantify global changes in protein 

conformation as a result of pH, temperature, and ligand binding and/or denaturation in 

solution.  A CD spectrometer measures the ellipticity of transmitted light resulting from 

difference in absorption of right and left handed circularly polarized light by a chiral 

molecule. This difference is small, typically  on the order of 10-4 [1], and is measured as a 

function of wavelength in the UV range. In contrast to X-ray and NMR, CD requires 

minimal sample preparation, relatively low concentrations of macromolecule (but wide 

concentration ranges can be studied by varying cell pathlength), is insensitive to 

molecular weight, and can show changes in the native conformation under more 

physiologically relevant conditions in solution [2-5]. 

5.1.1. Proteins and Protein Structure 

Proteins are linear polymers, or polypeptides, constructed from 20 natural 

amino acids (Figure 5.1) which are folded into a defined structure. The human body 

contains an estimated 100,000 different proteins, each of which has a specific 

physiological function [6]. In the complex architecture of a protein, the structure can be 

classified into four levels. The primary structure is its unique sequence of amino acids, 

and as mentioned above is responsible for the defining the higher order structures. The 

primary structure is so precise that even just a few mutations can significantly alter the 

protein’s physiological function. 

 Most proteins have segments of their polypeptide chains coiled or folded into 

patterns that contribute to the overall protein conformation and are collectively called 
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the secondary structure.  These coils and folds are stabilized by hydrogen bonds 

between C=O and N-H along the polypeptide backbone, not the amino acid side chains, 

and can be characterized by angles along the backbone.  The secondary structure can be 

further categorized into α-helix, β-sheet, turn, or random conformations depending on 

the shape of the pattern formed.  The α-helix is a delicate coil structure stabilized by 

hydrogen bonds between every fourth amino acid further along in the same polypeptide 

chain.  The other most common secondary structure, β-sheet, occurs if polypeptide 

chains are stretched out such that no hydrogen bonds occur between neighboring 

amino acids, but rather two or more regions of the polypeptide chain lying side-by-side 

are connected by hydrogen bonds. A turn structural motif occurs when neighboring 

residues (anywhere from 1 to 5 amino acids separating), are nearby but do not form one 

of the two main structures just mentioned. The coil or random conformation is any 

structure that does not fit into any of the others [7]. 

 The tertiary structure describes the global conformation of the polypeptide (i.e. 

the way in which the secondary structural elements are arranged in space). This 

structure is determined by interactions occurring between amino acid side chains, and 

as such the type of side group (ionic, hydrophobic, or polar) is the basis for the overall 

shape of the polypeptide.  The conformation of the protein may be further stabilized by 

disulfide bridges (-S-S-), which are covalent bonds formed when two cysteine residues 

are brought close together by the folding of the protein. Lastly, the quaternary structure 

defines the overall protein structure that results from two or more polypeptide chains 

aggregating into one functional macromolecule [6].  

5.1.2. Circular dichroism overview 

Plane or linearly polarized light consists of two circularly polarized components 

of equal intensity rotating in opposite directions. If looking at the light source, the right 

circularly polarized component rotates clockwise and the left component rotates in the 
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counterclockwise direction. After passage through an achiral sample, the left and right 

components are either not absorbed or are absorbed to equal extents, thus, resultant 

recombination of the two yields a radiation polarized in the original plane. However, 

upon passage through a chiral molecule, the two components are absorbed to different 

degrees and the addition of each vector traces out an ellipse (Figure 5.2) [1]. The 

arctangent of the minor and major axes of this resulting ellipse can be defined as 

ellipticity (θ, in degrees): 

       (
 

 
)        Equation 5.1 

Where b and a are the minor and major axes, respectively. The absorption of 

unploarized light, Beer-Lambert Law, is described by the absorbance (A): 

𝐴   𝑜𝑔 (
  

 
)  𝜀  𝑐         Equation 5.2 

Where Io is the intensity of incident light, I is the intensity after passing through a sample 

of pathlength d (in cm), ε is the molar extinction coefficient, and c is the molar 

concentration of the sample.  Analogously for circular polarized light, the change in 

absorption can be defined as: 

𝛥𝐴  𝐴  𝐴  (𝜀  𝜀 )  𝑐         Equation 5.3 

Where εR and εL are molar extinction coefficients for the right and left components, 

respectively [5].  

All commercially available CD spectropolarimeters use a photoelastic modulator 

subjected to an alternating electric field to convert the plane polarized light into 

circularly polarized light, alternating between left and right components at the 

modulation frequency, typically 50 kHz [1, 5]. The result of the preferential absorption 

of one of the components is an unequal amount of circularly polarized light reaching the 

photomultiplier detector, which gives a signal that varies with the same frequency as 
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the modulator. The ratio of the AC and DC components from the detector is 

proportional to ΔA, scaled by the gain of the amplifier used to amplify the AC 

component. Measuring this ΔA at each wavelength in the specified range yields the CD 

spectrum. As a result, CD spectropolarimeters measure ΔA, however most raw data 

output is in terms of ellipticity (θ, in degrees), which is easily converted by [5]: 

𝛥𝐴  
 

      
       Equation 5.4 

Literature often uses molar ellipticity (*θ+, in degrees.cm2.dmol-1), a unit 

primarily of historical significance in biochemistry, which the following equation can be 

applied for conversion [1]: 

[ ]  3298  𝛥𝜀  3298  
  

   
 
     

   
    Equation 5.5 

Where θ is in degrees, c in mol.L-1, and d in cm. 

For the purposes of CD, the UV range can be separated into two regions, far-UV 

(λ=175-240 nm) and near-UV (λ=260-320 nm). The near-UV region is useful to 

investigate the tertiary structure and macromolecular-ligand binding because spectra in 

this range arise from disulfide bonds (~260 nm) and aromatic amino acid side chains 

(260-320 nm) [1]. The actual shape and magnitude of the spectra will depend on the 

number and type of each amino acid present and the nature of their environment. Using 

CD to study ligand induced changes is relatively straightforward and of great utility as it 

can be accomplished by plotting the change in molar ellipticity of a specific peak as a 

function of ligand concentration. 

Conversely, the far-UV region is used in CD for secondary structure analysis 

because the protein backbone is intrinsically optically active in this region, and yields a 

characteristic spectrum depending on its secondary structure. Individual secondary 

structural elements (α-helix, β-sheet, turn, and random/irregular) have signature 
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spectrums in the far-UV region that can be used to estimate the percentage of each 

element for a macromolecular sample based on the shape of its curve relative to those 

signatures (Figure 5.3).  

For example, proteins with high α-helical content will yield spectra with two 

distinct positive peaks at 208 and 222 nm and a negative peak at 192 nm while high β-

sheet content produces a positive band at 216 nm and a negative band at 195 nm [2].  

However since the aromatic amino acid side chains can also contribute to the CD signal 

in the far-UV region, it is important to distinguish between effects of ligand binding and 

more deleterious conformational changes. As Figure 5.4 elucidates, a change in absolute 

molar ellipticity with the overall shape retained from the native spectrum indicates 

binding [8, 9]. Conversely, a loss of the characteristic peaks in the native spectra (i.e. 

change in both absolute *θ+ and spectra shape) is indicative of protein unfolding or 

denaturation [8, 9]. 

5.1.3. Circular dichroism in protein molecularly imprinted polymers 

Few studies have looked at the conformation of the protein template under 

synthesis conditions commonly employed in protein MIPs via CD. The impact of 

homogenization [10], surfactants [10, 11], UV irradiation [10, 12], and monomers [13] 

on protein templates have previously been investigated to a certain degree.   

Hua et al. [12] investigated the impact of UV irradiation, 2-isopropanol, and 

template removal washing procedure on the CD spectra of BSA. Thin layers of BSA 

imprinted MIPs composed of functional monomer, N-[3-

(dimethylamino)propyl]methacrylamide (DMAPMA), assistant monomer, N-

isopropylacrylamide (NiPAAm), and crosslinker, N,N’ methylenebisacrylamide (MBA), 

were synthesized on the surface of silica microspheres via UV initiated polymerization. 

Isopropanol was added to the pre-polymerization solution as a chain transfer agent to 

control the rate of polymerization. The CD spectra were collected for BSA in Tris-HCl 
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buffer in its native state, after exposure to UV irradiation for 8 minutes, after one hour 

incubation with isopropanol (10% volume), and after recovery from template removal 

elution.  The resultant spectra show very little change from that of the native protein, 

however, the spectra were noisy and did not have the expected characteristic peaks at 

208 and 222 nm. 

Tan and Tong [10] looked at the effect of reaction type, surfactants, and 

homogenization on the structure of RNase A in the near and far-UV regions via CD. 

Nanoparticle MIPs, in the size range of ~50 nm, were prepared via a miniemulsion 

polymerization using methyl methacrylate (MMA) and EGDMA as monomer and 

crosslinker, respectively, and either sodium dodecyl sulfate (SDS) or poly(vinyl alcohol) 

(PVA) as surfactants. The CD results showed that redox initiation and PVA were more 

suitable for preserving the structural integrity of RNase A as UV irradiation (24 hours) 

and SDS (10 mM) both induced a large change in the CD spectra. Homogenization at 

24,000 rpm, on the other hand, generated very little change in the spectra. However, 

once again, the data are quite noisy.  

Tan and coworkers also investigated the impact of surfactants SDS and PVA on 

two other templates, BSA and lysozyme [11]. Solvent-corrected CD spectra of BSA 

showed very little shift from the native when BSA is in the presence of SDS (10mM) or 

SDS/PVA (10 mM/1.5% w/v).  These data are clean for BSA as expected peaks at 208 and 

222 nm are clearly shown for the highly helical protein.  The same ligands with lysozyme 

show a large shift in the CD spectra from the native curve. However, the native lysozyme 

spectrum does not have the same shape of previous curves obtained in the literature 

[14], indicating the protein was not measured at the appropriate concentration. 

Lin et al. [13] evaluated, to a limited extent, the impact of monomers on the 

structure of both BSA and Lysozyme. Specifically, the CD spectra for a mixture of 

acrylamide (Aam) and MBA in the presence of the protein were collected as an 
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investigation into whether the type and amount of specific monomers used in the 

synthesis had an impact on the template structure. No shift in the spectra was seen in 

either case. However, once again, the data were so noisy that both the BSA and 

lysozyme native spectra had almost identical shapes, which is concerning given the large 

difference in secondary structure composition for the two proteins. 

What seems to be common to all of these studies is that the researchers 

examined only conditions employed in their own procedure and frequently the data 

were sufficiently noisy such that clear conclusions could not be made. This latter issue is 

most likely due to the fact that conditions were not optimized for CD studies, but rather 

done as auxiliary characterization on the actual pre-polymerization solution.  While 

sample preparation for CD is relatively straightforward, a few key considerations must 

be made in order to obtain desirable data. Some of these considerations include 

suitable protein concentration as the resulting CD spectra can vary widely with 

concentration of the macromolecule, filtration of sample prior to data collection to 

remove aggregates (none of the four studies mention this), and appropriate solvent 

which will not absorb highly in the far-UV region (i.e. Cl- ions absorb highly thus HCl 

should not be used to titrate buffers to desired pH) [1, 3, 4]. 

5.1.4. Impetus for circular dichroism studies 

A recent study [15] imprinted different conformations of β-lactoglobulin (native, 

heated, alcohol induced) and observed that the change in secondary structure of the 

protein was inversely proportional to template recognition during rebinding studies. 

Thermally-induced conformational change of creatine kinase was investigated recently 

by Chou and coworkers [16]. Not surprisingly, the CD spectra shifted significantly upon 

heating from ambient temperature to 50 oC and further to 80 oC. Similar to the β-

lactoglobulin study, the researchers found that the affinity and capacity for creatine 

kinase drops precipitously upon heating, and thus protein denaturation. These findings 
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are not unexpected; however, they shed light into the possibility that the 

conformational instability of protein templates is potential reason for why progress has 

been slow in the field.   

The work presented in this Ph.D. thesis is the first considerable effort towards 

investigating protein template conformational stability with functional monomers and 

other commonly employed pre-polymerization conditions from the protein MIP 

literature. An exhaustive literature search revealed that a majority (>60%) of the 

approximately 175 macromolecular imprinting studies published to date utilize one of 

three model protein templates – bovine serum albumin (BSA), lysozyme, or bovine 

hemoglobin (BHb) – with BSA the most common (Figure 2.4A). The five most commonly 

used monomers – acrylamide (Aam), methacrylic acid (MAA), acrylic acid (AA), 3-

aminophenylboronic aicd (APBA), and N-isopropylacrylamide (NiPAam) – were selected 

to conduct these studies (Figure 2.4B). Their chemical structures are shown in Figure 

5.5.  

As seen in Figure 2.4B, Aam is used in over three times as many studies as 

compared to the second most frequent monomer, MAA. These monomers are also a 

representative sample with two neutral (Aam, NiPAam), two negatively charged (MAA, 

AA), and one positively charged (APBA) monomer in the group.  Molar ratios of 

functional monomer to protein from literature typically range from 200:1 and 10,000:1, 

and generally exceed 1000:1.  Initial CD studies showed significant changes in the 

secondary structure of BSA even at 200:1, so data below and above this ratio were 

collected to determine at what concentration this conformation-change phenomenon 

initiated and to ensure this trend continued to higher ratios.  

One of the drawbacks to CD is its inaccuracy in measuring β components as the 

accuracy for α-helices, β-sheets, and turns is 97%, 75%, and 50%, respectively [17]. This 

is attributed to the fact that β-sheets can be antiparallel, parallel, or mixed. Additionally, 
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unlike α-helical spectra, characteristic β-sheet and turn spectra are quite similar with a 

positive peak at 216 nm and a negative peak at 195 nm [14]. Consequently, the data 

presented here and in Chapter 7 monitor changes in α-helix percentage as a function of 

monomer concentration to quantitatively show conformational deviations from the 

native protein state as the monomer-to-template ratio is increased above a critical 

value. 

5.2. Materials and Methods 

Acrylamide (Aam, >99%), methacrylic acid (MAA, 99%), acrylic acid (AA, 99%), 3-

aminophenylboronic acid hydrochloride (APBA, 98%), N,N’ methylenebisacrylamide 

(MBA, 99%),  ethylene glycol dimethacrylate (EGDMA, 98%), ammonium persulfate 

(APS, >98%), 2-(diethylamino)ethyl methacrylate (DEAEMA, 99%), 2-

(dimethylamino)ethyl methacrylate (DMAEMA, 98%), 2-hydroxyethyl methacrylate 

(HEMA, 97%), N-vinylpyrrolidone (N-VP, >99%), methyl methacrylate (MMA, 99%), 4-

vinyl pyridine (4-VP, 95%), vinylbenzoic acid (VBA, 97%), and albumin from bovine serum 

(BSA, lyophilized powder, >98%) were purchased from Sigma-Aldrich (St. Louis, MO). N-

Isopropylacrylamide (NIPAam, >98%) was purchased from Scientific Polymer Products 

(Ontario, NY). N,N,N',N'-Tetramethylethylenediamine (TEMED, 97%) was purchased 

from Fisher BioReagents (Fair Lawn, NJ). Irgacure® 2959 (4-(2-hydroxyethoxy)phenyl-(2-

hydroxy-2-propyl)ketone) was purchased from Ciba Specialty Chemicals Corporation 

(Tarrytown, NY). Potassium phosphate (Fisher Scientific, Fair Lawn, NJ) was dissolved in 

Milli-Q grade deionized water (20 mM), titrated to pH=7.4 with 1N NaOH, and filtered 

(0.2 μm) to prepare potassium phosphate buffer (PPB). PPB was used as the solvent for 

all samples. All chemicals were used as received.  

  CD measurements were performed at a constant temperature of 25 oC on a 

JASCO J-815 CD Spectrometer (JASCO, Great Dunmow, United Kingdom) using a 

rectangular quartz cell with an optical path length of 1.0 cm. The following parameters 
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were used for all samples: 1 nm band width, 1 nm data pitch, 100 nm/min scan rate, 4 

second response time, and three accumulations of each spectra. Spectra in the far-UV 

region (200-250 nm) were recorded after averaging of three consecutive scans for each 

sample.  

It is generally recommended to collect data between 260 and 178 nm for 

greatest precision of CD spectra for the determination of macromolecular secondary 

structure relative to X-ray crystallography studies [18].  However, to accurately record 

the ellipticity for samples sub-200 nm, one must use highly UV transparent solvents (<10 

mM buffers) as well as very short pathlength cuvettes (0.05 to 0.1 mm) to minimize high 

absorption concerns – total absorbance of sample, buffer, and cuvette should be <1 [3, 

5]. Solvents which satisfy this requirement are typically weak buffers and the cleaning 

procedure for such cuvettes is rather rigorous and time consuming. We were mainly 

concerned with detecting large changes in secondary structure from the native CD 

spectra and not necessarily precise agreement with X-ray data. As a result, using 20 mM 

PPB as solvent and collecting spectra from 250-200 nm in a standard 1 cm quartz 

pathlength with a 20 mM PPB solvent was suitable to obtain reproducible native results.  

Samples were prepared by first dissolving BSA into PPB to prepare a 3.0 μM BSA 

stock native solution. The monomer of interest was then solubilized in PPB in three 

independent highly concentrated stock solutions. BSA solution of desired volume was 

dispensed into separate 50 mL conical vials and spiked with the monomer stock 

solutions to yield the desired molar ratios of monomer to protein in triplicate (50 to 

2000:1).  

In a typical experiment using MAA and BSA as an example, the following steps 

were taken. First, 199.3 mg BSA was dissolved in 1000 mL of PPB to prepare a 3.0 μM 

stock protein solution. Second, three stock monomer solutions were prepared each with 

53.2 mg MAA in 3.3 mL PPB to yield a final concentration of 187.5 mM (16.1 mg mL-1). 
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Third, BSA solution was dispensed into conical vials in the following volumes – 50, 50, 

50, 40, 40, 40, 40 mL – which were labeled as follows – 50:1, 100:1, 200:1, 500:1, 750:1, 

1000:1, and 2000:1 – respectively. Lastly, to these protein solutions, discrete amounts of 

the MAA stock solution were added which would result in the desired molar ratio of 

ligand to protein.  Specifically, 40, 80, 160, 320, 480, 640, and 1280 μL of one of the 

MAA stock solutions were added. These last three steps were repeated for the other 

two MAA solutions to prepare triplicate samples at each of the seven desired ratios 

from above. All samples were filtered (0.2 μm polyethersulfone) prior to conducting CD 

measurements. 

Since the CD spectrum for a protein is concentration dependent, it was 

important to maintain a relatively constant BSA concentration of 3.0 μM for all samples. 

To do this, the protein solution added to the conical vials was sufficient enough volume 

such that dilution with the stock monomer solution would cause minimal change in 

protein concentration relative from the native 3.0 µM (less than a 5% decrease). Native 

spectra were obtained at 2.7 µM (10% decrease) and 2.85 µM (5% decrease) to confirm 

that the CD spectra and associated structural estimations would not vary outside of 

experimental error at such small concentration deviations.  

The pH of each sample was measured to verify that the change in CD was not 

simply due to a change in pH. 20 mM PPB proved to have sufficient buffering capacity to 

maintain a constant pH for all samples at the desired ligand concentrations. To ensure 

data reliability, native sample spectra were taken initially, in the middle, and at the end 

of each sample set. Raw CD spectra were analyzed using the Secondary Structure 

Estimation software included in the JASCO Spectra Manager software suite to determine 

percent α-helix of protein for each sample. 
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5.3. Results and Discussion 

A crystal structure for BSA is not available on the Protein Data Bank; however, a 

crystal structure for human serum albumin (HSA), the protein most similar to BSA, is 

available. The relative difference in the primary structure between these two is minimal 

with ~90% of the amino acids identical [19]. As a result, HSA and BSA have very similar 

native secondary structures. The native structure of HSA as determined from X-ray 

crystallography is 69.9% α-helix, 0% β-sheet, 14.9% turn, and 15.2% unordered/random 

[20]. It has thirty-one helical segments and zero β-sheet segments, also determined by 

X-ray analysis [20]. Previously published CD work found that BSA’s native secondary 

structure was 60.1% α-helix, 5.6% β-sheet, 12.4% turn, and 21.9% unordered/random, 

after collecting spectra from 190-260 nm in Tris buffer at 25oC [21]. 

An average of all analyzed native BSA spectra collected in this work yielded an α-

helix % of 60.7±2.2% (n=30), with the balance determined to be random/unordered. 

Comparison of our results to those of X-ray (HSA) and previous CD studies shows that 

our analysis does not find any β components; rather it assigns any part of the structure 

not helical as a random conformation.  This is not surprising since our spectra do not 

include any wavelengths below 200 nm, which is needed for more accurate β analysis. 

However, our goal in this work was to develop a method in which we would obtain 

reproducible results across all native BSA samples analyzed, especially for the α-helical 

component. This aim was certainly realized as evidenced by the low standard deviation 

given above. 

5.3.1. Bovine serum albumin circular dichroism studies with common functional 

monomers 

BSA is highly helical in its native state (α-helix content ~61%) and as such has 

strong positive CD bands in the far-UV region at 208 and 222 nm. As mentioned above, a 

change in absolute molar ellipticity as a result of a ligand at these two peaks indicates 
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binding while a loss of these characteristic bands is indicative of protein unfolding or 

denaturation. 

Figure 5.6 shows the CD spectra of the five monomers tested at concentrations 

that would be necessary for a 200:1 and 1000:1 ratios if in the presence of 3.0 µM 

BSA/PPB. Not surprisingly, these monomers do not have a spectrum in the far-UV region 

at either concentration as they are achiral molecules.  If a signal was present for the 

ligand it would have to be added to the free protein spectrum and this sum subtracted 

from the spectrum of the protein-ligand mixture to ensure that a measurable change 

occurs upon interaction [9].  Thus, we can safely assume that any change in protein 

spectra is not simply due to the presence of the monomer, but rather the result of 

ligand binding or protein conformational change. 

Figure 5.7A shows the CD spectra of BSA with increasing amounts of Aam.  The 

lowest few ratios of Aam to BSA (50, 100, and 200) show only a change in molar 

ellipticity as the spectra retain the characteristic shape of a highly helical macromolecule 

which is indicative of ligand binding.  However, once the ratio of Aam:BSA is increased 

to 350:1 or higher, the bands at 208 and 222 nm disappear indicating that BSA is no 

longer in its natural conformation.  

Figure 5.7B quantitatively illustrates the loss in BSA helical content from the 

native state (~61%) at molar ratios above 200:1. In fact, the protein appears to become 

effectively helix-free at ratios of 500:1 or higher.  The actual estimated values of α-helix, 

β-sheet, turn, and random composition for native BSA and BSA with the increasing 

amounts of Aam are given in Table 5.1. The values for all four components in the table 

for 50:1, 100:1, and 200:1 remain similar to those of the native sample, while the loss of 

α-helical % at 350:1 and above transforms into a turn conformation.  It would certainly 

make more sense for the conformation of the protein to become more and more 

random as the amount of Aam is increased, however, with the current methodology 
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only the % α-helix can be accurately estimated.  These samples were repeated two 

other times independently to ensure reproducibility – the same trend was observed for 

all three data sets of BSA and Aam.  

Figures 5.8 A &B show that this effect on the secondary structure of BSA is not a 

dynamic phenomenon as the shift from the native BSA spectrum occurs immediately 

after addition of Aam and remains unchanged up to 120 minutes later at both a low 

(200:1) and high (1000:1) Aam:BSA molar ratios. Secondary structure analyses on these 

spectra, plots not shown, confirm this assessment. This result is important because 

often times in the literature the protein templates are allowed to complex with the 

functional monomer(s) for a certain period of time, usually ~30 minutes, prior to 

polymerization. The rationale for this complexation time is to allow whatever desired 

interaction to occur.  The data in Figure 5.8 shows that a lengthy period of time is not 

required to cause the change in the secondary structure.  

 Analyses of ligand-induced denaturation with the next four most commonly 

employed functional monomers reveal an analogous phenomenon to that of Aam 

(Figures 5.9-5.12).  Specifically, Figure 5.9A is a plot of molar ellipticity vs. wavelength 

for 3.0 µM BSA/PPB with seven different concentrations of MAA.   The curves for 50:1, 

100:1, and 200:1 are shifted from that of the native; however the bands at 208 and 222 

nm are retained. Above these ratios, the spectra become featureless, indicating a loss in 

α-helical structure.  Secondary structure estimation analysis on these curves confirms 

this assessment as the α-helix fraction decreases considerably from the native value of 

61% at all ratios above a molar ratio of 200:1 until approaching zero at 2000:1 (Figure 

5.9B). 

 The strong positive peaks remain for BSA in the presence of AA up to a molar 

ratio of 500:1 according to Figure 5.10A, indicating that the protein is slightly more 

resistant to conformational change with AA than either Aam or MAA. However, as 
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displayed in Figure 5.10B above 500:1 the α-helical fraction decreases from the native 

value of 61% to 30±2% at a ratio of 750:1 and ultimately 9±3% at the highest ratio 

investigated. 

Figure 5.11A & B show the far-UV CD spectra of 3.0 µM BSA/PPB in the presence 

of APBA and the resultant data from secondary structure estimation on those spectra. 

As with the other monomers, APBA appears to cause a significant change in the CD 

spectra of BSA, and in this case the critical value is 100:1 as all ratios above this resulted 

in a featureless spectrum.  

 NiPAam has a deleterious effect on the secondary structure of BSA starting at 

monomer concentration that is lower than the previous four monomers.  Specifically, 

only the spectrum for the lowest ratio (50:1) retains the characteristic peaks of a highly 

helical protein with all concentrations above this ratio producing a flat spectrum (Figure 

5.12A).   Secondary Structure estimation analysis, Figure 5.12B, reveals that the α-helix 

% drops to below 20% for all ratios above 50:1.   

These results suggest that the monomers are binding to the proteins as desired 

at low levels; however, once present in higher concentrations the monomer is 

significantly changing the secondary structure of BSA. We hypothesize that the 

mechanism behind this conformation change is a result of disruption in the hydrogen 

bonds present in the α-helical structures of BSA. This is quite interesting because it is H-

bonding which has historically been so important in the interaction between monomers 

and templates for successful small template MIP.  The finding that NiPAam and MAA 

both cause detrimental changes to the protein structure in lower concentrations than 

their structurally similar monomers, Aam and AA, is also quite interesting.  The relative 

difference in both of these two sets is the presence of hydrophobic alkyl groups, either 

as a methyl group with MAA versus AA or an isopropyl group for NiPAam versus Aam, 
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which implies that hydrophobic interactions could also be contributing to the observed 

structural change.  

Also, BSA CD spectra were collected in the presence of low (200:1) and high 

(1000:1) ratios of various other monomers that have been used in the literature.  These 

include 2-(diethylamino)ethyl methacrylate (DEAEMA), 2-(dimethylamino)ethyl 

methacrylate (DMAEMA), 2-hydroxyethyl methacrylate (HEMA), N-vinylpyrrolidone (N-

VP), methyl methacrylate (MMA), 4-vinyl pyridine (4-VP), and vinylbenzoic acid (VBA). 

Similar results were obtained as all but MMA and HEMA induced a significant change in 

the shape and ellipticity magnitude at the lower ratio, while all seven appear to cause a 

large conformation change at the higher ratio (Figure 5.13).  Secondary structure 

analysis, data not shown, confirms this assessment. 

5.3.2. Bovine serum albumin circular dichroism studies with other commonly employed 

pre-polymerization conditions 

Additionally, the impacts of other pre-polymerization conditions on the 

conformation of BSA were investigated. Specifically, frequently used crosslinkers and 

initiators were studied with CD using similar procedures to the functional monomers. 

The literature search conducted revealed that the majority (~85%) of studies do date 

employ either N,N’ methylenebisacrylamide (MBA) or ethylene glycol dimethacrylate 

(EGDMA) as the crosslinking monomer, with MBA used 5 times more frequently than 

EGDMA and EGMDA three times more often than PEG(400)DMA (Figure 2.4C). Molar 

ratios of crosslinker to protein template in prior articles range from 4 to 10,000 with the 

majority between 50 and 200.  As a result, several ratios between 10:1 and 500:1 for 

MBA or EGDMA to BSA were investigated via CD.    

First, to verify that MBA and EGDMA do not contribute to the CD signal, the 

spectra for these ligands were collected in the absence of BSA at concentrations that 

would be needed for ratios of 25:1 and 500:1 if in the presence of 3.0 μM BSA (Figure 
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5.14). Not surprisingly, both MBA and EGDMA CD spectra are completely featureless for 

both concentrations as neither of these are chiral molecules so they should not produce 

a signal upon irradiation by circularly polarized light. If a signal was present for the 

ligand it would have to be added to the free protein spectrum and this sum subtracted 

from the spectrum of the protein-ligand mixture to ensure a measurable change occurs 

upon interaction [9]. Thus, we can, once again, presume that any change in protein 

spectra is not simply due to the presence of the monomer, but rather the result of a 

ligand induced protein conformational change. 

A similar effect to that of the monomers can be seen in Figure 5.15 as MBA 

induces a significant drop in the α-helical % of BSA above a ratio of 50:1. What is 

interesting is that at all three data points above 50:1, the estimated α-helix composition 

is 0%, rather than a gradual decrease as is seen with most of the monomers. On the 

contrary, EGDMA seems to have no such effect on BSA as the α-helical % remains at 

~60% for all ratios up to 500:1 (Figure 5.16). As a result, two additional ratios were 

investigated, 1000:1 and 2000:1, to determine how much EGDMA is required to induce 

a conformational change. Figure 5.15A shows that the first three data points show very 

little shift from the native spectra.  The next three curves – 100:1, 200:1, and 500:1 – are 

shifted; however do retain the characteristic bands at 208 and 222 nm. From Figure 

5.15B, the two highest ratios – 1000:1 and 2000:1 – do seem to alter the structure of 

BSA to a certain degree. Specifically, the α-helix % for 1000:1 and 2000:1 drops to 37 ± 

5% and 24 ± 1%, respectively. This is in contrast to the previous monomers and MBA 

investigated all of which cause the helical composition to decrease to approximately 

zero at higher concentrations of the ligand. 

This is somewhat surprising since all seven of these molecules have relatively 

similar functional groups with all having either (meth) acrylate or acrylamide groups 

other than APBA. The one unique characteristic, however, is that EGDMA does not have 
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any H-bond donors in its structure (Figure 5.5), thus may not be able to disrupt the H-

bonds present in the secondary structure of BSA to the same extent. 

The most common polymerization techniques employed in protein MIPs are 

thermal and UV initiated free radical polymerization.  In thermal-initiated, ammonium 

persulfate (APS) and tetramethylenediamine (TEMED) are often used as initiator and 

catalyst, respectively, to allow polymerizations at room temperature. Irgacure® 2959 is 

commonly used as a UV free-radical initiator for bulk protein imprinted polymerizations 

conducted in aqueous solvents. Once again, CD spectra were obtained with BSA in the 

presence of varying concentrations of these three ligands. The ratios were chosen to 

span common values seen in the literature. As shown in Figure 5.17, these ligands 

seemed to have a minimal effect on BSA with the exception of Irgacure® 2959 at its 

highest ratio. This is not surprising since these ligands are typically present in the pre-

polymerization solution at low concentrations relative to those of functional and 

crosslinking monomers. As a result, these initiators seem to be suitable to be in solution 

with BSA without any conformational changes occurring at the current concentrations. 

5.3.3. Comparison with previous circular dichroism results 

Lastly, CD analysis of an actual pre-polymerization solution used in the literature 

was performed.  What makes this particular composition of interest is that it is the only 

article to date which has looked at the impact of monomers on the protein template via 

CD [13]. What is even more interesting is that this article directly states “the Aam-MBA 

solution did not pose any significant effect on the protein configuration.” This assertion 

is based on the CD spectra collected for BSA in the presence of this monomer solution 

(Figure 5.18 B).  As you can see, the data are quite noisy as the native spectrum does not 

have positive bands at 208 & 220 nm characteristic of a highly helical protein like BSA.  

This is because these data were collected by simply running BSA at the concentration 

used in the pre-polymerization solution, rather than one optimized for CD studies.  As a 
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result, they did not see any shift from the native spectrum upon addition of the 

monomer solution. However, Figure 5.18 A clearly shows an obvious change from the 

native spectra upon re-running this same set of samples with the optimum BSA 

concentration.  For an idea of the actual molar ratios used in this particular pre-

polymerization solution, the ratio of Aam:BSA and MBA:BSA in this sample set were 

~16,000:1 and ~1,000:1, respectively. These values are quite a bit larger than those 

investigated in our systematic CD studies, and give direct insight into the concentrations 

that are typically used in the literature. 

5.4. Conclusions  

Circular dichroism has been used to show the impact of five commonly 

employed functional monomers on the secondary structure of BSA. The data clearly 

demonstrate a change in the native spectra of BSA upon addition of any of the five 

monomers at concentrations far below what is generally used in protein MIP synthesis. 

Additionally, other typical ligands employed in the literature were investigated, 

including crosslinkers and initiators.  While the most frequently used crosslinker, MBA, 

followed the same trend as the monomers, EGDMA and other initiators seemed to have 

little impact on the conformation of BSA at relevant concentrations. Clearly, if the 

template structure is being altered to such an extent before polymerization, specific 

recognition, subsequently, cannot consistently be achieved.  

The degree to which BSA’s structure is altered upon addition of relatively low 

amounts of these monomers is certainly a cause for concern and is potentially a large 

reason for the lack of success in the field of protein MIPs. If the protein template is 

forced into a different conformation prior to polymerization, the binding sites formed 

during polymerization would be specific to this alternate conformation. When the 

polymer is re-exposed to the protein in its native state subsequently, specific 

recognition would not be observed. The results also help explain why the paper by Shi & 
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Ratner [22] remains the seminal paper in the field despite being published over a 

decade ago. In this work, various protein templates were adsorbed onto a substrate and 

then coated with a disaccharide layer prior to polymer deposition; therefore, the 

protein was never in contact with the monomer(s) before polymerization. The 

selectivities observed (ratio of template absorption by MIP to competitor protein 

absorption by MIP) are some of the best demonstrated to date, especially given that the 

competitor proteins were so similar to the templates in both size and isoelectric point. 
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TABLES 

 

Table 5.1: Secondary Structure Estimation of BSA with increasing amounts of Aam 

from a Aam:BSA molar ratio of 0 (native) to ~2,000:1. 

Aam:BSA 
molar ratio 

0 
(native) 

51 101 201 354 506 760 1,013 2,026 

α- Helix 61% 63% 66% 59% 31% 4% 0% 0% 0% 

β- Sheet 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Turn 0% 0% 0% 0% 69% 96% 100% 100% 100% 

Random 39% 37% 34% 41% 0% 0% 0% 0% 0% 

Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 

α-helix stdev 2% 0% 1% 1% 2% 4% 0% 0% 0% 
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Figure 5.1: 20 common amino acids, categorized according to side chain polarity and 

charge at physiological pH. 
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Figure 5.2: Origin of the CD effect 

The left (L) and right (R) circularly polarized components of plane polarized light have  

(A) the same amplitude and recombine to form plane polarized radiation if passed 

through achiral sample or (B) are of different magnitude and the resultant light is 

elliptically polarized (dashed line).  

R L 

A 
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Figure 5.3: CD signatures of 2o structural elements [2]. 
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Figure 5.4: Denaturation versus binding in far-UV 

(a) Denaturation: addition of a denaturant, Guanidine-HCl, to tropomodulin induces a 

change in CD spectra shape and molar ellipticity magnitude; (b) Binding: addition of 

ligand, calcium, to the calcium binding subunit of troponin induces change in molar 

ellipticity only with overall spectra shape retained. Figure reproduced from N. 

Greenfield, Nat. Protocols, 2006 [9].  
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Figure 5.5: Chemical Structures of all monomers, crosslinkers, and initiators 

investigated in CD studies 
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Figure 5.6: CD spectra of monomers 

CD spectra of the top 5 monomers without BSA at same concentration as would be 

necessary for 200:1 (A) and 1000:1 (B) ratios. All results were obtained in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and averages of three independent samples. 
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Figure 5.7: CD spectra for BSA with various concentrations of Aam 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

Acrylamide to BSA (50-2000:1). All results were obtained with 3 μM BSA in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and averages of three independent samples. 
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Figure 5.8: Dynamic CD study 

Dynamic CD spectra of Acrylamide with Bovine Serum Albumin at molar ratios of (A) 

200:1 and (B) 1000:1. All results were obtained with 3 μM BSA in Potassium Phosphate 

Buffer (20 mM, pH=7.4) and are averages of three independent samples. 
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Figure 5.9: CD spectra for BSA with various concentrations of MAA 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

methacrylic acid to BSA (50-2000:1). All results were obtained with 3 μM BSA in 

Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 
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Figure 5.10: CD spectra for BSA with various concentrations of AA 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

acrylic acid to BSA (50-2000:1). All results were obtained with 3 μM BSA in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and averages of three independent samples. 
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Figure 5.11: CD spectra for BSA with various concentrations of APBA 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 3-

aminophenylboronic acid to BSA (50-2000:1). All results were obtained with 3 μM BSA in 

Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 
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Figure 5.12: CD spectra for BSA with various concentrations of NiPAam 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

N-isopropylacrylamide to BSA (50-2000:1). All results were obtained with 3 μM BSA in 

Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 
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Figure 5.13: CD spectra for BSA with other monomers 

CD spectra of several other common functional monomers with Bovine Serum Albumin 

at molar ratios of (A) 200:1 and (B) 1000:1 monomer to BSA. The monomers tested were 

2-(diethylamino)ethyl methacrylate (DEAEMA), 2-(dimethylamino)ethyl methacrylate 

(DMAEMA), 2-hydroxyethyl methacrylate (HEMA), N-vinylpyrrolidone (N-VP), methyl 

methacrylate (MMA), 4-vinyl pyridine (4-VP), and vinylbenzoic acid (VBA). All results 

were obtained with 3 μM BSA in Potassium Phosphate Buffer (20 mM, pH=7.4) and are 

averages of three independent samples.  
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Figure 5.14: CD spectra of crosslinkers alone  

CD spectra of the two top crosslinkers without BSA at same concentration as would be 

necessary for 25:1 (A) and 500:1 (B) ratios. All results were obtained in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and averages of three independent samples. 
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Figure 5.15: CD spectra for BSA with various concentrations of MBA 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

N,N’ methylenebisacrylamide to BSA (10-500:1). All results were obtained with 3 μM 

BSA in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 
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Figure 5.16: CD spectra for BSA with various concentrations of EGDMA 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

Ethyleneglycol dimethacrylate to BSA (10-2000:1). All results were obtained with 3 μM 

BSA in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 
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Figure 5.17: CD data for BSA with common initiators 

α-helical protein percentage of BSA with various molar ratios of (A) Ammonium 

persulfate (APS), (B) Tetramethylethylenediamine (TEMED), and (C) Irgacure® 2959 to 

BSA (25-200:1). All results were obtained with 3 μM BSA in Potassium Phosphate Buffer 

(20 mM, pH=7.4) and averages of three independent samples. 
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Figure 5.18: CD spectra of pre-polymerization solution from literature 

(A) CD spectra of (1) 3 µM BSA/PPB solution, (2) 0.1 mg/mL Aam/MBA solution in PPB, 

and (3) 3 µM BSA + 0.1 mg/mL Aam/MBA in PPB compared to (B) samples previously 

reported in the literature [13]: (1) 0.15 μM BSA/DI solution, (2) 0.1 mg/mL Aam/MBA 

solution in DI water, and (3) 0.075 μM BSA + 0.1 mg/mL Aam/MBA solution in DI water 

[13]. All results were obtained in Potassium Phosphate Buffer (20 mM, pH=7.4) and 

averages of three independent samples. 
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CHAPTER 6: MOLECULAR SIMULATIONS FOR PROTEIN IMPRINTED 

POLYMERS  

6.1. Introduction 

6.1.1. Molecularly imprinted polymers with computational modeling 

Computational modeling techniques can provide examination of various 

constituents in the pre-polymerization solution in a much more efficient and cost 

effective manner. To date, very few protein MIP computational studies have been 

reported [1-5]. Hsu et al. [1] employed molecular mechanics to show changes in the 

secondary structure of ribonuclease A as a function of monomer (styrene) or crosslinker 

(polyethylene glycol 400 dimethacrylate) concentration. Pan et al. [5] used molecular 

docking between the template protein (Staphylococcus aureus protein A) and monomer 

(acrylamide) to conclude that H-bonding and hydrophobic interactions are the dominant 

driving forces for interactions in this pre-polymerization solution. 

 Levi and Srebnik [2, 3] used lattice Monte Carlo simulations to investigate the 

effects of initiator, crosslinking agent, and monomer concentrations on the resultant 

protein imprinted polymer structure and functionality. They found that the presence of 

the protein template had no effect on the average structure of the resultant polymer 

and that highly charged pre-polymerization solutions led to non-specific interactions. 

These conclusions agree with previous independent experimental studies from 

Bergmann and Peppas [6] and Janiak et al. [7]. In their most recent work, Levi and 

Srebnik [4] employed the same model to determine that monomer concentration in the 

pre-polymerization solution had the strongest influence on imprinting efficiency. 

Although these results are interesting, the models neglect to address two of the 

key challenges facing successful protein recognition with MIPs – increased complexity 
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and conformational instability of proteins relative to small molecular weight templates. 

It is clear that the success of a subsequent MIP is strongly dependent on the stability 

and strength of its monomer-template complex prior to polymerization. As mentioned 

in Chapter 2, despite the increased interest in this area over the past several years, few 

studies have seriously investigated the fundamental mechanisms behind template 

recognition, thus they largely remain largely unknown. It is widely accepted that non-

covalent interactions, such as hydrogen bonding, electrostatic interactions, and 

hydrophobic interactions all play a role, but, the way in which these forces co-operate is 

still in question. Our goal in this work was to use molecular docking to further 

investigate the types of interactions occurring between monomers and crosslinkers with 

protein templates prior to polymerization.  

6.1.2. Overview of molecular docking  

  When the structure of a macromolecular target is known, typically from X-ray or 

NMR, molecular docking is commonly used as an enrichment tool for rapid screening of 

large libraries of potential ligands. This technique is often used in lieu of high-

throughput screening due to cost considerations with comparable, if not better, hit-rate 

enrichment [8, 9]. In general, ligands are ‘docked’ onto binding sites of a target 

(macromolecule) and possible poses and conformations of the small molecule are 

sampled. For each pose, a ‘score’ value is calculated via a scoring function, which is 

derived from empirical data of binding complexes.  

  There are various approaches to molecular docking each with slightly different 

scoring functions that include terms which account for hydrogen bonding and other 

non-covalent interactions between the ligand and target as well as internal energy of 

the ligand. Common packages include DOCK [10], GOLD [11], FlexX [12], and Glide [13] 

with selection dependent on the desired application and protein target. Overall, 

molecular docking provides reliable predictions of binding poses, but not binding affinity 
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[14, 15]. In fact, an evaluation of numerous docking programs found that the binding 

geometry was successful in predicting binding sites within 2   RMSD of experimental 

structures; however, the predicted binding affinity was weakly correlated with 

experimental data (R<0.6) [16].  

  While robust techniques like molecular mechanics based free energy simulation 

methods are becoming more accessible due to advances in high performance 

computing, docking studies remain an integral part of virtual screening. This is because 

molecular mechanics is far more resource consuming relative to docking (on the order 

of days per target versus minutes) [14]. The limitations of docking, however, lie in the 

lack of configurational sampling and the crude description of solvent and electrostatic 

interactions, for the sake of computational speed. As a result, molecular mechanics or 

molecular dynamics, which affords considerably more accurate predictions of binding 

affinity [17], is typically used only after docking has identified promising ligands. 

6.1.3. Protein stability 

 Proteins fold spontaneously into their native three-dimensional conformations 

based solely on their sequence of amino acids [18]. Protein stability is a balancing act 

between large, opposing enthalpic and entropic contributions, which are dominated by 

hydrogen bonding, hydrophobic interactions, and configurational entropy [19]. The 

exact contributions of each of these influences to the stability of proteins remain in 

question.  And because the native state of proteins are typically just 5-15 kcal/mol more 

stable than that of the unfolded [20], they are highly sensitive to relatively small 

environmental changes, including temperature, pH, or salt/ligand concentration. For 

instance, the energy contribution of a single hydrogen bond in macromolecules is on the 

order of 2-5 kcal/mol [20]. However, many proteins will spontaneously refold into their 

native conformation once returned to the original environment. 
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Protein denaturation or unfolding involves the loss of secondary or tertiary 

structure, or both. Urea and guanidinium hydrochloride are the two most commonly 

employed and studied protein denaturants; however, the exact mechanism of the 

denaturation remains intensely debated [21]. Indeed, Lim et al. [22] concluded that urea 

destabilizes proteins by disrupting hydrogen bonds while Cauchi et al. [23] found that 

electrostatic and van der Waals forces dominate denaturation with H-bonding playing a 

minimal role. What does seem to be agreed upon is that chaotropic agents bind to the 

protein which reduces its chemical potential. Once the chemical potential falls below 

that of the native state, the protein unfolds [21].  

6.1.4. Impetus of molecular docking studies 

 In Chapter 5, circular dichroism was used to clearly show the negative effect 

monomers and crosslinkers frequently employed in protein MIPs have on the native 

secondary structure of bovine serum albumin (BSA). The negative influence was seen for 

the five most commonly used monomers – acrylamide (Aam), methacrylic acid (MAA), 

aminophenylboronic acid (APBA), acrylic acid (AA), and N-isopropylacrylamide (NIPAam) 

– at concentrations far below what are used in the field. The degree to which BSA’s 

structure was altered upon addition of relatively low amounts of these monomers is 

certainly a cause for concern and is potentially a large reason for the lack of success in 

the field to date. If the protein template is forced into a different conformation prior to 

polymerization, the binding sites formed during polymerization would be specific to this 

alternate state. When the polymer is re-exposed to the protein in its native state, 

specific recognition would not be observed. 

Additionally, the two most frequently employed crosslinkers – N,N’ 

methylenebisacrylamide (MBA) and ethyleneglycol dimethacrylate (EGDMA) – were 

investigated with BSA in an analogous manner. A similar result was obtained for MBA in 

that a substantial change in the native spectra of BSA was observed upon increasing 
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amounts of MBA. However, the spectra for BSA in the presence of EGDMA maintained 

its native characteristic shape. Even when the concentration of EGDMA was increased 

well above what is found in the literature, the decrease in helical structure was far less 

than what was seen for the other six ligands. 

 In the following work, molecular docking was used to further investigate the 

results from these circular dichroism studies. Namely, docking studies with the same 

seven ligands were performed on the crystal structure of human serum albumin (HSA) 

to determine the most favorable binding site. Based on this pose, we determined the 

amino acids which the monomers preferentially bind as well as the types of interactions 

taking place. The distance between the amino acid and the ligand as well as the side 

group present on the residue provides an indication of the type of interaction occurring. 

A general rule of thumb is that interactions are taking place if heavy atoms of the ligand 

and amino acid are within approximately 4.0   of each other. For example, distances of 

2.6-3.4   between the appropriate atoms (hydrogen donor and acceptor of 

electronegative atom) is indicative of hydrogen bonding [11, 24].  Ultimately, the 

functional groups involved dictate the type of non-covalent interaction occurring – 

hydrogen, electrostatic or hydrophobic – as long as the two atoms are roughly within 4 

  of each other. This analysis allowed for a more robust explanation of the mechanism 

behind the change in conformation. Also, we were able to hypothesize which 

interactions were most significant in causing this conformation change by identifying 

which of those are not present with EGDMA, the only ligand which did not have a 

detrimental effect on BSA. 

6.2. Materials and Methods 

 The crystal structure of human serum albumin (HSA) was obtained from the 

Protein Data Bank (PDB code 1AO6). BSA and HSA share ~90% of their primary sequence 

[25] which implies that they are homologous proteins with very similar crystal structures 
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and overall biological function. The ligands investigated were the same five monomers 

and two crosslinkers examined in our previous work (Chapter 5) – acrylamide (Aam), 

methacrylic acid (MAA), aminophenyl boronic acid (APBA), acrylic acid (AA), N-

isopropylacrylamide (NIPAam), and N,N’ methylenebisacrylamide (MBA) and 

ethyleneglycol dimethacrylate (EGDMA). The chemical structures of these seven ligands 

were shown previously in Figure 5.5.  

The docking calculations were performed using GOLD4.0. We divided the solvent 

accessible surface of the protein into six regions and “rolled” the ligand over these 

regions. Charges were assigned to the appropriate atoms in the amino acid side chains 

as well as those of the charged ligands. Genetic algorithm (GA) runs were performed for 

each molecule. For each GA run, 2.5 million operations were applied on a set of five 

islands with a population size of 200. The weights for three types of operations 

(crossover, mutation, and migration) were chosen as 95%, 95%, and 10%, respectively. 

Default GOLD4.0 parameters were used for the remainder of the settings. During the 

docking, the protein was kept rigid while the ligands were flexible. A total of 30 

structures were generated at the end of each docking run.  

The GOLD fitness function was used to determine the most favorable binding 

site for each ligand. The fitness function for GOLD is comprised of terms for protein-

ligand complexation, hydrogen bonding, and internal energy of the ligand and is shown 

below in Equation 6.1[16]. 
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The complexation term is calculated from a reparameterized Lennard-Jones 8-4 

potential, the hydrogen bonding term is a sum of all individual energies from the donor-
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acceptor pairs in the complex, and the internal energy term includes both a dispersion-

repulsion and a torsional energy component [11, 16]. This scoring function was originally 

calibrated from empirical data of 100 protein-ligand complexes [16].   

 The highest scoring binding site for each ligand was specified as the pose most 

likely to occur when in solution with the protein experimentally. The amino acids 

nearest to the ligand (residues within 4 ) were identified and distances between the 

relevant heavy atoms of the ligand and target were measured to theorize the types of 

interactions occurring. The chemical structures of the 20 common amino acids, 

categorized by polarity of the side chain, were shown previously in Figure 5.1.  

6.3. Results and Discussion 

Docking studies provide reliable prediction of binding poses for protein-ligand 

interactions. As a result, we exploited this facile simulation technique to determine 

which amino acids surround the ligand when it is at its most favorable binding site. Also, 

based on the distance between the heavy atoms in the amino acid and ligand as well as 

the type of side group on the residue, we identified the types of interactions that are 

likely occurring.  

6.3.1. Computational docking studies with common functional monomers  

Clearly, when the monomer(s) are in solution with the protein at a molar ratio of 

ligand to monomer up to 2000:1 as is commonly seen in the literature, there will be far 

more than one ligand per protein. However, molecular docking studies give an 

indication as to where the ligand preferentially binds to the protein; thus, they can offer 

insight into the types of interactions responsible for the loss in secondary structure 

found in our experimental work. 

Figure 6.1 shows the crystal structure of HSA with the seven ligands of interest 

located at their most favorable binding sites. HSA is a highly helical protein with 585 
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residues in its primary sequence and 31 α-helices present in its secondary structure [26]. 

Of interest is the fact that Aam, AA, NIPAam, and EGDMA preferentially bind at similar 

sites on the crystal structure, near residue 273. Meanwhile, MAA, MBA, and APBA’s 

favorable binding sites were near residue centers 138, 138, and 528, respectively. This 

result indicates that the most favorable binding site is not based solely on ligand charge 

or structural similarities. If that were the case, we would expect AA and MAA to have 

similar binding poses.  However, it also suggests that because four of the ligands bind to 

similar areas, they may have to compete for the same residues if more than one is used 

for synthesis. This will be addressed later in the chapter. 

The binding pose for acrylamide (Aam) on the HSA crystal structure along with 

the nearby amino acids is shown in Figure 6.2. Also included in this image are a few of 

the relevant interactions as designated by the distance between the heavy atoms of the 

nearby amino acids and Aam. There are ten amino acids shown, however only six of 

those have atoms within the desired 4.0   distance – tyrosine 146, arginine 253, leucine 

234, leucine 256, isoleucine 260, and alanine 287 (the numbers listed represent the 

actual residue in the amino acid sequence of HSA). Of those, the side groups in both 

tyrosine and arginine are hydrogen bonding with the ligand. Specifically, the terminal –

OH on the phenol group of tyrosine is interacting with the C=O on Aam and two of the 

amine groups on the side group of arginine are within the optimal distance range for 

hydrogen bonding with the same functional group of Aam. The remaining four nearby 

residues all have hydrophobic non-polar side groups, thus are undergoing hydrophobic 

interactions with the ligand. In addition to this, the primary amine in Aam seems to be 

H-bonding with the amino group present in the polypeptide backbone at alanine.  This 

latter interaction may be the most significant of any as an explanation for the 

experimental circular dichroism results. This is because the hydrogen bonds along the 

backbone stabilize a protein’s secondary structure, while the side chains are responsible 
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for ligand binding. This will be discussed later in the chapter upon comparison with 

EGDMA docking results. 

Figure 6.3 shows methacrylic acid (MAA) in its thermodynamically favorable 

binding pose with five HSA residues within the specified 4   boundary – arginine 110, 

arginine 182, valine 112, arginine 113, and leucine 111. In looking closely at each of 

these residues, a few conclusions can be made. First, it is apparent that arginine 110 is 

binding both electrostatically and via H-bonding. This inference can be made based on 

the fact that both the positively charged amine and neutral primary amine located on 

the side chain of arginine are within the appropriate distance from the charged oxygen 

present in the carboxylate ion of MAA.  The same two interactions appear to be 

occurring with arginine 182 and MAA. Both arginine 113 and valine 112 seem to be 

interacting hydrophobically via the aliphatic groups present in their side groups and the 

methyl group on MAA. Lastly, MAA seems to be interacting in two ways along the 

polypeptide backbone at leucine 211. Specifically, the α-carbon present along the 

backbone is interacting hydrophobically with the vinyl group of MAA and the amino 

group is H-bonding with C=O group on MAA. Once again, we feel that these complexes 

between the ligand and the backbone are central to the protein conformational change 

observed experimentally. 

The acrylic acid (AA) docking studies reveal an analogous outcome (Figure 6.4). 

Namely, AA appears to be interacting with seven amino acids – tyrosine 146, histidine 

238, arginine 253, leucine 234, leucine 256, alanine 287, and lysine 195. The negative 

charge on the carboxylic acid of AA allows for electrostatic interactions with the side 

chains of the three positively charged residues – histidine, arginine, and lysine. 

Additionally, the neutral secondary amine present on arginine’s side group appears to 

be H-bonding with the C=O group on AA. Tyrosine and the two leucine groups are 

interacting via H-bonding and the hydrophobic effect, respectively. Lastly, the alanine 
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group is undergoing hydrophobic interactions with the ligand between the α-carbon 

along the peptide backbone and one of the carbon atoms on AA. 

The same analysis was performed for aminophenylboronic acid (APBA) with HSA. 

In this case, eight amino acids are within the desired distance – glutamine 576, glutamic 

acid 497, lysine 532, alanine 578, serine 575, histidine 531, phenylalanine 498, and 

lysine 528 (Figure 6.5). The histidine and leucine residues are both undergoing 

hydrophobic interactions between carbons on the side chains and carbon atoms in the 

phenyl ring of APBA. APBA is the only ligand of the seven investigated which has its 

binding pose near a phenylalanine residue, between which π-stacking or other π-

interactions are likely occurring.  

The remaining five residues listed above appear to be hydrogen bonding to 

APBA. Furthermore, three of these – glutamic acid, alanine, and serine – exhibit H-

bonding between their C=O groups along the peptide backbone and the primary amine 

of APBA (or the boronic acid group in the case of glutamic acid). Additionally, since APBA 

is positively charged and glutamic acid is negatively charged at neutral pH conditions, 

these two are interacting electrostatically.  The realization that three interactions are 

occurring between the peptide backbone and APBA can help explain the precipitous 

drop in helical structure for BSA which occurs at a ligand concentration much lower than 

that of the other monomers (Figure 5.11). 

Figure 6.6 shows the favorable binding pose for the amphiphilic monomer, N-

isopropylacrylamide (NIPAam). Crosslinked P(NIPAam) is commonly studied for 

biomedical applications as a temperature responsive polymer due to its reversible 

swelling properties near physiological temperatures [27]. This behavior is a result of the 

competition between strong hydrophobic interactions and hydrogen bonding that is 

temperature dependent. In our analysis here, we found ten amino acids responsible for 

these two types of interactions – arginine 253, tyrosine 146, lysine 146, leucine 234, 
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valine 237, histidine 238, leucine 256, alanine 257, isoleucine 260, and alanine 287. 

Hydrophobic interactions are occurring between the hydrophobic isopropyl group on 

NIPAam and the side chains of lysine, both leucine residues, valine, histidine, isoleucine, 

as well as alanine 287. Arginine and tyrosine are undergoing hydrogen bonding with the 

hydrophilic C=O group on the ligand. Lastly, NIPAam is interacting hydrophobically with 

the backbone α-carbon of alanine 257. 

It is interesting to note that hydrogen bonding and hydrophobic interactions play 

such a large role in these complexes even with charged ligands. In looking overall at all 

of the interactions occurring for these five monomers, it seems that hydrophobic 

interactions are the most important of the three, followed by H-bonding – based on 

quantity alone. Obviously, this statement does not take into account the relative 

strength of each of these interactions, which molecular docking does not provide. 

However, it seems clear that both hydrogen bonding and hydrophobic interactions have 

a significant role in the ligand binding and conformational change of the protein. 

It is apparent that in addition to the interactions occurring between the amino 

acid side chains and the ligands investigated, there is also at least one interaction taking 

place for each of the ligands with the polypeptide backbone. Arginine and alanine are 

the residues which seem to be interacting the most frequently with the ligands as these 

both of these are nearby four of the five monomers. On the other hand, there are 

several amino acids not near any of the ligands – aspartic acid, proline, glycine, 

methionine, tryptophan, threonine, cysteine, and asparagine. Further studies with larger 

sets of monomers are required before sweeping statements can be made about the lack 

of importance of these amino acids in monomer-template complexation. 

In looking at the three ligands with a similar binding site near residue 273 (Aam, 

AA, and NIPAam), they seem to share several common amino acids. Specifically, tyrosine 

146, arginine 253, leucine 234, leucine 256, and alanine 287 are all interacting with 
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these three monomers. This result sheds light into the complexity of a pre-

polymerization solution in which multiple monomers are included as the ligands have to 

compete for the same amino acids. This competition can also further help explain the 

limited success in the field to date as two or three monomers are often employed in the 

synthesis of protein MIPs. 

6.3.2. Computational docking studies with common crosslinkers 

 Next, similar analyses were performed for the two most common crosslinkers, N, 

N’ methelenebisacrylamide (MBA) and ethyleneglycol dimethacrylate (EGDMA). Figure 

6.6 shows the favorable binding pose for MBA with HSA. Eight amino acids are 

undergoing non-covalent interactions with the ligand – serine 61, glutamic acid 91, 

histidine 243, leucine 62, histidine 63, proline 92, and asparagine 95. Hydrophobic 

interactions are taking place between the carbons on MBA and carbon atoms on the 

side chain of serine, proline, asparagine, and both histidine residues.  Side chain 

hydrogen bonding is occurring with glutaminc acid and serine with the ligand. Once 

again, interactions do seem to be occurring between MBA and the backbone of leucine 

62. In this particular case, both hydrogen bonding (between amino group and C=O on 

MBA) and hydrophobic interactions (between α-carbon of backbone and the vinyl group 

on MBA) are taking place.  

The docking studies with EGDMA are important as this was the only ligand which 

did not induce a significant protein conformational change in the circular dichroism 

studies. Identifying a difference in the type of interactions occurring with EGDMA 

relative to the other six ligands would allow for a rational explanation of why the protein 

was not susceptible to EGDMA. Using the same analysis, six amino acids are potentially 

interacting with EGDMA – arginine 218, arginine 253, tyrosine 146, lysine 191, lysine 

195, and leucine 256 (Figure 6.7). Several other residues are illustrated in Figure 6.7; 

however they are outside the desired limit of 4  , thus were not included. Side chain 
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hydrogen bonding appears to be happening between the C=O groups on EGDMA and 

the terminal amines present in the two arginine residues as well as with the alcohol 

group on tyrosine. Additionally, the carbons on the side chains of the two lysine and 

leucine residues are undergoing hydrophobic interactions with various carbon atoms 

present on EGDMA. EGDMA’s binding site is near residue 273 and we see, once again, 

that tyrosine 146, arginine 253, and leucine 256 are near the ligand. These are the same 

amino acids that neighbor the other three ligands whose binding poses are in the same 

vicinity (Aam, AA, and NIPAam). 

Of note here is the fact that no interactions seem to be occurring with atoms 

present along the backbone of any neighboring residues. In Chapter 5, we postulated 

that the reason for the lack of detrimental effects on the protein’ structure was due to 

the absence of hydrogen-bonding donors present in EGDMA’s structure.  Indeed, there 

is a potential H-bonding location along the backbone of a nearby alanine (between C=O 

group in alanine’s backbone and C=O group of EGDMA); however, since EGDMA does 

not have hydrogen donor, no such interaction can occur. EGDMA is interacting both 

hydrophobically and via H-bonding with the side chain of various amino acids; however, 

the only clear difference between the results of docking analysis of EGDMA and the 

other six ligands is the absence of a backbone interaction. As a result, we conclude that 

it is the disruption of non-covalent interactions (H-bonding, electrostatic, and/or 

hydrophobic) along the polypeptide backbone which results in the loss of conformation 

when the protein is in solution with these ligands.  

6.4. Conclusions 

The molecular docking studies of HSA with common monomers and crosslinkers 

from protein MIPs show that significant amounts of hydrogen bonding as well as 

electrostatic and hydrophobic interactions are occurring between the target and ligand. 

Our original hypothesis of disruption in hydrogen bonds was confirmed to a certain 
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extent. It appears that the other two main types of non-covalent interactions also 

contribute to this phenomenon, but only if they are taking place with atoms along the 

polypeptide backbone. This is a reasonable conclusion because the interactions which 

define the secondary structure take place between atoms along the backbone while 

those with the side chains are indicative of ligand binding. We postulate that the 

interactions with the side chain functional groups seen in these docking studies account 

for a portion of the CD spectra change observed experimentally. Specifically, the lowest 

few concentrations of ligand resulted in only a change in molar ellipticity without loss in 

characteristic shape for albumin’s CD spectra (i.e. minimal drop in α-helical %). 

However, once the concentration of ligand is increased, the interactions with the 

peptide backbone begin to dominate causing significant disruption in the helical 

structures present in the protein.   

Additionally, we identified several specific amino acids with which the various 

ligands are interacting. This finding offers another explanation as to why success has 

been limited to date. Namely, if monomers are preferentially binding to the same amino 

acids, then the use of multiple monomers in the pre-polymerization solution, which is 

often done in the literature, can give rise to non-specific interactions as a result of this 

competition. 
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FIGURES                              

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.1: Docking studies showing best binding site for all seven ligandsinvestigated 

to the HSA crystal structure.  

Favorable binding pose for (1) acrylamide (Aam), (2) methacrylic acid (MAA), (3) acrylic 

acid (AA), (4) aminophenylboronic acid (APBA), (5) N-isopropylacrylamide (NIPAam), (6) 

methylenebisacrylamide (MBA), and (7) ethyleneglycol dimethacrylate (EGDMA).  
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Figure 6.2: HSA amino acids surrounding acrylamide (Aam) when at its most favorable 

binding site (included are a few representative distances between 

relevant heavy atoms of the ligand and amino acid residues).  
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Figure 6.3: HSA amino acids surrounding methacrylic acid (MAA) when at its most 

favorable binding site. 
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Figure 6.4: HSA amino acids surrounding acrylic acid (AA) when at its most favorable 

binding site. 
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Figure 6.5: HSA amino acids surrounding 3-aminophenylboronic acid (APBA) when at 

its most favorable binding site. 
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Figure 6.6: HSA amino acids surrounding N-isopropyl acrylamide (NIPAam) when at its 

most favorable binding site. 

  



 147 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.7: HSA amino acids surrounding N,N’ methylenebisacrylamide (MBA) when at 

its most favorable binding site. 
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Figure 6.8: HSA amino acids surrounding ethyleneglycol dimethacrylate (EGDMA) 

when at its most favorable binding site.   
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CHAPTER 7: CONFORMATIONAL STUDIES OF LYSOZYME AND BOVINE 

HEMOGLOBIN WITH CIRCULAR DICHROISM 

7.1. Introduction 

In order to determine whether the protein conformational change phenomenon 

presented in Chapter 5 is limited to bovine serum albumin (BSA), thorough analyses of 

other macromolecular templates were undertaken. Specifically, circular dichroism (CD) 

studies with the next two most common templates in protein MIP literature (Figure 

2.4A), lysozyme and bovine hemoglobin (BHb), were conducted in a similar manner to 

those with BSA.  

Along with BSA, lysozyme and BHb are representative not just because they are 

commonly employed, but also due to the fact that they have varying hydrodynamic 

diameters, molecular weights, and, perhaps more importantly, isoelectric points (pI). 

The pI’s of BSA, lysosyme, and BHb are ~4.7 [1], 11.1 [2], and 6.8 [1], respectively. 

Consequently, we can use circular dichroism to infer whether the ligand induced 

conformation change is an artifact of BSA’s overall charge or a part of a more disturbing 

general trend which affects model protein templates.  

CD spectra were collected and secondary structure estimation analysis 

conducted to determine the impact of common functional monomers and crosslinkers 

when in solution with BHb or lysozyme. Specifically, we studied the five most common 

functional monomers (Figure 2.4B) – acrylamide (Aam), methacrylic acid (MAA), acrylic 

acid (AA), 3-aminophenylboronic acid (ABPA), and N-Isopropylacrylamide (NIPAam) – at 

several molar ratios of ligand to protein in the range of 50:1 to 2000:1. Also, we 

investigated the effect of the two most frequently employed crosslinkers (Figure 2.4C) – 

N, N’ methylenebisacrylamide (MBA) and ethylene glycol dimethacrylate (EGDMA) – at 

several molar ratios of ligand to protein between 10:1 and 500:1. These ranges of ratios 
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were selected as they encompass the majority of values reported in the literature. The 

reader should refer to Chapter 5 for an overview of circular dichroism as well as a 

further explanation for the motivation of these studies. 

7.2. Materials and Methods 

Acrylamide (Aam, >99%), methacrylic acid (MAA, 99%), acrylic acid (AA, 99%), 3-

aminophenylboronic acid hydrochloride (APBA, 98%), N,N’ methylenebisacrylamide 

(MBA, 99%),  ethylene glycol dimethacrylate (EGDMA, 98%), 2-(diethylamino)ethyl 

methacrylate (DEAEMA, 99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%), 

2-hydroxyethyl methacrylate (HEMA, 97%), N-vinylpyrrolidone (N-VP, >99%), methyl 

methacrylate (MMA, 99%), 4-vinyl pyridine (4-VP, 95%), vinylbenzoic acid (VBA, 97%), 

lysozyme from chicken egg white (Lys, >90%), and hemoglobin from bovine blood (BHb, 

lyophilized powder) were purchased from Sigma-Aldrich (St. Louis, MO). N-

Isopropylacrylamide (NIPAam, >98%) was purchased from Scientific Polymer Products 

(Ontario, NY). Potassium phosphate (Fisher Scientific, Fair Lawn, NJ) was dissolved in 

Milli-Q grade deionized water (20 mM), titrated to pH=7.4 with 1N NaOH, and filtered 

(0.2 μm) to prepare potassium phosphate buffer (PPB). PPB was used as the solvent for 

all samples. All chemicals were used as received.  

Circular dichroism (CD) measurements were performed at a constant 

temperature of 25oC on a JASCO J-815 CD Spectrometer (JASCO, Great Dunmow, United 

Kingdom) using a rectangular quartz cell with an optical path length of 1.0 cm. The 

following parameters were used for all samples: 1 nm band width, 1 nm data pitch, 100 

nm/min scan rate, 4 second response time, and three accumulations of each spectra. 

Baseline corrected (PPB) spectra in the far-UV region (200-250 nm) were recorded after 

averaging of three consecutive scans for each sample.  

It is generally recommended to collect data between 260 and 178 nm for 

greatest precision of CD spectra for the determination of macromolecular secondary 
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structure relative to X-ray crystallography studies [3].  However, to accurately record the 

ellipticity for samples sub-200 nm, one must use highly UV transparent solvents (<10 

mM buffers) as well as very short pathlength cuvettes (0.05 to 0.1 mm) to minimize high 

absorption concerns – total absorbance of sample, buffer, and cuvette should be less 

than one [4, 5]. Solvents which are UV transparent are typically weak buffers and the 

cleaning procedure for such low pathlength cuvettes is quite rigorous and time 

consuming. Since we were mainly concerned with detecting large changes in secondary 

structure from the native CD spectra, collecting data from 250-200 nm was suitable to 

obtain reproducible native results. Thus, we were able to employ the same buffer (20 

mM PPB) and quartz cuvette (standard 1 cm pathlength) as previously used in Chapter 5 

with the BSA CD studies.  

Samples were prepared by first dissolving the protein, either lysozyme or BHb, 

into PPB to prepare a 3.0 μM stock protein solution. The ligand of interest was then 

solubilized in PPB to prepare three independent, highly concentrated stock solutions. 

Protein stock solution of desired volume was dispensed into separate 50 mL centrifuge 

tubes and spiked with the ligand stock solutions to yield a final desired molar ratio of 

ligand to protein in triplicate.  

In a typical experiment using Aam and lysozyme, 43.2 mg lysozyme was dissolved 

in 1000 mL of PPB to prepare a 3.0 μM stock protein solution. Secondly, three stock 

monomer solutions were prepared each with 43.9 mg Aam in 3.3 mL PPB to yield a final 

concentration of 187.5 mM (13.3 mg/mL). Third, protein solution was dispensed into 

conical vials in the following volumes – 50, 50, 50, 40, 40, 40, 40 mL – which were 

labeled as follows – 50:1, 100:1, 200:1, 500:1, 750:1, 1000:1, and 2000:1 – respectively. 

Lastly, to these protein solutions, discrete amounts of the Aam stock solution were 

added which would result in the desired molar ratio of ligand to protein.  Specifically, 

40, 80, 160, 320, 480, 640, and 1280 μL of one of the Aam stock solutions were added. 

These latter three steps were repeated for the other two Aam solutions to prepare 
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triplicate samples at each of the seven desired ratios. All samples were filtered (0.2 μm 

polyethersulfone) prior to conducting CD measurements. 

Because the CD spectrum of a macromolecule is concentration dependent, it was 

important to maintain a relatively constant protein concentration of 3.0 μM for all 

samples. To do this, the protein solution added to the conical vials was sufficient enough 

in volume that dilution with the stock monomer solution would cause minimal change in 

protein concentration relative to the native 3.0 µM (less than a 5% decrease).  

The pH of each sample was measured to verify that the change in CD was not 

simply due to a change in pH. 20 mM PPB proved to have sufficient buffering capacity to 

maintain a constant pH for all samples at the desired ligand concentrations. To ensure 

data reliability, native sample spectra were taken initially, in the middle, and at the end 

of each sample set. Raw CD spectra were analyzed using the Secondary Structure 

Estimation software included in the JASCO Spectra Manager software suite to determine 

percent α-helix of protein for each sample. 

7.3. Results and Discussion 

7.3.1. Circular dichroism studies with lysozyme 

The native structure of lysozyme as determined from X-ray crystallography is 

41.9% α-helix, 6.2% β-sheet, 30.6% turn, and 21.3% unordered/random [6]. Lysozyme 

has seven helical segments and three β-sheet segments, as also determined by X-ray 

analysis [6]. However, previously published circular dichroism (CD) work determined 

that lysozyme’s native secondary structure in DI water was 30% α-helix, 13% β-sheet, 

27% turn, and 30% unordered/random [7]. An average of all analyzed native lysozyme 

spectra collected in our studies here yielded a secondary structure with 26.1 ± 4.3% α-

helix, 9.6±6.6% β-sheet, 27.4±2.7% turn, and the remaining 37% as unordered/random 

(n=16). 
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Our native structure findings are in contrast to BSA since lysozyme has significant 

amounts of β-sheet & turn components in its native structure. The low amount of helical 

composition means that CD analyses for lysozyme were not as precise as they would be 

for a highly helical protein, like BSA [8]. This is the reason for the higher errors 

associated with each structural component in this work relative to those of BSA and BHb 

(Section 7.3.2). As previously mentioned in Section 5.2, for greatest precision it is 

recommended that CD spectra data be collected far below 200 nm, especially for β-

sheet and turn components. In fact, another published study showed very good 

agreement with X-ray data for lysozyme (root-mean-squared deviation of 0.042) if CD 

data was collected from 260-165 nm [6].  

In an effort to maintain consistency as well as for the reasons already cited (time 

intensive cleaning of short pathlength cells and weak buffers required for sub-200 nm 

data collection), it was decided to employ the same procedure that proved suitable in 

the BSA and the following BHb studies for lysozyme. Our aim here was to obtain 

consistent secondary structure estimation across all native lysozyme samples, especially 

for the α-helix component, but not necessarily with high agreement to X-ray data, and 

to investigate whether ligands used in protein MIPs induced a change in the secondary 

structure of the model protein template. We achieved this goal and, additionally, our 

data are in good agreement with those previously obtained by Knubovets et al. [7]. 

The different secondary structure composition of lysozyme (relative to BSA) can 

be visually seen in its native spectra, as it has only one strong peak at 208 nm with some 

noise in the spectra in the 230-215 nm range (Figure 7.1). Nevertheless, a loss of the 

band at 208 nm accompanied with a shift in magnitude from the native spectrum 

indicates a significant conformational change of the macromolecule [9, 10].   

Figure 7.1A shows the CD spectra of native lysozyme, and lysozyme with 

increasing amounts of Aam. Each curve represents a different molar ratio of Aam to 
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lysozyme and a clear loss of the characteristic peak at 208 nm is seen for all ratios.  

Figure 7.1B shows an increase of α-helical % for the 50:1 and 100:1 ratios (55 ± 1% and 

45 ± 9%, respectively) and subsequently a decrease to below 10%.  This initial increase is 

due to the shape of the spectra at the two lowest ratios which have the peak at 222 nm 

characteristic of a highly helical protein. Table 7.1 shows the actual values used to 

construct Figure 7.1B. Of interest here is the change in α-helical% with Aam 

concentration as well as the complete loss of β-sheet at all ratios. This indicates that the 

presence of Aam may not only disrupt the hydrogen-bonds between neighboring C=O 

and N-H groups present in the same chain (α-helix) but also those non-covalent bonds 

present between those groups which are further away from each other (β-sheet). What 

is also different for lysozyme is that the secondary structure estimation analysis 

indicates that the α-helix % actually increases for the first few data points before 

ultimately decreasing.  This is most likely due to inherent challenges associated with 

estimating the secondary structure of a poorly helical protein using the current 

procedure. Nevertheless, it is clear that the far-UV CD spectrum (and thus secondary 

structure) for native lysozyme is changing significantly in the presence of Aam. 

 Analyses of ligand-induced denaturation with the next four most commonly 

employed functional monomers revealed an analogous phenomenon (Figures 7.2-7.5).  

The molar ellipticities vs. wavelength plots for these monomers follow a similar trend to 

that of Aam. Specifically, secondary structure estimation of the CD spectra revealed that 

the α-helical percentage of lysozyme changes significantly from its native state at all 

ratios. All four monomers with lysozyme also cause an apparent increase in the α-helical 

% at the lowest few monomer concentrations before ultimately decreasing to ~0% at 

higher ratios. The lone exception to this trend is that at the 50:1 ratio, APBA appears to 

have no effect of the CD spectra of lysozyme; however, the same behavior is seen once 

the APBA concentration is increased above this ratio.     



 158 

Also, CD spectra of lysozyme were collected in the presence of low (200:1) and 

high (1000:1) molar ratios of various other common monomers used in the literature.  

These functional monomers include, 2-(diethylamino)ethyl methacrylate (DEAEMA), 2-

(dimethylamino)ethyl methacrylate (DMAEMA), 2-hydroxyethyl methacrylate (HEMA), 

N-vinylpyrrolidone (N-VP), methyl methacrylate (MMA), 4-vinyl pyridine (4-VP), and 

vinylbenzoic acid (VBA). Similar results to the five most common monomers were 

obtained for these monomers as all ligands investigated induced a significant change in 

the shape and ellipticity magnitude at both the lower and higher ratios (Figure 7.6).  

Secondary structure analysis (data not shown) confirms this conclusion. 

A similar effect to that of the monomers can be seen in Figure 7.7 as MBA, a 

crosslinker, induces a large change in the α-helical % of lysozyme at all concentrations of 

the ligand tested. The same initial increase in α-helical % occurs for the lowest few 

concentrations of MBA with the highest three causing a complete loss of spectra shape, 

and thus helical structure.  

EGDMA seems to have little impact on the CD spectra of lysozyme at the three 

lowest ratios – 10:1, 25:1, and 50:1 (Figure 7.8A). Figure 7.8B confirms this as lysozyme 

retains its native secondary structure composition with an α-helical content of 

approximately 26% at the three lowest concentrations of EGDMA. However, the three 

highest ratios cause a significant change in the CD spectra and secondary structure 

analyses show that the α-helical content increases for the 100:1, 200:1, and 500:1 

ratios. Similar to what was seen with BSA and EGDMA, lysozyme’s structure appears to 

be affected by this ligand only at higher concentrations. The relative trend between BSA 

and lysozyme also remains true for EGDMA in that it induces a conformational change in 

much lower concentrations for lysozyme than BSA. 

In other words, lysozyme seems to be susceptible to the deleterious effects of all 

ligands investigated in lower concentrations relative to BSA.  Due to the fact that 
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lysozyme’s structure is poorly helical, the actual α-helical % values obtained for each 

ligand to protein ratio are difficult to trust. However, it is clear that the native lysozyme 

structure is being changed significantly for all monomers and crosslinkers at ratios far 

below those typically applied in literature.  

7.3.2. Circular dichroism studies with bovine hemglobin 

The native structure of bovine hemoglobin (BHb) as determined from X-ray 

crystallography is 75% α-helix, 0% β-sheet, 14% turn, and 11% unordered/random [6]. It 

has eight helical segments and zero β-sheet segments, also determined by X-ray analysis 

[6]. Previously published circular dichroism (CD) work showed that BHb’s native 

secondary structure was 63% α-helix, 5% β-sheet, 15% turn, and 17% 

unordered/random [11]. The spectra in this prior study were obtained in 10 mM 

potassium buffer at 37oC and collected from 184-260 nm.  

To reiterate, a change in absolute molar ellipticity as a result of a ligand at these 

two peaks indicates binding while a loss of these bands is indicative of protein unfolding 

or denaturation [9, 10]. CD spectra were obtained for the five most frequently used 

functional monomers (Aam, MAA, AA, APBA, NiPAam) at seven ratios from 50:1 to 

2000:1 as well as for the two most common crosslinking monomers (MBA & EGDMA) at 

six ratios between 10:1 to 500:1.  The spectra were analyzed via JASCO Secondary 

Structure Estimation software and plots of α-helix % versus ratio of molar ligand to BHb 

were constructed to clearly show the impact of the ligands on the native structure of 

BHb.  

 Similar to BSA, BHb is highly helical in its native state, and as a result has a similar 

native CD spectrum. An average of all analyzed native BHb spectra collected in these 

studies yielded a secondary structure with and α-helix content of 58.9 ± 1.6% (n=8) with 

the balance in an unordered/random conformation. Comparison of our results to those 

of X-ray and previous CD studies shows that our analysis does not find any turn 
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components, rather it assigns any part of the structure not helical to be in a random 

conformation.  This is not surprising since our spectra do not include any wavelengths 

below 200 nm, which is needed for more accurate β-sheet/turn analysis. However, once 

again our goal in this work was to employ a method in which we would obtain 

reproducible results across all native BHb samples analyzed, especially for the α-helix 

component, and investigate the effect of protein MIP ligands on the secondary structure 

of this model protein template. This objective was accomplished as demonstrated by 

the low error value seen in the native samples. 

Figure 7.9A shows the CD spectrum for native BHb and BHb with Aam at all 

seven molar ratios of ligand to protein. As expected, the native curve has the 

characteristic strong bands at 208 & 222 nm, typical of a helical dominated protein 

structure. Spectra of the lowest three molar ratios of Aam to BHb – 50, 100, and 200:1 – 

all retain these peaks with progressively less negative molar ellipticity values as the 

amount of Aam is increased.  The remaining four spectra have a flat profile throughout 

the entire range, thus exhibiting a large change in molar ellipticity magnitude and 

complete loss of shape relative that of the native spectra. Based on this, we can make 

the assertion that Aam is binding with BHb to some degree up until a ratio of 200:1 

while it induces a significant conformational change at all ratios above this critical value. 

Not surprisingly, Figure 7.9B, which is constructed from the data in Table 7.2 and arises 

from the shapes of the spectra relative to standards, echoes this conclusion by 

displaying an α-helical composition of ~59% for the three lowest ratios, and a large drop 

starting at 500:1 (~17%) which continues to 0% at a ratio of ~2000:1. These findings are 

similar to those of BSA in which 200:1 also seemed to be the critical value for 

conformational change with Aam. 

This general trend is followed for the remaining four monomers as shown in 

Figures 7.10-7.13. Specifically, Figure 7.10A is a plot of molar ellipticity vs. wavelength 

for 3 µM BHb in PPB with seven different concentrations of MAA.   The ellipticity values 
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within the spectra for the four lowest ratios – 50:1, 100:1, 200:1, and 500:1 – are shifted 

from that of the native; though the characteristic bands at 208 and 222 nm are retained. 

Above these ratios, the spectra become featureless, indicating a loss in helical structure.  

Secondary structure estimation analysis on these curves confirms this assessment as the 

α-helix fraction decreases from the native value at ratios above a molar ratio of 500:1 

until approaching zero at 2000:1 (Figure 7.10B).  

The strong positive peaks remain for BHb in the presence of AA up to a molar 

ratio of 750:1 according to Figure 7.11A, indicating that the protein is slightly more 

resistant to conformational change with AA than either Aam or MAA. However, as 

displayed in Figure 7.11B, above a ratio of 750:1 the α-helical fraction decreases from 

the native value of 59 ± 2% to 31 ± 1% at a ratio of ~1000:1 and ultimately 5 ± 4% at the 

highest ratio examined. 

Figures 7.12 A&B show the far-UV CD spectra of BHb in the presence of APBA 

and the resultant data from secondary structure estimation on those spectra. As with 

the other monomers, APBA caused a significant change in the CD spectra of BHb, and in 

this case the critical value is 100:1 as all ratios above this resulted in a featureless 

spectrum. Interestingly though, it seems that while the absolute molar ellipticity 

decreases (becomes less negative) from the native spectrum at 50:1, it does not 

decrease any further at the 100:1 ratio.  This was also seen with the BSA/APBA data 

shown in Figure 5.10. 

NiPAam has a deleterious effect on the secondary structure of BHb similar to 

that of APBA. As only the two lowest ratios do not have an impact on the structure of 

BHb (Figure 7.13B).  Upon closer examination of the spectra (Figure 7.13A), the curve for 

the 100:1 point appears to be relatively flat and remains at ~0 deg cm2 dmol-1 even 

though the average of three independent samples at this ratio is estimated to be 

59±10%. The raw data for this spectra shows that the two characteristic peaks at 208 & 
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222 nm are present even though these bands are broad.   Secondary structure analyses 

on the remaining five concentrations of NiPAam above these first two points are 

estimated to have 0% α-helix. 

Relative to BSA, and certainly lysozyme, BHb seems to be more resistant to 

change in α-helical % for most monomers; however, once again, BHb’s α-helical % 

decreases significantly for all monomers at molar ratios of ligand to protein well below 

those found in the literature. It is also interesting to note that similar to BSA, BHb 

appears to be most resistant to conformation change with MAA and AA as these are the 

two with the highest critical values of 500:1 and 750:1, respectively. 

BHb CD studies with MBA and EGDMA revealed very similar results to those of 

BSA with the same two crosslinkers. Namely, it can be concluded from Figure 7.14 that 

MBA alters the conformation of BHb for all ratios above a ratio of 50:1.  Similar to the 

results with MBA and BSA, above this critical value of 50:1, the estimated α-helical 

composition is 0%, rather than the gradual decrease seen with most of the monomers. 

Conversely, EGDMA seems to have no such effect on BHb as the α-helical % remains at 

~60% for all ratios up to 500:1 (Figure 7.15). This is in agreement from what was seen 

with EGDMA and BSA. It is hypothesized, once again, that this is due to the fact that the 

chemical structure of EGDMA does not include any H-bond donors; thus is not able to 

disrupt the H-bonds present in the secondary structure of the protein. 

The results presented here confirm the conclusions made in Chapter 5 for the 

next two most common protein templates in macromolecular MIPs, lysozyme and 

bovine hemoglobin. Namely, the far-UV CD spectra, and thus the secondary structures, 

of these two macromolecules appear to be significantly changing from their native 

states when in the presence of the five most common monomers and the most common 

crosslinker at concentrations far below what has typically been used in polymerization 

schemes. If anything, these results paint an even darker picture as lysozyme’s secondary 
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structure seems to be altered upon addition of any amount of these ligands. And while 

BHb’s structure seems to be altered very little in the presence of EGDMA, the effect of 

EGDMA on lysozyme follows the same trend seen with the other ligands tested. Our 

hypothesis for why this is happening is, once again, a disruption in the hydrogen bonds 

which are responsible for helical and β-sheet conformations.  This cleavage of the H-

bonds causes the protein to unfold which causes more solvent-exposed motifs like turn 

and random/unordered conformations to become distinguishable.  

7.3.3. Guidelines for the future of macromolecular imprinting 

As a result of these systematic studies, the following possibilities are proposed 

going forward to achieve successful protein imprinting: (1) continue to employ standard 

techniques with these monomers while maintaining the ratio of monomer to protein 

below the critical value; (2) investigate alternative monomers which may not have the 

same effect; (3) prohibit the protein from being in solution with these monomers prior 

to polymerization; or (4) investigate alternative templates which may not be as 

environmentally sensitive.  

The first option can be achieved by either lowering the monomer concentration 

or increasing the protein concentration. Lowering the amount of monomer to such an 

extent may not be ideal because the end goal is to produce a cross-linked polymer 

network that is stable enough to hold the binding sites in place for post-polymerization 

processing. Increasing the amount of protein template may allow for a robust polymer 

to be synthesized with a model protein template but is certainly not economically viable 

for more expensive biomarkers.  

 The second option is certainly a possibility, however, many of the other 

monomers employed less frequently in the literature have similar functional groups – 

meth(acrylates), carboxylic acids, amines and amides. As a result, the same problems 

may be encountered. Additionally, each time a new monomer-protein pair is employed, 
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systematic CD studies would be required to determine the critical value and this would 

not take into account the fact that many pre-polymerization solutions contain multiple 

functional monomers. Therefore, the monomers would have to be investigated 

individually as well as together with the protein via similar CD studies which simply may 

not be practical. However, one possibility is to employ monomers and crosslinkers void 

of hydrogen donors as this appears to be a significant reason for why EGDMA had a 

limited effect on the secondary structure of these proteins. 

Entirely new molecules can be designed and investigated using a combined CD 

and computational modeling approach to find monomers which do not induce a 

conformational change yet also have a high affinity for the protein template. Molecular 

simulations are a tool that can be used for the rational design of protein MIPs by 

providing molecular-level understanding of functional monomers with high affinity for 

amino acid residues and minimal disruption of the protein structure. There has, 

however, been very limited work in protein MIPs with molecular simulations to date 

despite the success of several analogous studies in the small molecular weight MIP 

regime [12-17]. The addition of a large macromolecule in modeling obviously requires 

more computationally demanding simulations; however, the rapid advancement of high 

performance computing now makes such rigorous studies feasible. 

 The third alternative – keeping the template from contact with the monomer – 

appears to be a promising choice in the near term. To do so, researchers must further 

investigate the few unique procedures which already satisfy this requirement [18-22] as 

well as continue to generate novel procedures that take this into account.  

Fourthly, we can employ other templates which may not be as conformationally 

sensitive to monomers and crosslinkers. Obviously, one solution would be to identify 

alternative proteins or families of proteins that tend to be resistant to conformation 

changes. This is more of a short-term remedy though as the real advantage of MIPs 
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relative to natural recognition elements, like antibodies, is that they can be used as a 

platform technology in which a one system can be designed to recognize a variety of 

protein biomarkers. Limiting protein MIPs to only certain proteins will severely limit 

their overall usefulness especially since model templates are always employed before 

moving on to the more expensive biomarkers. Thus, even if model proteins are 

identified as being resistant to conformational changes in the presence of these 

monomers, there is no guarantee that the biomarker of interest will be as well.  

Attempting to investigate the biomarker with CD thoroughly could be quite costly as 

well. 

Along those lines, however, is the potential to develop MIPs for a whole new 

series of biomolecules which may be more resistant to changes in its environment. 

These molecules would likely be much smaller than the protein templates typically 

employed to date yet still well above the threshold commonly used to designate a small 

MW template (~1500 Da). For example, microRNAs are classes of short single stranded 

RNA molecules (19-25 nucleotides in length) which have shown promise not only 

therapeutically but also as potential biomarkers in an assortment of disease states, 

ranging from cardiac disease to various cancers [23, 24]. As a result, many of the 

successful small MW MIP design principles could be applied to robust biologically 

significant small macromolecules like microRNA for the development of novel diagnostic 

systems.   

Another possibility is to continue to explore epitope imprinting as a broad 

approach. As mentioned previously in Chapter 2, epitope imprinting employs a short 

polypeptide as the template during polymerization. The peptide sequence represents a 

moiety or exposed fragment of a larger parent macromolecule which ultimately is 

desired to be recognized, thus closely mimics natural recognition pathways of 

antibodies. This approach is advantageous for several reasons; but one in particular is 

the fact that polypeptides are far less sensitive to their environment than their parent 
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protein due to the lack of higher order structures. As a result, synthesis conditions that 

have been so successful in small MW MIPs can be employed, including organic solvents 

which do not compete for H-bonding between the protein and template. Overall, few 

studies have been published [25-32] using this technique since the pioneering papers of 

Rachkov and Minoura [33-35]. One recent study successfully recognized an anthrax 

protective antigen (picomolar binding affinity constant) after using various length 

polypeptides as the template during polymerization [30]. Although further study is 

required with this approach, epitope imprinting appears promising going forward as a 

way to circumvent the issue of template conformational change.   

7.4. Conclusions 

  Circular dichroism was used to show the impact of common polymerization 

conditions on the structures of the three most frequently employed protein templates, 

BSA, lysozyme, and BHb. Clearly, the secondary structures of these three proteins are 

being significantly altered in the presence of these monomers and crosslinkers in 

concentrations far below literature values, except EGDMA. These results are the first of 

their kind and are a significant discovery as they give strong evidence for why success in 

this field has been limited to date despite all the interest from the scientific community. 

If the protein template’s secondary structure is being modified prior to polymerization, 

the binding sites formed during polymerization would be specific to this alternate 

conformation. When the polymer is re-exposed to the protein in its native state 

subsequently, specific recognition would not be observed. It is obvious that the general 

design principles which have been so successful for small molecular weight MIPs do 

not apply to the protein regime. This work is significant not just to the macromolecular 

MIP field but potentially to other areas as well, such as tissue engineering, where similar 

monomers are employed to create hydrogel based scaffolding in the presence of cells. 
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TABLES 

 

 

 

Table 7.1: Secondary Structure Estimation of lysozyme with increasing amounts of 

Aam from an Aam:Lys molar ratio of 0 (native) to ~2,000:1. 

 

Aam:Lys 
molar ratio 

0 
(native) 

48 97 194 484 726 968 1,936 

α- Helix 26% 55% 45% 23% 14% 6% 8% 11% 

β- Sheet 10% 0% 0% 0% 2% 0% 0% 1% 

Turn 27% 0% 0% 25% 24% 17% 36% 30% 

Random 37% 45% 55% 52% 60% 76% 56% 59% 

Total 100% 100% 100% 100% 100% 100% 100% 100% 

α-helix stdev 4% 1% 9% 4% 5% 7% 7% 10% 
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Table 7.2: Secondary Structure Estimation of Bovine Hemoglobin with increasing 

amounts of Aam from an Aam:BHb molar ratio of 0 (native) to ~2,000:1. 

 

Aam:BHb 
molar ratio 

0 
(native) 

50 100 200 499 748 998 1,995 

α- Helix 59% 56% 56% 55% 17% 13% 4% 0% 

β- Sheet 0% 0% 0% 0% 0% 0% 0% 15% 

Turn 0% 0% 0% 0% 44% 44% 46% 32% 

Random 41% 44% 44% 45% 39% 43% 50% 53% 

Total 100% 100% 100% 100% 100% 100% 100% 100% 

α-helix stdev 2% 0% 0% 1% 0% 3% 6% 0% 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: CD spectra for lysozyme with various concentrations of Aam 

(A) CD spectra and (B) α-helical protein percentage of lysozyme with various molar 

ratios of acrylamide to lysozyme (50-2000:1). All results were obtained with 3 μM 

lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 
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Figure 7.2: CD spectra for lysozyme with various concentrations of MAA 

(A) CD spectra and (B) α-helical protein percentage of lysozyme with various molar 

ratios of methacrylic acid to lysozyme (50-2000:1). All results were obtained with 3 μM 

lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 
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Figure 7.3: CD spectra for lysozyme with various concentrations of AA 

(A) CD spectra and (B) α-helical protein percentage of lysozyme with various molar 

ratios of acrylic acid to lysozyme (50-2000:1). All results were obtained with 3 μM 

lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 
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Figure 7.4: CD spectra for lysozyme with various concentrations of APBA 

(A) CD spectra and (B) α-helical protein percentage of lysozyme with various molar 

ratios of 3-aminophenylboronic acid to lysozyme (50-2000:1). All results were obtained 

with 3 μM lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of 

three independent samples. 
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Figure 7.5: CD spectra for lysozyme with various concentrations of NiPAam 

(A) CD spectra and (B) α-helical protein percentage of lysozyme with various molar 

ratios of N-isopropylacrylamide to lysozyme (50-2000:1). All results were obtained with 

3 μM lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 

 

  

-13

-11

-9

-7

-5

-3

-1

1

200 220 240

*θ
+x

1
0

-4
  (

d
e

g 
cm

2
 d

m
o

l-1
) 

wavelength (nm) 

0%

20%

40%

60%

80%

100%

0 500 1000 1500 2000

%
 α

-H
e

lix
 

molar ratio (NiPAam:Lys) 

A B 

0 = native 

1 = 50:1 

2 = 100:1 

3 = 200:1 

4 = 500:1 

5 = 750:1 

6 = 1000:1 

7 = 2000:1 0 

1 

2 

3-7 



 174 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6: CD spectra for Lysozyme with other monomers 

CD spectra of several other monomers with lysozyme at molar ratios of (A) 200:1 and (B) 

1000:1. The monomers tested were methyl methacrylate (MMA), 4-vinyl pyridine (4-

VP), vinylbenzoic acid (VBA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-

(diethylamino)ethyl methacrylate (DEAEMA), 2-hydroxyethyl methacrylate (HEMA), and 

N-vinylpyrrolidone (N-VP). All results were obtained with 3 μM lysozyme in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and are averages of three independent samples 
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Figure 7.7: CD spectra for lysozyme with various concentrations of MBA 

(A) CD spectra and (B) α-helical protein percentage of BSA with various molar ratios of 

N,N’-methylenebisacrylamide to lysozyme (50-2000:1). All results were obtained with 3 

μM lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 
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Figure 7.8: CD spectra for lysozyme with various concentrations of EGDMA 

(A) CD spectra and (B) α-helical protein percentage of lysozyme with various molar 

ratios of Ethylene glycol dimethacrylate to lysozyme (50-2000:1). All results were 

obtained with 3 μM lysozyme in Potassium Phosphate Buffer (20 mM, pH=7.4) and 

averages of three independent samples. 
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Figure 7.9: CD spectra for BHb with various concentrations of Aam 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

acrylamide to BHb (50-2000:1). All results were obtained with 3 μM BHb in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and averages of three independent samples. 
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Figure 7.10: CD spectra for BHb with various concentrations of MAA 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

methacrylic acid to BHb (50-2000:1). All results were obtained with 3 μM BHb in 

Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 
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Figure 7.11: CD spectra for BHb with various concentrations of AA 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

acrylic acid to BHb (50-2000:1). All results were obtained with 3 μM BHb in Potassium 

Phosphate Buffer (20 mM, pH=7.4) and averages of three independent samples. 
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Figure 7.12: CD spectra for BHb with various concentrations of APBA 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

3-aminophenylboronic acid to BHb (50-2000:1). All results were obtained with 3 μM 

BHb in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 

 

  

A 

-40

-30

-20

-10

0

200 220 240

*θ
+x

1
0

-4
  (

d
e

g 
cm

2  
d

m
o

l-1
) 

wavelength (nm) 

0%

20%

40%

60%

0 500 1000 1500 2000

%
 α

-H
e

lix
 

molar ratio (APBA:BHb) 

B A 

0 = native 

1 = 50:1 

2 = 100:1 

3 = 200:1 

4 = 500:1 

5 = 750:1 

6 = 1000:1 

7 = 2000:1 
0 

1,2 

3-7 



 181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: CD spectra for BHb with various concentrations of NiPAam 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

N-isopropylacrylamide to BHb (50-2000:1). All results were obtained with 3 μM BHb in 

Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three independent 

samples. 

 

  

0%

20%

40%

60%

0 500 1000 1500 2000

%
 α

-H
e

lix
 

molar ratio (NiPAam:BHb) 

-40

-30

-20

-10

0

200 210 220 230 240

*θ
+x

1
0

-4
  (

d
e

g 
cm

2  
d

m
o

l-1
) 

wavelength (nm) 

A B 

0 = native 

1 = 50:1 

2 = 100:1 

3 = 200:1 

4 = 500:1 

5 = 750:1 

6 = 1000:1 

7 = 2000:1 
0 

1 

3-7 

2 



 182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.14: CD spectra for BHb with various concentrations of MBA 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

N,N’-Methylenebisacrylamide to BHb (50-2000:1). All results were obtained with 3 μM 

BHb in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 
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Figure 7.15: CD spectra for BHb with various concentrations of EGDMA 

(A) CD spectra and (B) α-helical protein percentage of BHb with various molar ratios of 

Ethylene glycol dimethacrylate to BHb (50-2000:1). All results were obtained with 3 μM 

BHb in Potassium Phosphate Buffer (20 mM, pH=7.4) and averages of three 

independent samples. 
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CHAPTER 8: SYNTHESIS AND CHARACTERIZATION OF SURFACE IMPRINTED 

POLYMER THIN FILMS WITH SPECIFIC RECOGNITION FOR BOVINE SERUM 

ALBUMIN 

8.1. Introduction 

The circular dichroism (CD) studies discussed in previous chapters clearly 

demonstrate the detrimental effect monomers often employed in MIPs have on the 

secondary structures of protein templates. Even though only a subset of components 

used in the literature were investigated with the CD studies, we believe that the same 

trends hold true for others as these are a representative sample of all monomers and 

proteins employed to date.  As a result, our goal here was to develop a robust and facile 

procedure which does not require the protein template to be in solution with the 

monomers prior to polymerization while exhibiting reproducible and selective 

recognition for the protein template.  

After performing an extensive review of the protein MIP literature, we found few 

unique procedures that do not require protein and monomer(s) contact before 

polymerization. In general, these adsorb the protein template to a substrate and either 

coat with a disaccharide layer [1, 2], dry with N2 [3-9], or rinse [10] before addition of 

monomer solution. Another approach having received significant interest in the past 

few years is the covalent attachment of a protein template to a spherical surface (silica, 

chitosan, or Fe3O4 particles) via an aldehyde linker before addition to the monomer 

solution [11-16]. However, this general methodology may not avoid conformational 

change because the attached protein is not typically dried or rinsed before addition of 

the monomer solution. Also, permanent protein entrapment is a concern as the polymer 

layer is polymerized on the surface of the protein modified spheres. 
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In a seminal paper in the field, Shi and Ratner [2] employed a procedure in which 

various templates were adsorbed onto a mica substrate, the protein was coated with a 

disaccharide layer, then a fluoropolymer layer was deposited via plasma deposition. The 

selectivity values obtained (ratio of template absorption by MIP to competitor protein 

absorption by MIP) are some of the best demonstrated to date, especially given that the 

competing proteins were quite similar to the templates in both size and isoelectric 

point. However, despite the excellent specificity, minimal affinity was achieved 

(recognition of template by MIP over control polymer), the synthesis procedure was 

quite tedious, and no further studies have been published using this approach from this 

group. 

Hu et al. [1] synthesized methacrylic acid (MAA) homopolymers crosslinked with 

ethyleneglycol dimethacrylate (EGDMA) on the surface of silica beads. A highly 

concentrated bovine serum albumin (BSA) solution (50 mg/mL) and a 5% saccharose 

solution were successively adsorbed onto the silica surfaces by spin coating, the 

monomer solution was added, covered with a poly(methyl methacrylate) slide, and then 

polymerized via UV free radical polymerization. BSA affinity (ratio of template 

adsorption by MIP to template adsorption by non-imprinted polymer) and selectivity 

against a variety of competitor proteins were both excellent relative to the literature 

(affinities and selectivities up to 5.5). One drawback to this approach, though, is that it 

required harsh conditions, namely hydrofluoric acid, to fully etch the silica particles prior 

to recognition studies. Additionally, the highly concentrated protein solution required 

for spin coating onto the silica beads would be cost prohibitive if this approach were 

ever to be extended to a protein biomarker.  

In another study, Menaker et al. [10] detailed a novel approach to produce 

surface imprinted microrods for avidin recognition. The template was adsorbed onto a 

porous polycarbonate membrane (PCM) after incubation and subsequently rinsed with 

buffer. The PCM was attached to a gold electrode and immersed into a monomer 
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solution of 3,4-ethylenedioxythiophene (EDOT) and poly(sodium-4-styrenesulfonate) 

(NaPSS) for electrochemical deposition to yield conductive polymer rods in the pores. 

After removal of the PCM, rebinding studies demonstrated high affinity (~5) with 

selectivity not clearly shown. This facile approach shows promise, however further 

studies are needed to display specific recognition.  

The fourth approach, coined microcontact surface imprinting, has been widely 

studied by the Chou group over the past several years [3-9]. The general procedure is to 

polymerize between two glass surfaces – a protein stamp and a polymer support slide. 

The protein stamp is formed by physical adsorption of the template to a cover slip via 

incubation with a protein solution and subsequent drying with N2 gas. After pipetting 

the monomer solution onto the support slide, the protein stamp is placed on top, and a 

thin polymer film is formed via UV polymerization with 2-dimensional surface imprints 

of the template.  This approach has been used with varying success to recognize 

ribonuclease A [5, 7], C-reactive protein [4], myoglobin [7, 8], ovalbumin [9], and 

creatine kinase [3] with highly crosslinked films composed of either PEG(400)DMA or 

TEGDMA as crosslinking monomers and various functional monomers. These monomers 

include styrene [5], methyl methacrylate [8], and methacrylic acid [3, 6, 9]. Due to the 

simplicity of this procedure as well as its robustness with various common model 

protein templates, we decided to modify our methodology from this microcontact 

imprinting procedure for the current study. The general schematic for microcontact 

imprinting is shown in Figure 8.1. 

It is important to note several key differences between the work presented in 

this Ph.D. thesis and those previously published by Chou and colleagues [3-9]. The 

modifications made by our group include the employment of a different protein 

template and functional monomer, use of control cover slips that were lysozyme 

adsorbed rather than just incubated with a buffer solution, and selection of sample 
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concentrators with a UV-Vis plate reader to quantify recognition as opposed to 

quantification with ELISA. 

 Surprisingly, there are no published microcontact studies to date with bovine 

serum albumin (BSA) as the template protein, as it is the most commonly employed 

model protein template for macromolecular MIPs. This is likely due to the fact that 

these studies all employ an ELISA based protein detection procedure in which the 

blocking solutions contain BSA as the blocking agent.  

 Secondly, we employed 2-(dimethylamino)ethyl methacrylate (DMAEMA) as the 

functional monomer in order to exploit electrostatic interactions between the monomer 

and template. DMAEMA has a pKa value of ~8.2 [17], which means it will be positively 

charged at physiological pH.  BSA has a isoelectric point of ~4.7 [18], meaning that it will 

carry a net negative charge at neutral pH.  Thus, the positively-charged DMAEMA 

homopolymer will non-covalently bind via ionic interactions with the negatively charged 

BSA during subsequent rebinding studies. 

 Third, lysozyme was adsorbed onto the surface of control protein stamps due to 

difficulty with removal of the control stamp after polymerization.  Addition of this 

control protein allowed for facile removal of the cover stamp for both imprinted and 

control films.  This is most likely due to the fact that the protein would accumulate on 

the edges of the cover slip after drying with N2 gas (verified with FITC-BSA adsorbed 

cover slips, data not shown). This accumulation prevented the monomer solution from 

falling off the support slide after sandwiching with the cover stamp. As a result, cover 

slips that were not lysozyme adsorbed resulted in very little polymer forming on the 

support slide. This caused significant difficulty in subsequent stamp removal. 

Furthermore, this step created a more specific system overall as the control thin film 

inherently has some protein imprints present. 
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 Moreover, our goal was to find a method which could determine protein 

concentration as easily as possible and without natural components.  As a result, we 

employed Vivaspin sample concentrators as they satisfied both of these ends. While the 

ELISA based detection method used in the previous studies by Chou and colleagues can 

detect lower amounts of protein, it requires several more steps as well as specific 

experimental and storage conditions for the antibodies.  This was important because 

protein MIPs are most advantageous over the current gold standard, antibody based 

systems, in resource-poor settings where harsh conditions may be unavoidable. 

8.2. Materials and Methods 

 N,N’ methylenebisacrylamide (MBA, 99%), albumin from bovine serum (BSA, 

lyophilized powder, >98%), 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%), 

glucose oxidase from Aspergillus niger (GOx, Type X-S, lyophilized powder), lysozyme 

from chicken egg white (Lys, >90%), and hemoglobin from bovine blood (BHb, 

lyophilized powder), 3-(trimethoxysilyl)propyl methacrylate (γ-MPS, 98%), and bovine 

albumin–fluorescein isothiocyanate conjugate (FITC-BSA, >97%) were purchased from 

Sigma-Aldrich (St. Louis, MO). Polyethylene glycol 400 dimethacrylate (PEG(400)DMA) 

was purchased from Polysciences, Inc. (Warrington, PA). Irgacure® 2959 (4-(2-

hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone) was purchased from Ciba Specialty 

Chemicals Corporation (Tarrytown, NY). Contrad® 70 was purchased from Decon Labs, 

Inc. (King of Prussia, PA). Potassium phosphate (Fisher Scientific, Fair Lawn, NJ) was 

dissolved in Milli-Q grade deionized water (20 mM), titrated to pH=7.4 with 1N NaOH, 

and filtered (0.2 μm) to prepare potassium phosphate buffer (PPB). Vivaspin 20 (10,000 

MW cut-off) sample concentrators were purchased from Sartorius-Stedim Biotech 

(Aubagne, France). All remaining chemicals were of ACS grade and obtained from 

standard commercial sources. All chemicals were used as received. 
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8.2.1. Preparation of glass surfaces 

 Standard plain glass microscope slides (75 mm x 25 mm) were employed as 

supports for the thin films. Prior to use, the support microscope slides were cleaned 

sequentially via 10 minute sonication at room temperature with 1 N NaOH, DI water, 1 

N HCl, DI water, and ethanol.  They were dried with N2 gas and stored in a desiccator 

until use. Immediately prior to use, the substrate slides were silanized by treatment with 

a solution of 100 mL ethanol, 2.7 mL DI water, 0.5 mL γ-MPS, and 0.3 mL glacial acetic 

acid for 30 minutes at room temperature [19].  The treated glass slides were rinsed in 

ethanol to remove excess γ-MPS and then dried with an N2 gas stream. 

 Standard microscope cover slips (22 mm x 22 mm) were used as protein stamps. 

Prior to use, these cover slips were rigorously cleaned by sequential 30 minute bath 

sonication at 55oC in solutions of 5% (v/v) Contrad 70®/DI, DI water, 2-propanol, DI 

water, and ethanol. Cleaned cover slips were dried with an N2 gas stream and stored in 

a desiccator until use. Immediately prior to use, protein (either BSA for MIP stamps or 

lysozyme for the control stamps) was adsorbed onto the previously cleaned cover slips. 

To do so, 3.7 μM protein solutions were prepared in PPB and cover slips were incubated 

in one of these solutions for 2 hours at room temperature and subsequently dried with 

an N2 gas stream. We chose 2 hours for incubation time because it has been previously 

shown that physical adsorption of various proteins onto quartz slides causes minimal 

loss of the native structure for this time period [20]. Longer incubation times resulted in 

a loss in protein structure with minimal increase in protein adsorption [20]. 

8.2.2. Fabrication of BSA imprinted thin films 

 Surface imprinted homopolymers of DMAEMA crosslinked with either 

PEG(400)DMA or MBA were synthesized according to the following procedure.  The 

functional monomer (DMAEMA) and crosslinking monomer (either PEG(400)DMA or 

MBA) were added into a small glass vial. The ratio of these components was varied to 
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produce thin films with 5% and 20% by molar feed ratio of MBA or 2% and 50% by molar 

feed ratio of PEG(400)DMA. The UV free radical initiator, Irgacure® 2959, was added to 

the monomer solution at a concentration of 2% of total monomer weight. To the 

monomer solutions with MBA as crosslinker, PPB and ethanol were added (85 wt% total 

solvent out of solvent plus monomers) to the vial at a volume ratio of 3:2 PPB to ethanol 

for complete dissolution. No additional solvent was required for the monomer solutions 

containing PEG(400)DMA as the crosslinker. The chemical structures of the constituents 

used for thin film polymerization are shown in Figure 8.2. 

 The sample vial, silanized substrate slides, and protein adsorbed cover slips were 

placed into a glove box and the monomer solution was purged with N2 for 10 minutes. 

50 µL of monomer solution was pipet onto a substrate slide and the appropriate protein 

stamp was placed onto the droplet, either BSA adsorbed for a MIP or lysozyme 

adsorbed for a control. The glass plate assemblies were placed into a UV reactor (Dymax 

Ultraviolet Flood Cure System, Torrington, CT) and photopolymerization was initiated by 

the UV light flood source with intensity ~15-17 mW/cm2 for 10 minutes. BSA imprinted 

and control thin films were synthesized in triplicate by either using BSA or lysozyme 

adsorbed protein stamps, respectively. After polymerization, the cover slip was removed 

with forceps. The remaining surface imprinted thin film on the glass substrate was 

placed into a 50 mL centrifuge tube and was washed repeatedly with PPB to remove any 

unreacted monomers or protein.  

8.2.3. Bovine serum albumin affinity recognition studies  

 To determine the efficacy of the BSA imprinted thin films, washed thin films 

were incubated in a solution containing the model protein template, BSA.  A 3.7 µM 

(0.25 mg/mL) stock solution of BSA in PPB was prepared, and 15 mL of the solution was 

added to each 50 mL centrifuge tube containing a crosslinked film with support in 

addition to a conical vial with no thin film as a blank sample. After incubation for 2 hours 
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on a plate shaker, the supernatant was poured into a Vivaspin 20 sample concentrator 

and concentrated via centrifugation for 15 minutes at 3500 rpm. This was sufficient to 

concentrate the supernatant ~30 times with minimal loss of protein.  To calculate the 

mass of BSA loaded into the imprinted films after the two hour incubation, the following 

mass balance was used: 

                     Equation 8.1 

where ML,i is the mass of BSA absorbed for sample i; CB and Ci are the concentrations of 

the blank and sample i, respectively, after centrifugation with Vivaspin; VB and Vi are the 

volumes of the filtrand remaining after Vivaspin concentration for the blank and sample 

i, respectively. Protein concentrations were determined by measuring the filtrand 

absorbance at λ=277 nm using a UV-Vis spectrometer 96-well plate reader (Bio-Tek, 

Synergy HT, Winooski, VT). Affinity or Imprinted efficiency, IE, can be defined as shown 

below in equation 8.2, where ML,MIP and ML,control are averages of three independent 

samples: 

 

   
      

          
      Equation 8.2 

An overall schematic detailing the thin film synthesis and subsequent protein rebinding 

is shown in Figure 8.1.   

8.2.4. Specific recognition studies 

 For specificity studies, proteins with varying molecular weight, hydrodynamic 

diameters, and isoelectric points (pI), were selected to assess the specificity of the BSA 

imprinted thin films (Table 9.1). Hemoglobin (BHb) is the iron containing protein used 

for oxygen transport in the red blood cells of all vertebrates. BHb was chosen as a 

competitor protein because it has a similar molecular weight as BSA as well as being a 
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common protein template in protein MIP literature.  Glucose oxidase (GOx) is a dimeric 

enzyme which oxidizes glucose into gluconic acid and has been used for decades to 

determining blood glucose levels in diabetic patients. Although the molecular weight for 

GOx is much larger than that of BSA, its isoelectric point is very close (Table 8.1); 

therefore, these two templates will have similar overall charges in aqueous buffers. 

 DMAEMA homopolymer thin films used in the selectivity studies were prepared 

as described earlier in Section 8.2.2. The higher crosslinked thin film formulations for 

each crosslinker were chosen to assess the specificity as they demonstrated superior 

performance in the BSA affinity studies. Surface imprinted films were then incubated in 

3.7 μM solutions of the competitor proteins in PPB for 2 hours at room temperature on 

a plate shaker. The supernatant solutions were then poured into Vivaspin 20 sample 

concentrators and centrifuged for 15 minutes at 3500 rpm for GOx based samples or 30 

minutes at 3500 rpm for BHb based samples. The absorbance values of the resultant 

filtrand were read on a UV-vis spectrometer 96-well plate reader (Bio-Tek, Synergy HT, 

Winooski, VT) at λ=274 nm for BHb samples and λ=276 nm for GOx samples.  These 

absorbance values were converted to protein concentrations via previously constructed 

calibration curves for each competitor and mass of competitor protein loaded was 

determined via Equation 8.1. 

 To analyze the selectivity of the surface imprinted thin films for BSA over the 

competitor proteins, selectivity, α, was calculated by the following equation (Equation 

8.3): 

      
           

             
      Equation 8.3   

where ML,template is the average mass BSA loaded into three independent MIP films and 

ML,competitor is the average mass of competitor protein loaded into three independent 

MIP films. 
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 8.2.5. Thin film characterization 

 Fluorescence microscopy was used to visually show the increase in BSA loading 

for the imprinted versus control films. To do so, thin films were incubated in a 3.7 μM 

solution of FITC-BSA in PPB for 2 hours at room temperature on a plate shaker.  

Subsequently, the films with support slides were rinsed in PPB, dried with N2, and stored 

in a desiccator until ready for use. Fluorescence microscopy images were acquired with 

a CoolSnap digital camera attached to the Nikon Eclipse ME600 fluorescent microscope 

operating with a FITC filter after a 200 ms exposure time. 

8.3. Results and Discussion 

8.3.1. Rebinding of BSA to surface imprinted thin films 

 Two sets of molecularly imprinted thin films were synthesized, those with MBA 

as crosslinker and those with PEG(400)DMA as crosslinker and DMAEMA as the 

functional monomer for both. As mentioned above, the MBA based thin films were 

synthesized with either 5 or 20 mol% crosslinker (relative to DMAEMA), 2 wt% initiator 

(relative to mass of both MBA and DMAEMA), and 75 or 85 wt% solvent for low 

crosslinker (PPB only) or high crosslinking (PPB/EtOH mixture) concentration, 

respectively.  Addition of ethanol was required for dissolution of the MBA at the higher 

concentration.  

 Figure 8.3 shows the BSA recognition results for the MBA crosslinked imprinted 

and control thin films. These resultant films were relatively rigid, especially for the more 

crosslinked formulation, due to the addition of the ethanol in the pre-polymerization 

solution. The 5 mol% MBA thin films adsorb 0.6 ± 0.3 and 0.2 ± 0.3mg of BSA for the 

imprinted and control samples, respectively. This yields an affinity or imprinting 

efficiency of ~2.6. However, as can be seen in Figure 8.3, when the experimental errors 

are accounted for, there is no statistical significance between the two values. The 20 

mol% MBA films absorb 1.8 ± 0.2 and 1.1 ± 0.3 mg BSA for the imprinted and control 
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samples, respectively. This gives an IE of 1.6 from Equation 8.2 and a t-test analysis on 

these two values shows a statistical difference for p<0.1. It is clear that the higher 

crosslinked network adsorbs more BSA for both imprinted and control films overall and 

that the imprinted samples recognize more of the protein template relative to the 

control as 60% more BSA is adsorbed. Attempting to incorporate even higher amounts 

of MBA (50 and 85 mol %) required larger volumes of solvent in general (and ethanol 

more specifically) for dissolution and caused the resultant thin films to be highly rigid 

and thus adsorb very low amounts of BSA overall. As a result, 20 mol% appears to be the 

optimal amount of crosslinker for this formulation. 

 The second set of thin films synthesized and characterized was done so with 

PEG(400)DMA as the crosslinker. As mentioned above these films were polymerized 

with either 2 or 50 mol% crosslinker (relative to DMAEMA), 2 wt% Irgacure® 2959 

(relative to mass of both crosslinker and functional monomer), and without additional 

solvent.  Since no ethanol was required for dissolution and the fact that PEG(400)DMA is 

a much longer crosslinker, the resultant films obtained after synthesis were more 

rubbery than the MBA based films, even with the highly crosslinked films. Consequently, 

these were able to adsorb a higher mass of BSA overall. Figure 8.4 shows the BSA 

recognition results for these systems which included 2 mol% and 50 mol% 

PEG(400)DMA in the monomer solution. There is no increase in protein rebinding for 

the 2 mol% imprinted films relative to the controls as 0.6 ± 0.1 mg and 0.5 ± 0.1 mg BSA 

are adsorbed to the imprinted and control, respectively. On the contrary, there is a 

statistically significant increase (p<0.1) in BSA rebinding with the imprinted relative to 

the control samples with the 50 mol% PEG(400)DMA system as 2.5 ± 0.2 and 1.0 ± 0.8 

mg BSA is adsorbed into the imprinted and control samples, respectively. This produces 

an IE value of 2.5, from Equation 8.2. Once again, it is clear that the more highly 

crosslinked formulation rebinds more BSA overall and that the imprinted samples are 

able to recognize a statistically significant higher amount than the control as evidenced 
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by the 250% increase in adsorption. The 50 mol% formulation appears to be the optimal 

amount of crosslinker as films polymerized with higher amounts of PEG(400)DMA 

required addition of PPB for dissolution of the monomer solution, which resulted in an 

increased porosity that negated the impact of an increase in crosslinker. 

8.3.2. Reproducibility of BSA recognition to thin films 

 One must note that the results shown in Chapter 4 in which imprinting 

efficiencies (IE) as high as 8.2 were obtained with the bulk imprinted polymers, the 

surface imprinting results present here are obviously much lower. However as 

mentioned, these results could not be reproduced with the bulk imprinted approach. 

And, it is our hypothesis that this is the case for many studies published in the literature. 

The circular dichroism studies in Chapter 5 & 7 indicate that a possible reason for this 

non-reproducibility is the detrimental effect of monomers on the template 

conformation prior to polymerization. 

 As a result of our challenges with the bulk imprinted system from Chapter 4, it 

was important for the results obtained in the surface imprinted studies detailed in the 

current chapter to be reproducible. To illustrate this, the higher performing systems (20 

mol% MBA and 50 mol% PEG(400)DMA) were synthesized two additional independent 

times, and BSA rebinding studies were conducted following the same procedure. The 

results from these reproducibility studies are shown in Figure 8.5 and Figure 8.6. Figure 

8.6 shows the results of the three independent studies with the PEG(400)DMA 

crosslinked thin films. Even though the mass loaded for the imprinted samples 

fluctuates from 1.5 ± 0.2 to 2.5 ± 0.2, these values are statistically significantly larger 

(p<0.1) than those of the control samples. An overall IE for all three sets was 

determined to be 2.3. 

 Figure 8.5 shows consistent mass loaded and IE values for all three sets of 20% 

MBA crosslinked systems. Once again, the BSA quantities loaded for the MIP samples 
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are significantly larger (p<0.1) than those of the control. An overall IE value of 1.5 was 

obtained.  Therefore, we can say that our novel surface imprinting procedure yielded 

reproducible BSA recognition results.  

8.3.3. Specific recognition studies results 

 Similar to the reproducibility studies, the selectivity studies were performed on 

the two systems with the best IE results, 20 mol% MBA and 50 mol% PEG(400)DMA. To 

do so, imprinted and control thin films were incubated in 3.7 μM single protein 

environments of either bovine hemoglobin (BHb) or glucose oxidase (GOx) for 2 hours at 

room temperature. After concentrating the supernatants with Vivaspin, the resultant 

filtrand solutions were analyzed with UV spectroscopy to determine the change in 

competitor protein concentration. Figure 8.7 shows that there is no difference in mass 

loaded of competitor protein, either BHb or GOx, between the imprinted and control 

samples for the MBA crosslinked samples. More importantly, this plot also shows that 

the amount of competitor protein adsorbed by the imprinted thin films (0.6 ± 0.2 mg for 

BHb and 0.8 ± 0.5 mg for GOx) is significantly lower (p<0.05) than the amount of BSA 

loaded (1.8 ± 0.2 mg). These rebinding amounts result in selectivity values (α) of 2.8 for 

BSA over BHb and 2.2 for BSA over GOx.  

 Along the same lines, Figure 8.8 shows the selectivity results for the 

PEG(400)DMA crosslinked thin films for BSA against BHb and GOx. Once again, it is clear 

that there is no difference in mass of competitor protein adsorbed between the 

imprinted and control samples. Also, Figure 8.8 shows that the mass of competitor 

protein adsorbed by the BSA MIP (0.9 ± 0.1 mg for BHb and 1.5 ± 0.2 mg for GOx) is 

statistically significantly lower (p<0.05) than that of BSA (2.5 ± 0.2 mg). The resultant 

selectivity values are αBSA/BHb=2.9 and αBSA/GOx=1.7. Not surprisingly, the same trend 

applies to both the MBA and PEG(400)DMA crosslinked systems in that the selectivity is 

lower for GOx. This is because of the similarity in isoelectric point, as ionic interactions 
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will dominate between the positively charged DMAEMA and overall negatively charged 

BSA and GOx proteins. These selectivity values are on the lower end of what has been 

previously reported in the literature for BSA, in general, [2, 21-23], however compare 

quite favorably for studies using competitor proteins with similar MW and isoelectric 

points [24-26], as was done in this work. 

8.3.4. Thin film characterization 

 Figure 8.9 shows fluorescence microscopy images of MBA crosslinked imprinted 

and control thin films after incubation with FITC-BSA, respectively. These images were 

taken with identical instrument settings and clearly show an increased amount of FITC-

BSA adsorbed onto the imprinted polymer (Figure 8.9A) relative to the control (Figure 

8.9B). This provides further evidence for increased loading of BSA to the imprinted thin 

films relative to the control.  

8.4. Conclusions 

 We have developed a facile synthesis procedure for reproducible and selective 

recognition of BSA. This procedure was selected due to the fact that it does not require 

the protein to be in solution with the monomers prior to polymerization, which studies 

in Chapter 5 & 7 concluded that doing so will result in significant changes to the protein 

structure. In this work, we have shown that the imprinted polymers synthesized with 

higher amounts of crosslinker, either MBA or PEG(400)DMA, rebind statistically 

significantly larger amounts of BSA than the control. These affinity results were also 

shown to be reproducible, which is an important result not often demonstrated in the 

literature. In addition, our optimized thin films are highly selective to the template 

protein over similar competitor proteins. Consequently, we feel that this approach 

shows great promise for integration with a transducer (i.e. microcantilever or quartz 

crystal microbalance) as a platform technology for a fully synthetic biosensor which 



 202 

could one day be used in various, including the diagnosis of diseases in settings where 

medical infrastructure is lacking.  
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TABLES 

 

 

 

Table 8.1: General properties of proteins used in the selectivity studies  

 

 

 

 

 

 

 

 

Bovine serum albumin (BSA), bovine hemoglobin (BHb), and glucose oxidase (GOx). Protein properties 
references: MW for BSA [2]; diameter for BSA [27]; pI for BSA & BHb [18]; MW and diameter for BHb [28], 

MW of glucose oxidase [29]; and pI & diameter of glucose oxidase [30]. 

 

 

 

  

Protein 
MW 

(kDa) 
Hydrodynamic 
diameter (nm) 

pI 

BSA 66.4 14 4.7 

BHb 64.5 5.5 6.9 

GOx 160 8.6 4.2 
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Figure 8.1: General schematic for microcontact surface imprinting procedure  
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Figure 8.2: Chemical structures of pre-polymerization components for surface 

imprinted thin films 
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Figure 8.3: Recognition studies results for DMAEMA homopolymers crosslinked with 

different amounts of MBA  

MIP: BSA protein stamp used during synthesis; control: lysozyme protein stamp used 

during synthesis (n=3, + 1 S.D., * p<0.1) 
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Figure 8.4: Recognition studies results for DMAEMA homopolymers crosslinked with 

different amounts of PEG(400)DMA  

MIP: BSA protein stamp used during synthesis; control: lysozyme protein stamp used 

during synthesis (n=3, + 1 S.D., *p<0.1) 
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Figure 8.5: Reproducibility of BSA recognition for 20 mol% MBA crosslinked thin films  

MIP: BSA protein stamp used during synthesis; control: lysozyme protein stamp used 

during synthesis (n=3, + 1 S.D.,* p<0.1, ** p<0.05) 
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Figure 8.6: Reproducibility of BSA recognition for 50 mol% PEG(400)DMA crosslinked 

thin films. 

MIP: BSA protein stamp used during synthesis; control: lysozyme protein stamp used 

during synthesis (n=3, + 1 S.D., * p<0.1, ** p<0.05) 
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Figure 8.7: Selectivity studies results for MBA crosslinked thin films for the template, 

BSA, and competitor proteins, BHb and GOx  

Bovine serum albumin (BSA), bovine hemoglobin (BHb), and glucose oxidase (GOx), MIP: 

BSA protein stamp used during synthesis; control: lysozyme protein stamp used during 

synthesis (n=3, + 1 S.D., ** p<0.01, * p<0.05 relative to MIP with BSA). 
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Figure 8.8: Selectivity studies results for PEG(400)DMA crosslinked thin films for the 

template, BSA, and competitor proteins, BHb and GOx  

Bovine serum albumin (BSA), bovine hemoglobin (BHb), and glucose oxidase (GOx); MIP: 

BSA protein stamp used during synthesis; control: lysozyme protein stamp used during 

synthesis (n=3, + 1 S.D., ** p<0.01, relative to MIP with BSA).  

0

0.5

1

1.5

2

2.5

3

BSA BHb GOx

m
as

s 
p

ro
te

in
 lo

ad
e

d
 (

m
g)

 

MIP

control** 

** 



 212 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.9: Fluorescence microscopy of (A) BSA imprinted thin film and (B) control thin 

films after incubation with FITC-BSA.  
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CHAPTER 9: CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 Reproducibility and capacity concerns stemming from initial studies with a bulk 

imprinting approach for the synthesis and optimization of bovine serum albumin (BSA) 

recognitive terpolymers motivated us to question traditional procedures for the 

recognition of protein templates. Subsequent circular dichroism (CD) studies clearly 

showed a significant change in the secondary structure of three common protein 

templates when in the presence of various monomers and crosslinkers. These 

conformational changes were observed for the five most frequently employed 

functional monomers (Aam, MAA, AA, APBA, and NiPAam) and most common 

crosslinker (MBA) at concentrations far lower than typically used in previous reports. 

However, this phenomenon was not seen with EGDMA, another frequently used 

crosslinker.  

 Molecular docking simulations on these same seven ligands with the crystal 

structure of human serum albumin (HSA) allowed for further investigation into this 

ligand induced conformational change. Specifically, docking studies revealed that 

significant amounts of hydrogen bonding, hydrophobic, and electrostatic interactions 

are occurring between the protein and ligand. Additionally, it is evident that the 

interactions taking place between the ligand molecules and polypeptide backbone of 

HSA are most important for explaining the change in conformation observed in the CD 

studies. Also, we find that several of the ligands preferentially ‘docked’ with the same 

amino acids in the protein. 

 Armed with this knowledge, we developed a novel and facile technique for the 

synthesis of surface imprinted polymers with specific recognition for BSA. The thin films 

composed of DMAEMA as the functional monomer and either MBA or PEG(400)DMA as 

crosslinker clearly showed a statistically significant imprinting effect for BSA over 
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competitor proteins. Furthermore, this recognition was shown to be reproducible, 

which is an important result given the findings from the initial bulk imprinted polymers. 

 Based on this body of work we can conclude that the monomer-template 

interactions in the pre-polymerization solution are highly complex, the general design 

principles of traditional small molecular weight imprinted polymers cannot be directly 

applied to the macromolecular regime, and that highly crosslinked surface imprinted 

thin films is one of several promising methodologies going forward. If the protein 

template is solubilized with traditional monomers, the change in conformation prior-to-

polymerization will render the subsequent binding sites useless. This, along with the 

monomer competition for same binding sites, provides insight into the reason for the 

lack of success to date in this field.  We feel that computational modeling should be an 

essential tool going forward in the development of rationally designed protein 

imprinted polymers. 

Strategies which obviate the need for protein contact with monomers before 

polymerization, such as the technique developed in this Ph.D. thesis, merit further 

study. The novel system presented in this thesis shows promise as a platform 

technology with facile integration with a transducer for application as a robust 

biosensor. Other possibilities include: investigating ligands which do not induce 

conformation changes or exploring alternative templates which may not be as 

environmentally sensitive. New monomers/crosslinkers will need to balance strong 

interactions with the template while minimizing any detrimental effects – such as the 

case with alginate, a biocompatible monomer, and EGDMA, a crosslinker without 

hydrogen bond donors in its chemical structure. Computational studies would be 

valuable for elucidating this compromise by screening large sets of potential molecules. 

Moreover, the use of less labile templates such as microRNAs or epitopes of 

larger parent molecules would allow for the continued use of successful small template 
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procedures. The work presented here gives rational explanations for the limited success 

in protein MIPs to date while also providing the foundation upon which the field must 

evolve in order to become viable alternatives to natural recognition elements in a wide 

variety of bioassay and biosensor applications. 
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