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Using molecular imprinting, polyacrylamide polymers were created with
recognition for serum proteins in aqueous solution. By dissolving the protein in solution
with functional monomers containing electrostatic groups, polymers with specific
recognition sites for the macromolecule were created. The presence of three functional
monomers that are anionic, cationic, and hydrogen-bond donating gave imprinted
P(MAA-DMAEMA-Aam)MIP polymers that exhibited a ~200% increase in recognition to
lysozyme template as compared to recognition by non-imprinted control. In addition,
the P(MAA-DMAEMA-Aam)MIP polymer exhibited a 20% increase in recognition to
chicken lysozyme template compared to the human lysozyme and a 30% increase over
the similarly sized macromolecule, cytochrome c. These results gave proof of the

formation of a network with specific recognitive sites for the template.
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In addition, the overall macroscopic properties of protein imprinted gels were
examined using scanning electron microscopy, where definite morphological differences
were observed between the MIP polymers and the controls. Fourier Transform Infrared
Spectroscopy determined that the presence of template had no effect upon the overall
gel composition, while differential scanning calorimetry was used to determine the
molecular weight between crosslinks of MIP polymers and controls.

As an investigation of controlled drug delivery system, gels were also loaded with
lysozyme, and the release of the protein was calculated. Imprinted gels exhibited a
longer sustained release over controls, with P(MAA-DMAEMA-Aam)MIP polymers
exhibiting the slowest release, where only ~80% of the protein was released after 72 h.
This is compared to P(MAA-DMAEMA-Aam)C gel that exhibited ~100% release after 36
h. In all cases, released lysozyme retained enzymatic activity. The gels also exhibited
good in vitro biocompatibility when in contact with 3T3 fibroblasts.

This work forms the foundation of fabricating polymer gels with specific
recognition to macromolecules. We feel these networks hold promise as recognition
components in the next generation of biomaterials and drug delivery systems. Using
specific chemical groups that mimic functionalites recognized by natural
macromolecules, completely synthetic materials with specific selectivity for a target
ligand can be designed. It is believed that such materials can be incorporated into
biosensors, responsive drug delivery systems, or other diagnostic devices requiring the

detection of specific molecules.
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Chapter 1: Introduction

In nature, molecular recognition occurs via the very specific interaction of
functional groups present on two different molecules. The molecular interactions
have evolved to the extent that a target ligand can be bound by a macromolecule
in a pool of thousand of other potential targets with similar structure. For
example, enzymes utilize specific amino acids to bind ligand molecules and
trigger enzymatic degradation. The amino acid sequence in the ligand-binding
site is both complementary in chemical functionality to the target and spatially
arranged three-dimensionally in a very ordered way to obtain high specificity.

Following nature’s cues, synthetic polymers can be designed to mimic
natural recognition events. Because almost any chemical functionality can be
introduced into a polymer backbone, any interaction in nature can be targeted.
The interactions can also be subsequently “frozen” in place via crosslinking of the
polymer network to create a three-dimensional recognitive cavity. Thus, a
polymeric, biomimetic network with high specificity to a target ligand can be
formed.

A completely synthetic system that can recognize specific target
molecules could be a powerful recognition element in a wide range of
applications. For example, such a system could target undesirable analytes in

the blood such as cholesterol or viruses. The binding of this molecule would



effectively remove it from the bloodstream and, as such, act as an as an artificial
drug for disease treatment. In addition, a biomimetic polymer could be
incorporated into a therapeutic device to act as a recognition element. A
possible platform for this technology could be as part of a targeted drug delivery
system to deliver a drug in response to analyte binding. Other applications
include biosensors to monitor analyte levels or highly sensitive assays to
diagnose diseases.

When designing biomimetic, recognitive systems, a few key challenges
must be met:

i. the interactions formed between the target molecule and the
network must exhibit high stability, and the network must be able to
recognize the target ligand over structurally similar molecules;

i. because the biomimetic system will be used in a biological setting,
the network must retain recognition properties in an aqueous,
environmentally complex solution;

iii.  the target molecule must be able to diffuse into the bulk network in
a rapid manner and;

iv.  suitable platforms in which recognitive polymers can be utilized
must be investigated.

Hydrogels are insoluble, crosslinked polymers that absorb large amounts

of water. These materials have shown great promise as platforms for biomimetic



recognitive systems. These polymers have a high degree of chemical design
flexibility, and, as such, many different types of biomimetic systems have been
fabricated. By tailoring chemical groups, research groups have fabricated

t"". In

hydrogels that can respond to changes in the surrounding environmen
addition, the introduction of biological groups into the polymer backbone can
create biomimetic polymers with properties similar to biologic tissue. These gels
have applications in tissue engineering and biomaterials. Thus, hydrogels hold
great promise as the next generation of synthetic, recognitive systems in a wide
array of applications.

In this work, highly-crosslinked hydrogel networks based on polymers with
electrostatic attractive groups for a template protein were prepared and
developed. The use of different kinds of interactions and different materials,
material properties, and polymer characteristics were investigated. Platforms for

the use of these recognition-based hydrogels for biomimetic systems were

discussed.
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Chapter 2: Background-Molecular Imprinting of Polymeric Materials

2.1 Molecular Recognition

The ability of a molecule to selectively recognize a target molecule in a
vast pool of similar molecules is essential to biological and chemical processes.
Molecular recognition occurs when two molecules are both geometrically and
chemically complementary—that is when they can both "fit together" spatially as
well as bind to each other using non-covalent forces, including hydrogen bonds,
electrostatic interactions, hydrophobic interactions, and weak metal
coordination'. Examples of this process include the binding of an enzyme to a

substrate?, a drug to a biological target® *

, antigen/antibody recognition in the
immune system® ©, and the formation of messenger RNA from DNA templates’.
Thus, molecular recognition can be thought of as the driving force behind all life

processes.

2.2 Natural Recognition Systems

2.2.1 Molecular Recognition in Proteins

Proteins are heteropolymers consisting of long, unbranched chains of
amino acids. Most proteins in the human body consist of roughly 200-300 amino
acids®. Every body system relies on proteins, and how proteins recognize other
molecules is integral to those systems. For example, protein recognition is

important in musculo-skeletal movement, enzyme catalysis in digestion, and the



uptake of therapeutic drugs into cells and tissues. The most characterized
example of protein molecular recognition is the avidin-biotin complex®.

Avidin is a tetrameric glycoprotein that has four subunits and has a
molecular weight of ~66,000 Da®. Biotin, also known as Vitamin H, is a naturally
occurring molecule found in every living cell. Each of the four tetrameric regions
of avidin specifically bind to one biotin molecule, and this binding is believed to
be the strongest non-covalent binding by a protein to a molecule in nature
(Ks=10" M™)'°_ It is thought that specific lysine and tryptophan residues in avidin
(specifically Trp 70 and Trp 110, and Lys 45 and 94) have a high attraction to the

carboxylic acid group of biotin” % ',

It is this molecular affinity and the spatio-
chemical orientation that make the avidin-biotin complex one of the most-studied

non-covalent recognition systems in all of molecular biology.

2.2.2 Molecular Recognition in the Immune System

The most widely recognized system of molecular recognition occurs in the
immune system of higher order organisms in the form of antigen/antibody
recognition. Antibodies are globular proteins that have evolved to express
specific binding sites that recognize and capture foreign materials in the
bloodstream. These foreign materials, termed antigens, can range from simple
proteins to large bacteria and viruses. Antibodies are composed of linear strands

of amino acids consisting of two identical polypeptide "heavy" chains (55 kDa)



and two identical polypeptide "light" chains (25 kDa) that are linked by disulfide
bridges to form a “Y” structure'? (Figure 2.1). At the N-terminus of the chains lies
the variable region which contains an amino acid sequence that can recognize a
particular portion of an antigen, deemed the epitope. It is not only the amino acid
sequence that leads to recognition but also the orientation of the binding pocket
created by heavy and light chains (Figure 2.2). The recognition between the
epitope of an antigen and the variable region of an antibody occurs via
electrostatic forces, hydrogen bonds, Van der Waals Forces, hydrophobic forces,
or a combination of all these non-covalent interactions™ (Figure 2.3). This
complexation via the antibody C-terminus activates the phagocytic cell to engulf
and destroy the antigen.

Antibodies must therefore be able to recognize an immense number of
different structures, and the variable region’s flexibility in amino acid sequence
allows for a huge number of possible chemical targets. As such, some
researchers have estimated that the human immune system contains between
10" and 10° different antibody structures™. Many researchers are now
attempting to mimic this epitope binding to create artificial antibodies for the
treatment of disease’®. Mosbach and colleagues'® ' have considered using
these “artificial antibodies” as screening of libraries for potential new drugs, as

enzyme inhibitors, and as targets for protein binding.



2.2.3 Cellular Molecular Recognition
In addition to molecular recognition by proteins, cells of the body rely on

this process in many cellular events. Next to proteins, the most fundamental
structural elements of the body are the cells and the extracellular matrix (ECM)
that they secrete for anchorage. The ECM can be widely viewed as the
backbone that comprises tissues and organs, but it should not be viewed as
merely providing strength and physical support. The ECM is now believed to be
intricately involved in the events that lead to the eventual formation of tissue. Itis
composed of a fibrillar and an amorphous component'®. These two broad
components interact with cells via cell surface receptors and other membrane
proteins. The interaction of cells with each other (cell-cell interactions) and the
interaction of cells with their environment (cell-ECM interactions) have a
particularly high molecular specificity. A complex recognition process is required
for most cellular process including cell division, ECM secretion, motility, and
apoptosis'®.

Cell-ECM interactions can determine everything from cell differentiation
and cell growth to cell orientation and the secretion of other molecules by the
cell’®. For instance, ECM interactions such as stress forces due to injury or
disease can cause cytoskeletal rearrangement in cells leading to changes in

protein expression and nuclear events. The cell may divide to produce more

cells for tissue formation, and the cell may also differentiate into a more specific



cell phenotype. Concurrently, ECM cues can lead to a production and release of
matrix molecules in a dynamic loop. These matrix molecules form an anchorage
place for newly divided cells which will act with the ECM in this loop to lead to the
formation of natural tissue.

Communication of a cell within its environment takes place primarily
through receptors called integrins. Integrins are heterodimeric proteins with two
membrane-spanning subunits that are connected to the microfilament network
contained in the cytoplasm'®. Integrins bind specifically to certain amino acid
sequences found in proteins via Van der Waals forces, hydrogen bonding, and
ionic attraction. An example of an integrin target sequence is the RGD (argine,
glycine, aspartic acid) region that makes up many cellular adhesive proteins.
The adhesive proteins in turn bind to solid substrates, the ECM, or even other

cells.

2.3 Engineering Biomaterials with Molecular Recognition

2.3.1 Early Biomaterial Attempts
As biological research has expanded and a greater understanding of the

mechanisms of biological molecules has been revealed, researchers have tried
to replicate molecular recognition behavior with synthetic molecules. The most
famous initial attempt at creating an artificial biological material was performed at
the beginning of the 20™ century—specifically during World War Il. Due to the

high number of battlefield casualties in this war, many surgeons began



experimenting with replacing native tissues with artificial materials in an attempt
to reduce battlefield mortality®®. Although all of these attempts were unsuccessful
for various reasons, the idea of replacing a lost tissue with synthetic materials
endured. Romanced by the thought of creating new organs along with the
observance of tissue growth around a silk suture, Arthur B. Voorhees from
Columbia University surgically replaced canine blood vessels with parachute
nylon21. Voorhees believed that the material possessed suitable properties that
mimicked the properties of blood vessels—including an elastic nature and a
distinct hydrophobicity—that would stop the adherence of platelets and hence
hinder clot formation. However, this material proved unsuitable as a replacement
as thrombi eventually formed in vessels, leading to death. Nonetheless,
Voorhees hypothesized that with a better understanding of the interactions of
materials and the human body, better biomaterials could be possibly created.
After these initial material attempts, scientists creating biomaterials
realized that materials must foremost be biocompatible, meaning the material
would not illicit an immune response from the body. Many of the early catheters
and pacemakers were designed with this goal in mind?>. These materials were
passive materials that were designed to interact with the body as little as
possible, thus minimizing an immune response. However, due to the formation

of a fibrous tissue capsule around the implants, these materials ultimately

10



failed®. It was believed the capsule formation was due to the fact these
materials did not interact with the body.

Due to these limited successes, many researchers hypothesized that
biomaterials could better be accepted by the body if the material itself could
actively interact with body by mimicking certain physiological processes.
Scientists working in the biomaterials area are beginning to apply the principles
of cell transplantation, material science, and engineering to construct biological
substitutes that will restore and maintain normal function in diseased and injured
tissues. Much of the work in biomaterials has been focused on fabricating
replacement materials that have components similar to the natural ECM of native
tissues. The main function of the ECM is to serve as a template for cell and
protein attachment and act as a degradable support structure for new tissue
ingrowth. Most replacement ECMs attempt to mimic the behavior of natural
biologic tissue, but the replacement ECM cannot be oversimplified. If the
scaffold cannot provide important developmental signals to the cells on the
biomolecular level, cells will not recognize the artificial ECM as a suitable
material for attachment and proliferation, and thus, tissue regeneration will fail.
This is why most of the initial attempts in biomaterials creation were

unsuccessful.
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2.3.2 Strategies for Biomolecular Recognition
Biomaterial scientists attempt to address molecular recognition of

materials by cells (more aptly named biomolecular recognition) with two different
major design strategies. The first method is to make the material bioactive by
incorporating relevant biological molecules such as growth factors and or even
whole cells into biomaterial carriers so that these molecules can be released
from the material and trigger or modulate new tissue formation?®. Burdick and
Anseth?* have been attempting to deliver cells and growth factors in unison from
injectable polymer matrices that are then UV polymerized to form a matrix. The
gel acts both as a drug delivery device to deliver growth factors directly into the
wound bed and as an anchorage point for cells. This group has shown viability
of encapsulated cells over 3 weeks, and osteoblasts encapsulated by this
method begin secreting native ECM molecules into the matrix. However, these
materials are polymerized in situ, and toxicity issues could arise with the injection
of acrylate monomers and oligomers into the body.

The other approach toward biomolecular recognition involves physically or
chemically modifying biomaterials to incorporate specific cell-binding peptides.
Cell-binding peptides are short amino acid sequences of much longer native
ECM proteins that have been identified as able to incur specific, predictable
interactions with cell receptors. Incorporating peptides into these materials can

potentially mimic the signaling dynamic between ECM and cells in tissues. The
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most studied cell adhesion peptide, RGD, has been widely used to encourage
fibroblasts and other cells to adhere to polymer matrices in order to encourage
tissue formation?. In addition, materials that are not adhesive to cells will attract
and bind cells if signaling peptides are incorporated on the surface®. Nguyen
and West?” have incorporated protease peptide sequences into materials that
can be broken down by cellular enzymes.  However, it is difficult to uniformly
cover polymers with peptides, and the use of peptides in humans and the
resulting immunogenic response to these materials is still uninvestigated. In
addition, the uses of peptides in synthetic structures can limit the feasibility of any
material as an “off-the-shelf’ product due to concerns about peptide degradation

over time.

2.4 Biomaterials

To date, many artificial materials have been attempted as biomaterials,
but many of these structures have met with only limited success. Since
Voorhees’ initial attempt with parachute nylon, both synthetic and natural
materials have been attempted as a replacement for native tissue.

2.4.1 Natural Biomaterials

Some research groups have focused on the use of natural materials such
as collagen scaffolds as a completely natural replacement ECM. Collagen, a
large component of the ECM, is naturally degraded by metalloproteases and

serine proteases, allowing for its degradation to be locally controlled by cells
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present in the surrounding tissue®®. Collagen has been investigated for many
uses, and it has shown some promise in the replacement of injured cartilage and
blood vessels. Frenkel and colleagues® transplanted allogenic chondrocytes in
collagen matrices into rabbits and showed that the regeneration of articular
cartilage was possible. Kobashi and Matsuda® formed circular tubes for blood
vessel replacements using collagen seeded with smooth muscle cells. These
grafts show good biocompatibility, but they cannot withstand the pulsatile flow of
the bloodstream. This work illustrates one of the main problems faced using this
material; natural collagen lacks rigidity, and cell-seeded constructs of collagen
must be immobilized so physical forces do not destroy the material. In addition,
immunogenic response hampers these materials, physical and chemical
composition of collagen can vary in animal sources leading to unpredictable
tissue formation, and protocols can be irreproducible from experiment to

experiment®".

2.4.2 Synthetic Polymers as Biomaterials

2.4.2.1 Poly(lactic) and Poly(glycolic) Acid
Synthetic polymers are viewed by many researchers as having the most

promise as a biomaterial because they can be physically or chemically tailored to
induce specific interaction with host cells or proteins. In addition, they can be
structurally molded to mimic native biomechanics, they can be tailored to

degrade for eventual replacement by host tissue, and they are generally less
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expensive to mass produce than natural materials. The most widely used
polymers for cellular scaffold materials are poly(lactic) acid (PLA), poly(glycolic)
acid (PGA), or a combination of these two polymers (PLGA). PLA, PGA, or
PLGA are aliphatic esters that possess excellent biocompatibility*> and can be
used as drug delivery materials to deliver biomolecules during tissue
regeneration®* 3.

These polymers are also among the few synthetic polymers approved by
the US Food and Drug Administration (FDA) for certain human clinical
applications. PGA is extremely hydrophilic in nature and, consequently, will lose
its mechanical strength within two to four weeks of implantation®®>. PLA, however,
contains one methyl group more than PGA and as a result is more hydrophobic.
Degradation rates for PLA scaffolds have been measured up to months and even

34, 36

years The degradation rates of these polymers can be tailored by using

copolymer blends (PLGA) to give distinct degradation profiles®' *.

However,
these polymers undergo acid-catalyzed hydrolysis and bulk erosion, which can
cause the polymer to suddenly lose structural integrity before complete cellular
incorporation into these ECM constructs. This lack of long-term mechanical
stability could inhibit formation of new tissue®’.

2.4.2.2 Hydrogels

As an alternative to aliphatic polymers, a class of materials termed

hydrogels are being studied that can absorb greater than 30% of their dry weight
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in water. These materials are appealing because the polymer properties are
controllable and reproducible®® and the large water uptake promotes excellent
biocompatibility. 2-hydroxyethylmethacrylate (HEMA) has been widely used in
ophthalmology as a contact lens material and more recently has been used as a
fibrillar support for nerve regeneration®*. Among the most studied hydrogel
materials is crosslinked poly(ethylene glycol) (PEG), which has been approved
by the FDA for use in certain medical applications*. Unfortunately, the high
water content of PEG and other hydrogels can cause low cellular and protein
adherence, leading to incomplete tissue formation. To gain cellular specificity,
researchers have attempted to immobilize growth factors to the surfaces of
biomaterials*'. In addition, these materials have been used to encapsulate cells
in an attempt to encourage the cells to begin to secret native ECM molecules®*
“2 These strategies only achieve limited success because hydrogel materials
are highly crosslinked and do not degrade, thus limiting their effectiveness as a
tissue replacement material. Therefore, groups are investigating incorporation of
degradable structures such as PLGA into hydrogel materials to produce a
degradable structure while still maintaining the high water content of the
hydrogel®.
2.4.2.3 Anhydrides

In addition to hydrogels, polymers consisting of anhydride networks have

been synthesized for a number of biomedical applications including tissue
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engineering and drug delivery**.  Polyanhydride networks exhibit excellent
biocompatibility and contain a large aliphatic component possessing an ester
group that undergoes surface erosion via hydrolysis*>. The deliberate surface
erosion is different than the bulk hydrolysis that is undergone by PLA or PGA and
can allow biomaterials scaffolds to be made that have very predictable
degradation profiles. In addition, the erosion of only the surface of the material
allows anhydrides to maintain structural integrity to allow for support of cellular
integration. One polyanhydride that has been widely studied and is in clinical
trials as a component in the drug delivery device Gliadel™ is poly(methacrylated
sebacic anhydride) (MSA). In Gliadel™, drugs such as topotecan are loaded into
wafers, and subsequently implanted in brain cancer patients after tumor
removal®®. In the aqueous environment of the body, the wafers undergo slow
surface erosion for extended drug delivery at the site of implantation.
Degradation of MSA yields methacrylic acid (MAA) and sebacic acid as products
which show minimal toxicity in vivo*’. Polyanhydride networks can also be
combined with other polymers to change their degradation and structural
characteristics. Jiang and Zhu*® showed that anhydride polymers could be
polymerized in the presence of PEG to form a crosslinked hydrogel with both
hydrophobic and hydrophilic components. The hydrophilic PEG chains increase

uptake of water to in turn drive the hydrolysis of the ester bond in the
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hydrophobic MSA, and consequently the degradation properties can be tailored

by altering the amount of PEG in the polymer.

2.5 Molecular Recognition Using Synthetic Polymer Networks

With the advances in protein chemistry and the increased understanding
of protein recognition, researchers are attempting to construct completely
synthetic polymeric materials that can specifically bind target molecules. Such
materials can have applications ranging from chromatography and solid phase
extraction to controlled drug delivery. Many of these polymers are now being
created in the presence of the target molecule in order to “memorize” both its
shape and chemical functionalities to mimic biological recognition. Synthetic
polymers can be advantageous over using biological molecules such as proteins
or DNA due to the sheer freedom of molecular design. A wide array of chemical
functionalities can be introduced into synthetic systems, and the mechanical

properties can be readily tailored.

2.6 Molecular Imprinting
The idea of molecular imprinting was inspired by the theories of Nobel
Prize winner Linus Pauling on the formation of antibodies in the immune

system?? 0

. Pauling theorized that antibodies behaved like denatured proteins,
and thus free of hydrogen bonds, their chains were free to move. When in

contact with an antigen, chemical functionalities on the antigen would attract
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amino acids on the antibody, a mechanism he termed "molecular

complementariness"”’

. Thus the antibody would then memorize the shape of the
antigen®® (Figure 2.4). This hypothesis was later disproved, but his idea of a
freely moving polymer chain that could form a complimentary mold around a
structure inspired the field of molecular imprinting (MIP). In recent years, MIP
polymers have come to the forefront of biomedical applications. First used in
chromatography columns for the separation of specific analytes, imprinted

53-58

polymers now have applications ranging from molecular sensors® ", solid-phase

57, 59, 60 61-67

extraction , and drug delivery systems

2.6.1 Molecular Imprinting Principles

MIP polymerizations all follow the same general procedure. In a solution
of appropriate functional monomers, a template molecule is added, and the
solution is mixed. This mixing allows for “self-assembly” of the template with the
complimentary monomers to form a pre-polymerization complex. The functional
monomer contains specific chemical structures designed to interact with the

%870 ‘hon-covalent chemistry”""*, or both®.

template either by covalent chemistry

Once the pre-polymerization complex is formed, the polymerization
reaction usually occurs by free radical initiation in the presence of a crosslinking
monomer and an appropriate solvent. The template can then be extracted from

the formed polymer, producing a porous matrix with specific recognition elements

for the template molecule. Thus, MIP creates stereo-specific three-dimensional
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binding cavities based on the template molecule of interest’® 7’ (Figure 2.5).
These cavities not only maintain the ordered arrangement of complimentary
chemical functionalities but also preserve the overall spatial configuration of the
template.

While a few groups are attempting to imprint natural proteins, there are
generally two types of molecular imprinting, covalent and non-covalent. The two
methods only differ in the initial formation of the pre-polymerization complex. In
most cases, non-covalent systems are most favored due to ease in extracting the
template molecule and therefore are the most widely studied’®.  Although non-
covalent systems are easier to fabricate, the recognition achieved by covalent
methods is usually much superior.

2.6.2 Molecular Imprinting in Natural Molecules

Of interesting note are the efforts by certain groups to make completely
natural MIP systems by using proteins as the recognition elements to capture
small molecular weight molecules™ °. Slade® lyophilized bovine serum albumin
in the presence of p-hydroxybenzoic acid. Using this technique, binding activity
of p-hydroxybenzoic acid could be enhanced by a factor of approximately 3 over
that of the non-imprinted protein. In another approach, Luo et al.®" ® placed
chicken albumin into contact with an enzyme mimic for glutathione. By
crosslinking the albumin with glutaraldehyde in the presence of the mimic, the

researchers were able to memorize the conformational binding of glutathione to
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the protein. The imprinted protein exhibited an 80-fold increase in enzymatic
activity when glutathione was present. The above two protein-imprinting
methods not only show that natural MIP systems are possible but also that MIPs
have the possibility of mimicking complex protein-molecule binding events to
create possible artificial enzyme release systems for the treatment of disease.
2.6.3 Covalent Imprinting in Polymers

Covalent imprinting differs from non-covalent imprinting only in the
formation of the template-polymer complex and the subsequent removal of the
template. This procedure of imprinting was first developed by Wulff®®> 8. In this
method, the template is bound covalently to functional monomers normally
through the use of a vinyl moiety’®. The first successful imprinting of this type
employed a simple sugar conjugated to a boronic acid derivative. The conjugate
was crosslinked using ethylene dimethacrylate. When the ester was cleaved, it
was found that the template was bound strongly and selectively.

The success of covalent imprinting lies in chemical linkage that forms the
template-monomer complex. This linkage needs to be stable under the reaction
conditions, but the bond must be easily broken for the removal of the template.
The breaking of this bond must be performed under mild cleavage conditions so
that the imprinted network is not disrupted. Unfortunately, relatively few covalent
bonds meet these requirements, and as a result, the study of covalent imprinting

is not as widespread as its non-covalent counterpart. Monomers that can be
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used are boronic acid esters, ketals, disulfide bonds, acetals, and Schiff bases.
Examples are given in Figure 2.6. In addition to the limitations of the monomer
choice, the re-binding of the template molecule is slower than the recognition
achieved in non-covalent imprinting®.
2.6.4 Non-Covalent Imprinting in Polymers

In 1981, Mosbach® showed that covalent linkages were not needed in
order to successfully imprint a target molecule. In this method, non-covalent
interactions occur between chemical functionalities on the template and the
functional monomers. The functional monomers and the template are mixed in a
proper solution and upon mixing, will “self assemble” to form the complex. Once
polymerized, the template then can be removed via simple diffusion, usually in a
polar or acidic solvent that can sufficiently overcome the non-covalent
interactions between polymer and template. In addition, the rebinding of the
template is much more rapid since the formation of a covalent bond is not
needed. Not surprisingly, this method is considered to be much simpler than the
covalent approach, and therefore most of the research in this area—especially in
imprinting biomolecules such as proteins—involves this technique. The scope of
this work investigates non-covalent imprinting of proteins; therefore the following

sections will be confined to the non-covalent method.
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2.6.4.1 Template and Functional Monomers
The success of an imprinting system is defined by the ability of the

polymer structure to possess a high affinity for a template molecule, and this
success is very much dependent upon the template-monomer interaction®. The
target molecule in MIP reactions, or more aptly named the template, must have a
certain number of characteristics amenable to imprinting. Most importantly, the
template must have chemical groups that can complex with the functional
monomers chosen. Hydrogen bond donating moieties and electrostatic
functionalities (carboxyl, amino, hydroxyl, and amide) are some of the most
commonly chosen sites on a template molecule. In addition, the template must
not have any characteristics that can retard the free-radical polymerization such
as the presence of thiol groups that can terminate radical formation. Finally, the
template must remain stable under the reaction conditions. For example, if a
thermal initiator is chosen, the template should not degrade under the elevated
temperatures or, in the case of UV-initiated polymerizations, degrade under UV
irradiations. Any change in conformation of the template could lead to incorrectly
formed imprinted sites®’.

Choice of functional monomers is the most important characteristic in
targeting a template molecule. Many types of functional monomers have been
investigated with a wide array of templates, and the number of functional

monomers available continues to grow. Figure 2.7 outlines the rapidly expanding
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toolbox of functional monomers for imprinting applications®®. The choice of
monomer can be divided into functionality type: either electrostatic (acidic or
basic) or neutral but with hydrogen bond donors. During polymerization,
functional monomers are usually used in an excess mole ratio to the template,
usually starting at 4:1 and increasing®.

The most successful MIP systems (and the most widely studied) are
tightly crosslinked polymeric hydrogels that contain acrylic acid or methacrylic
acid (MAA) monomers grafted with a PEG derivative®. In biological applications,
these monomers are most favored because they have anionic acid groups that
can non-covalently complex with the template molecule which also allow the
template to be removed without harsh conditions®. In non-polar solvents, the
acid group is protonated and can undergo hydrogen bond donation with
electrostatic groups of the template. Conversely, in aqueous biological
conditions, the carboxyl group is negatively charged and can target hydrogen
bond donors or cationic functionalities. Other monomer functionalities that have
been widely investigated include hydrogen bonding such as with acrylamide or 2-
hydroxyethyl methacrylate or cationic interactions such as with 2-dimethylpropy!
methacrylamide®’.

The most important factor governing the interaction of either electrostatic
or hydrogen bond functionalities is the pK values of both of the components.

When in the presence of a strong base, a strong acid will transfer a proton to this
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chemical group, and the interaction is almost completely electrostatic. However,
when the acid and base are of intermediary strength, the proton is shared
between acid and base, and thus hydrogen bonding is dominant. With these
factors in mind, the nature of the imprinting and the types of interactions favored
should be used to determine the choice of monomers.
2.6.4.2 Solvents for Non-Covalent Imprinting

Since solvents are used to dissolve all agents in the MIP reaction, its
overall effects on the reaction must also be considered. Foremost, the solvent
itself can act as a porogen. The porosity of polymers can be determined by the
overall concentration of monomers and crosslinkers in the solution. When
polymerization occurs, solvent molecules become incorporated into the structure
and create pores. Pores are required to allow the diffusion of the template out of
the network and its subsequent diffusion back in during recognition. A
thermodynamically good solvent will create well-developed pores within the
network and increase the pore surface area®. In general, an increase in the
solvent concentration can lead to an increase in total pore volume. However, a
large amount of solvent can ultimately lead to the formation of micro and nano-
spheres rather than large aggregate polymers. The solvent can also act to
disperse heat generated by the polymerization—heat which can affect the

template-monomer complex.
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Finally, the solvent must be chosen with the idea that it will not interfere
with the template-monomer complex. If the solvent does indeed have an
interaction, it could inhibit formation of imprinted sites. As a result, many
imprinting systems shun polar solvents such as water and instead utilize non-
polar solvents in order to maximize attraction of the template by the functional
monomers’® 8 ®1_Chloroform was initially the most widely used solvent, but most
commercial chloroforms contain a small amount of ethanol as a stabilizer. This
added polarity can interfere with complex formation’®. Other solvents that have
been investigated include dimethyl sulfoxide (DMSO)®, toluene®!, and benzene
8 In an example of imprinting using a nonpolar solvent, Oral and Peppas®
fabricated pH sensitive PEG star polymers with MAA fabricated in the organic
solvent THF. These polymers exhibited high specificity to glucose over similarly
structured fructose, and part of the specificity was attributed to the use of the
nonpolar THF as a solvent because it did not interfere with template-monomer
complex formation.

Water is an especially poor solvent choice for MIP due to its highly polar
nature and the fact that most MIP materials function only in organic solvents.
Water is both a hydrogen bond donator and hydrogen acceptor. Thus, many
hydrogen bonds that are formed during non-covalent imprinting can be destroyed
by the sheer amount of water molecules present. In addition, many crosslinking

agents that are soluble in water such as N,N’-methylenebisacrylamide (MBA)
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have little structural integrity, thus limiting these materials in extraction
applications such as high pressure liquid chromatography (HPLC)®.
2.6.4.3 Crosslinkers

In addition to the solvent and template monomer interactions, the overall
material properties of the structure must be considered, including the amount of
crosslinking. The crosslinker not only “freezes” the template-monomer complex
upon polymerization to form the pore but also imparts the mechanical stability to
the polymer itself. Most successful MIP networks involve hydrogel components
such PEG or HEMA that absorb large amounts of water. Upon water uptake,
these gels will swell exponentially in volume. In a MIP system, the swelling can
cause the template cavities to also swell. If the swelling is large, the distance
between functional monomers of the material can become too great and render
the recognition of the MIP material useless®. To combat swelling, most
imprinted systems will incorporate large ratios of crosslinkers into the backbone.
For example, to achieve highly selective MIP materials for D-glucose over the
similarly structured D-galactose, Byrne and Peppas® created materials with
66.6% crosslinking. They reasoned that the high crosslinking gives rigidity to the
functional cavities to allow recognition, and a search of the literature reveals very
little work into systems with 10% or less crosslinking®, with crosslinking of 80%

not uncommon®. Figure 2.8 outlines widely studied crosslinkers in MIP.
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The crosslinker must also be sufficiently chosen so that its reactivity is
similar to that of the chosen functional monomer(s). This insures random
copolymerization and functionalized sites that are spread uniformly throughout
the bulk of the polymer. In addition, the mole ratio of functional monomers to
crosslinker must be taken into consideration so that the functional cavities are
sufficiently spaced to allow formation of individual binding pockets. However, the
amount of crosslinking must not be so high as to limit diffusion of the template

into the network.

2.7 Obstacles in Large Molecular Weight Template Imprinting

Although MIP technology has been utilized for over 20 years, large
molecular weight templates such as proteins or even whole cells have largely not
been studied. Proteins themselves are biopolymers that contain both flexible and
rigid areas which have diverse dynamic binding functions in nature. Since
proteins are composed of linear sequences of amino acids, with each amino acid
having a unique residue group with a specific functionality (hydrophilic or
hydrophobic; anionic, cationic or neutral; polar or non-polar; etc.), it is these
sequences that determine the conformation of the final protein. The direct
interactions of these groups with water, with each other, and with other
molecules influence the folding of a protein into a stable three-dimensional

arrangement™.
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Cells are inherently more complex than proteins, and the sensitivity of
cells to environmental conditions renders many imprinting systems useless for
this application. Thus, many groups have attempted to imprint cell surface
characteristics such as glycoproteins using carbohydrates or have used cell
peptides or antibodies instead of more harsh functional monomers to achieve

%. 97 " In a noteworthy development, Kofinas and colleagues have

recognition
recently imprinted baculoviruses using poly(acrylic acid) as the functional
monomer, and these polymers show great promise in assay technologies and
sensor applications to detect and remove antigenic cells®®. In addition, Dickert
has shown the ability to recognize erythrocytes using a surface imprinted layering
technique®.
2.7.1 Diffusional Limits in Large Molecular Weight MIPs

One of the main problems faced with imprinting large molecular weight
compounds is attributed to the high crosslinking required to achieve recognition.
With increased crosslinking, large templates such as proteins can become
entrapped in the network after polymerization. If the template molecule cannot
be extracted, the network is rendered useless for bulk recognition applications,
as template binding only occurs on surface recognition sites'®. In addition, high
crosslinking can decrease diffusion by these molecules into the network and lead

to longer times needed for recognition. Consequently, most research in protein

imprinting has been in producing materials by surface imprinting techniques
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because the protein can then be easily removed. Ratner and colleagues have
developed a way of depositing proteins on metal surfaces and then coating the
material with a simple carbohydrate that non-covalently complexes with amino
acid residues of the protein. The carbohydrate is then polymerized in the
presence of a crosslinker to create a polymer with specific surface recognition
sites for the protein’'. However, few other groups have attempted bulk
imprinting within gels, although one group has had success imprinting albumin in
microgram quantities for sensor applications'®.  Another group successfully
imprinted both urease and bovine serum albumin (BSA) with polysiloxane but
could not universally apply it to myoglobin or hemoglobin'®.
2.7.2 Limits of Protein Dissolution

The high molecular weights of proteins can be an obstacle in bulk
recognition because of the difficulty of protein dissolution in the monomer
solution and the low solubility of these structures in non-aqueous solvents. As
proteins increase in complexity (i.e. molecular weight), the solubility of these
molecules in non-aqueous solvents decreases'®. BSA is an intermediate-sized
(~60 kDa), biologically relevant protein that is extremely soluble in water
(>100mg/mL). However, in methanol, the solubility drops to less than 0.05
mg/mL, and the addition of other molecules such as monomers or salts will

105, 106

continue to decrease BSA'’s solvation by non-aqueous solvents . The low

solubility of biological proteins in non-aqueous solvents could be attributed to the
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evolutionary affinity of these molecules for the water-rich bloodstream of most

animals'®’> 108

In addition, proteins dissolved in organic solvents exhibit
distinctly different biological activity when separated and re-dissolved in aqueous
media'®. This change in activity is attributed to a conformational change in the
protein due to unfolding and refolding in different media. This conformational
change can have profound effects on the biological activity of protein. For
instance, BSA dissolved in DMSO exhibited a distinct decrease in binding to
bilirubin when placed in aqueous media'®. Therefore, it seems that aqueous
solvents are the most relevant reaction solvents for MIP networks in order to
imprint the correct conformation for recognition in aqueous media. However, as
noted previously, polar solvents such as water can interfere with monomer-

template interactions, so this challenge is daunting and can help explain the

limited research in using proteins as a template in MIP.

2.8 Applications of MIP Technology

2.8.1 Imprinted Hydrogels as Carriers for Controlled Release
Of recent note in drug delivery systems (DDS) are the efforts by our group

and others to use environmentally responsive, MIP hydrogels as carriers for
controlled release of therapeutic compounds. Hydrogels have been used as
prime carriers for pharmaceutical applications, predominantly as carriers for
delivery of drugs, peptides or proteins. They have been used to regulate drug

release in reservoir-based, controlled release systems or as carriers in swellable
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and swelling-controlled release devices''*'"%

Hydrogels can be rendered
sensitive to physiological conditions due to the presence of specific functional
groups along their backbone polymer chains. The swelling behavior and
associated release kinetics of these gels may be dependent on pH, temperature,
ionic strength, or even drug concentration'"'. The technology has evolved to
achieve sustained delivery of large molecules such as high molecular weight
peptides for long periods of time (e.g., days and months), and certain groups
have recently used MIP polymers to give sustained controlled release of small-
molecular weight drugs for therapeutic purposes. For example, PEG hydrogels
as contact lenses have been composed with imprinted sites for the drug timolol
"3 The interaction of the imprinted sites with timolol must be overcome by the
uptake of water, which slows the release of this drug into the eye. Thus, MIP
contact lenses exhibited longer release times than non-imprinted polymers

loaded with the drug*® ™.

2.8.2 Intelligent Gels: Environmentally Responsive DDS

Unfortunately, current drug delivery systems are often limited because
they cannot respond directly to the need of a patient. Every person’s physiology
and pathological conditions vary slightly. Medical conditions also vary through
the course of time, and many disease states often possess unpredictable
episodes or unnoticeable symptoms that lead to catastrophic physiological

effects. Therefore, future DDS need to be able to accurately sense and
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determine changes in significant biological markers and then actively respond by
releasing a therapeutic agent or a sensible signal. ldeally these systems should
also be able to self regulate and effectively be able to switch on and off
depending on the therapeutic need. The following portion of this review is
dedicated to describing some of the recent developments in actively responding
systems.

Tanaka and collaborators''*"'® have described one recognition system in
which polymer gels recognize molecules in a manner very similar to the process
in which proteins recognize them. In other words, recognition capabilities are
based on a specific molecular conformation, and these gels are able to change in
and out of a particular conformation based upon environmental cues such as
ionic strength, temperature, or pH. These gels are able to memorize certain
configurations based on spatial assemblies of groups of their monomers.
Essentially, this group creates a thermo-sensitive polymer and then polymerizes
previously end-shielded post-crosslinking monomers in the presence of a
template or target molecules (negatively charged molecules that interact with
positively charged functional monomers), and the resulting gel is a MIP network
with thermo-responsive properties.

When Tanaka et al. compared the recognition aspects of the gel, it was
shown that the presence of the template during the additional post-crosslinking

step resulted in 3-5 times higher affinity compared to random post-crosslinking.

33



They were also able to show that the functional monomers with carboxyl groups
formed complexes with divalent ions when polymerized, but upon swelling, the
affinity for the divalent ions disappeared. However, when the temperature was
increased, the gels would shrink, the affinity was recovered, and the original
relative positions of the carboxyl groups were recalled--in effect memorizing the
original polymer formation. Non-imprinted gels had decreased affinity for divalent
ions and trouble forming pairs due to polymer frustrations.

Although these MIP systems show multiple-point absorption, they have yet
to recognize molecules other than charged species. However it is interesting to
note that the presence of acidic groups is a common feature in drug substances
including antibiotics, glucocorticoids, and cholinergic drugs®. Future uses of
these systems show great promise in the drug delivery field due to the
reversibility of drug release and re-uptake as a function of temperature. They
could be applied to pathological conditions which involve local changes in
temperature or by triggering the on/off release of drug due to externally applied
local hyperthermia.

Perhaps a more specific active recognition/release process is one using a
competitive binding system. This system could respond to the individual patient’s
therapeutic requirements and deliver a specific amount of drug in response to a
biological stimulus’®. An example of this system is a reversible antigen

responsive hydrogel'®®. This gel uses the reversible binding between an antigen
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and an antibody as the crosslinking mechanism in semi-interpenetrating
networks (semi-IPNs). Miyata et al.’® synthesized a semi-IPN which consisted of
a polymer containing rabbit antibody (IgG) and goat anti-rabbit as the antigen.
Upon placing free antigen, rabbit IgG, into a solution with the IPN the hydrogel
swelled (Figure 2.9). This is due to the competition between free and polymer-
immobilized antigen. The group was also able to show that the hydrogel swelling
was reversible by removing the free antigen and that this relationship was based
on free antigen concentration. In order to demonstrate the relevance this system
has in a drug delivery system, drug was entrapped in the network and shown to
release proportional to stepwise changes in antigen concentration. While not an
MIP system, this network shows once again the hydrogel systems could be
tailored to release a drug in response to an external stimulus.

The competitive binding method outlined above can be extended to
creating networks that include non-imprinted drugs which are released when the
template molecule appears in the surrounding medium. For this application, the
MIP network must possess a weak affinity for a therapeutic drug and a strong
affinity for the template molecule. When in the presence of imprint molecule, the
network binds this molecule, which consequently leads to the release of drug.
Such an MIP system has been shown to release hydrocortisone upon recognition

of testosterone®®. Other MIP competitive binding systems include the use of
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anesthetic drugs, methylzantines and/or other sterols to trigger the responsive
release of drug®.

There are several physiological and pathological conditions that release
particular analytes as direct indicators of the progression of the disease state.
Therefore, a need exists to develop systems that are environmentally responsive
hydrogels for given analytes. These analyte sensitive systems could be
molecularly recognitive for biologicals produced at certain intervals and be able
to release therapeutic agents in response. One such system is a calcium—
responsive bioerodible drug delivery system which was devised by Goldbart and
Kost'?'. This system is a starch-cellulose matrix that contains o-amylase, which
is a biological protein regulated by calcium. As calcium enters the hydrogel
system, bound a-amylase binds with this ion and is cleaved to become active.
This active calcium can then be utilized by the body, and these gels could
eventually be used to treat calcium dependent diseases such as osteoperosis.

In future technologies, imprinted gels or chains possessing certain
macromolecular architecture with binding abilities could be used as the sensing
elements within analyte sensitive controlled release systems. The design and
implementation of imprinted recognition release systems would be challenging,
but certainly one can envision imprinted gel films loaded with therapeutics. It
could be reasoned that binding of target molecules to active sites or specific

chemical groups could change the overall ionic character or hydrophilicity or
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hydrophobicity and in turn cause the swelling of a polymer gel for release of a
drug. Kataoka and coworkers'®* '3 have shown this effect using a hydrogel that
contains a borate-glucose complex. These gels exhibit a sharp transition in
swelling degree with respect to glucose concentration. As glucose binds, the
network becomes more hydrophilic due to the formation of a charged template-
binding group complex. Thus, as the authors speculate, this type of polymer gel
can be used as a chemical valve to regulate drug release in response to glucose
concentration for use as a DDS in the treatment of diabetes.

2.8.3 MIP Hydrogels as Sensing/Actuating Elements in DDS

Although research groups have now demonstrated the ability to fabricate
analyte sensitive polymers, there is a strong need to combine this sensing
element with a transducing element in order to develop miniature diagnostic
devices capable of rapidly detecting disease states and releasing therapeutic
agents. These microdevices could be implantable, therefore increasing the ability
to sense initial disease states and thus improving therapeutic efficacy, hereby
reducing patient costs.

In recent years, fabrication techniques have been utilized to construct
MEMS/NEMS, microarrays, microfluidic devices, micro total analysis systems
(a.k.a. lab-on-a-chip), and other micro-/nanodevices. MEMS integrate
mechanical and electronic elements on a common substrate to create devices for

various applications. Microarrays have been established as the preferred
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method for carrying out genetic analysis on a massive scale'®. Dubbed DNA
arrays, DNA chips, or GeneChips, these devices have revolutionized the way
researchers analyze gene expression in cells and tissue. Other researchers
have focused on developing microfluidic devices, which are required for all

microsystems requiring fluid transport'?

. Total microanalysis systems integrate
microvalves, micropumps, micro-separations, microsensors, and other
components to create miniature analysis system, also known as lab-on-a-chip'%°.
These are extremely powerful devices that, as their name states, are capable of
replacing entire conventional analytical labs with a microchip.

A fundamental component of the above systems and other micro-
/nanodevices is sensors. A sensor measures a specific entity in the surrounding
environment using a sensing element and then via a transducer(s), provides an
output relating what was measured. Common transducers utilized for sensors
include quartz crystal microbalances (QCM)'?, field effect transistors (FETs)'?®,
and microcantilevers'®. For biosensor applications, the sensor element is
designed to interact with a specific biologically significant target molecule or
condition, and the measurement can be made via a direct or an indirect method.

Many groups have recently begun utilizing environmentally
responsive hydrogels in microscale applications as sensing and actuating
130

components ™. Beebe and collaborators have micropatterned pH-sensitive

hydrogels inside microfluidic channels to create micro-valves that could sense
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environmental conditions and rapidly actuate in response’™'. Similarly, Madou
and coworkers utilized a blend of a hydrogel and a redox polymer to create an
“artificial muscle” that could act as an electro-actuated microvalve for possible
applications in controlled drug delivery. Hayden et al. formed MIP hydrogels
directly onto QCMs in order to create a size-independent analyte detector. This
mass sensitive system was able to distinguish specific viruses and enzymes and
could potentially be used in future DDS systems which release drugs based on a
mass deflection in a cantilever®™. Additionally, researchers have developed
microchips facilitating the controlled delivery of many therapeutics over a
substantial period of time'®2.

In previous works, processes were developed for integrating

76, 133-136 In

environmentally responsive hydrogels into micro-scale applications
initial work, pH-sensitive hydrogels were photolithographically patterned onto
silicon microcantilevers to create an ultrasensitive pH microsensor. The
photolithographic process also allowed for multiple applications of different
polymers on different cantilevers on the same chip. When compared with other
micro-scale pH sensing techniques such as ion-sensitive field-effect transistors
or potentiometric metal oxide electrodes, the sensitivity of this pH microsensor
was at least two orders of magnitude greater. This ultrasensitive microsensor

platform could contribute to the creation of innovative microdevices, such as an

implantable chip that could monitor a physiological condition with ultrasensitivity,
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as a key component of a therapeutic micro-device, and future research is
focusing on bringing this idea to reality.

With success of the above techniques, focusing is now turning to creating
MIP sensors that can recognize an analyte and in turn cause the release of a
therapeutic compound. MIP polymer networks are advantageous in such
systems because they can be tailored to bind any molecule with controlled
selectivity and affinity.  Preliminary results qualitatively and quantitatively
demonstrate that these recognitive macromolecular networks are specific for
small molecules, such as D-glucose'® or larger proteins'’, and these networks
can be effectively micropatterned in fine dimensions. These results are
encouraging for the further development of functionalized biosensors and
diagnostic devices and are applicable to other biologically significant molecules
and biomimetic polymer networks, in which hydrogen bonding, hydrophobic, or

ionic contributions will direct recognition.
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2.9 Figures

Antibocy/

cooH COOH

Figure 2.1: Antibody-Antigen recognition.
Antibodies are “Y” structures that recognize antigens via a very specific arrangement of amino
acids.
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Figure 2.2: Antigens can bind in pockets or grooves, or on extended surfaces in the
binding sites of antibodies.

The panels in the top row show schematic representations of the different types of binding site in
the variable region of an antibody: /left, pocket; center, groove; right, extended surface. Below are
examples of each type. Panel a: the interaction of a small peptide antigen (colored regions) with
pocketed antigen-binding site. Panel b: a peptide from the human immunodeficiency virus binds
along a groove formed between the heavy- and light-chains. Panel ¢: complex between hen egg-
white lysozyme and an antibody fragment, HyHel5. Image reproduced from Janeway et. al™.
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Figure 2.3: Non-covalent forces between antibodies and antigens.
Repoduced from Immunobiology by C.A. Janeway et al™>.
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Figure 2.4: Pauling’s Original Drawings on Antibody Formation.
Pauling hypothesized that that free antibody chains could surround an antigen and “memorize” its
shape, thus allowing the immune system to render the antigen inactive.
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MIP Methodology
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Figure 2.5: Molecular Imprinting Methodology.

(Components) Functional monomers are placed in solution with an initiator and crosslinker.
(Complexation) A complex forms between the functional monomers and the template.
(Polymerization) The solution is then polymerized via free-radical polymerization. (Recognitive

Cavity) The template can then be extracted to create a polymer with imprinted recognitive
cavities.
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Figure 2.6: Functional Monomers in Covalent MIP
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Figure 2.7: Functional Monomers in Non-Covalent MIP

The above figure outlines possible monomer choices arranged by functionality type. Acidic; al:
methacrylic acid (MAA); all: p-vinylbenzoic acid; alll: acrylic acid (AA); alV: itaconic acid; aV: 2-
(trifluoromethyl)-acrylic acid; aVl: acrylamido-(2-methyl)-propane sulfonic acid; Basic; bl: 4-
vinylpyridine; bll: 2-vinylpyridine; blll: 4-(5)-vinylimidazole; bIV: 1-vinylimidazole; bV: allylamine;
bVI: N,N'-diethyl aminoethyl methacrylamide; bVII: N-(2-aminethyl)-methacrylamide; bVIIl: N,N'-
diethyl-4-styrylamidine; bIX: N,N,N,—trimethyl aminoethylmethacrylate; bX: N-vinylpyrrolidone;
bXI: urocanic ethyl ester. Neutral; acrylamide; nll: methacrylamide; nlll: 2-hydroxyethyl
methacrylate; nlIV: trans-3-(3- pyndyl) acryllc acid; nV: acrylonitrile; nVIl: methyl methacrylate;
nVIl: styrene; nVIII: ethylstyrene 88,
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Figure 2.8: Crosslinkers Used in MIP
Widely studied crosslinkers in MIP xI: p-divinylbenzene; xll: 1,3-diisopropenyl benzene; xlll:
ethylene glycol dimethacrylate; xIV: tetramethylene dimethacrylate; xV: N,O-bisacryloyl-L-
phenylalaninol; xVI: 2,6-bisacryloylamidopyridine; xVII: 1,4-phenylene diacrylamide; xVIIl: N,N'-
1,3-phenylenebis(2-methyl-2-propenamide); xIX: 3,5-bisacrylamido benzoic acid; xX: 1,4-
diacryloyl piperazine; xXI: N,N'-methylene bisacrylamide; xXII: N,N'-ethylene bismethacrylamide;
xXIll: N,N'-tetramethylene bismethacrylamide; xXIV: N,N'-hexamethylene bismethacrylamide;
xXV: anhydroerythritol dimethacrylate; xXVI: 1,4;3,6-dianhydro-T*-sorbitol-2,5-dimethacrylate;

xXVII: isopropylenebis(1,4-phenylene) dimethacrylate; xXVIII: trimethylpropane trimethacrylate;
xXIX: pentaerythritol triacrylate; xXX: pentaerythritol tetraacrylate.
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Figure 2.9: Reversible Antigen/Antibody Responsive Polymers.
In the presence of a higher affinity antigen, bound antibodies will release immobilized antigens
and bind free antigens, thus causing swelling of the system.
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Chapter 3: Objectives

The application of polymeric materials to biosensors and biomaterials is an
exciting research area. The major property of many of material successes lies in
their ability to recognize and bind a specific target molecule. In this work, we
investigated biocompatible acrylamide-based polymer systems that utilized non-
covalent interactions. The recognition of these networks to a template protein in
aqueous solutions was determined using various methods, and the material
properties of the gels were studied.

The properties of polymer networks as recognition-based materials were
determined by:

(i) preparation of molecularly imprinted acrylamide, methacrylic acid
and 2-(dimethylaminoethyl) methacrylate polymers and copolymers
fabricated utilizing non-covalent interactions between template
protein lysozyme and functional monomers; and

(i) examination of the equilibrium capacity of these polymers to
recognize the template molecule and selectivity in uptake of the

network for the template and structurally similar compounds.
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Fundamental properties of these recognition-based networks were
investigated by:

(i) scanning electron microscopy to determine differences between
imprinted polymers and controls;

(i) differential scanning calorimetry and Fourier Transform Infrared
Spectroscopy to determine if template presence during
polymerization affected the overall composition and molecular weight
between crosslinks of polymers.

Recognitive networks were developed by:

(i) preparation and characterization of imprinted polymers with
increasing amounts of functional monomers to determine the effect of
functional site density on imprinted properties;

(i) determination of the effect of type and quantity of cross-linking agent

and functional groups on swelling of network properties.

Finally, recognitive polymer properties that would allow for their use in different
types of biosensor and modulated delivery devices were investigated by:
(i) determination of the effect of monomer type on lysozyme loading and
determination release as part of a drug delivery system;

(i) the effect of buffer ionic strength on template release.
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Chapter 4: Fabrication of Acrylamide-Based MIP Polymers
4.1 Introduction

As stated previously, special requirements need to be considered when
using large molecular weight proteins as the template. In order to preserve
biological activity, proteins must be dissolved in water, a solvent that can
interfere with the template-monomer complex formation. In addition, since water
uptake is desired for protein diffusion into the network, hydrogel components are
favored. Finally, the network needs to be stable when in contact with water and
exhibit good biocompatibility within the body. In order to meet these
requirements, an acrylamide-based hydrogel system was chosen and
investigated for imprinting the template protein lysozyme.
4.1.1 Acrylamide-Based Hydrogels

Polyacrylamide hydrogels and derivatives have been used for many years
in gel-electrophoresis applications for the separation of large molecular weight
proteins. The polymer networks are relatively inert with little non-specific serum
protein adhesion', and the polymerization mechanisms of these gels are widely
understood®. As a result, gels properties can be easily manipulated to produce
networks with a wide range of desired properties like specific porosity or pore
size or even specific mechanical strengths. Polyacrylamide gels also exhibit

excellent biocompatibility in vivo®, and the networks can be formed over a wide
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range of temperature conditions and pH ranges. For these reasons,
polyacrylamide gels are promising materials to investigate as for MIP of serum
proteins.
4.1.1.1 Polyacrylamide Gel Polymerization

Polyacrylamide gels are formed through the copolymerization of acrylamide
monomer (Aam) with the bifunctional crosslinker N,N’-methylenebisacrylamide
(MBA). This polymerization is initiated by a free radical generator and
propagates through the vinyl bonds of the monomer and crosslinking agent,
creating a three-dimensional network of linear polyacrylamide chains randomly
connected by chemical crosslinking. The key variables for this polymerization
are the monomer concentration and the crosslinker concentration—the
acrylamide concentration dictates the average length, and thus molecular weight,
of the linear polymer chains, while the crosslinker concentration dictates the
extent of crosslinking. These two variables are important in determining such gel
physical characteristics as pore size, elasticity, density, and mechanical strength.

Acrylamide gel polymerization is initiated with the peroxide ammonium
persulfate (APS) to generate free radicals and is catalyzed by the quaternary
amine N,N,N’,N’-tetramethylethylenediamine (TEMED). Since the gel
polymerization occurs via a free radical mechanism, the presence of oxygen (a
well-known free radical scavenger) will inhibit the polymerization; thus, the gel

mixtures must be degassed prior to use in order to remove any dissolved
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oxygen. The ideal temperature range for these polymerizations is 25-30°C, with
the majority of the polymerization occurring in a few minutes. These gels must
still be allowed to react for at several hours, however, to ensure complete
polymerization before being utilized.

The effective pore size of the acrylamide gel network is affected by both the
total concentration of acrylamide and cross-linker monomer as well as the
concentration of the cross-linker to monomer alone. Thus, two parameters have
been denoted (%T and %C) to characterize gel composition. %T is defined as
the acrylamide monomer plus cross-linking monomer expressed as a % (w/v).
%C is defined as the weight percentage of total monomer which is the cross-
linkihng monomer.  Variation of %C and %T enables the creation of
polyacrylamide gels with a range of pore sizes. For instance, the effective gel
pore size can be systematically increased by reducing %T at fixed %C, to a
certain extent; dilute gels (<2.5%T) are mechanically unstable. This
characteristic limits the maximum effective pore size to approximately 80 nm,
which is useful for separating molecules (via electrophoresis or size exclusion
chromatography) with a molecular mass up to 10° Daltons. Conversely, gel
polymerizations at high values of %T (>30%T) yield very small effective pores
capable of resolving molecules with a molecular mass as low as 2000 Daltons.
Thus, these two parameters must be optimized for a particular protein sample to

allow for its sufficient diffusion into and out of the crosslinked MIP gel network.
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As the %C is increased at a fixed %T, the effective pore size decreases
until reaching a minimum value (which is dependent upon the particular value of
%T). Continued increase of the %C value then increases the effective gel pore
size, presumably due to the formation of bead-like structures within the gel rather
than the predicted three-dimensional matrix. Stable gels with very high pore
sizes (up to 250 nm) can be synthesized in this manner; however, at values
higher than 30%C, the resulting gels can become translucent, hydrophobic, and
mechanically unstable.

4.1.2 Lysozyme as a Template Protein

In 1922, Peter Fleming noticed that tear fluid and certain other body
secretions exhibited a unique antibacterial property and could break down certain
saprophytic cocci. He was able to isolate the lytic enzyme responsible for this
occurance, which he promptly named lysozyme. Lysozyme is a 14.5 kDa protein
that is present in human serum, tears, seminal fluid and breast milk (Figure 4.4).
Lysozyme is produced by the neutrophils of the immune system as a defense
against bacterial infection. In many forms of cancer, including both acute and
chronic myelomonocytic leukemia and chronic myelocytic leukemia, a rise in
serum lysozyme levels is one of the first indicators of disease®. In addition,
increased lysozyme activity in the serum are present in tuberculosis® ¢, Crohn’s

disease’, acute bacterial infections®, sarcoidosis®, and ulcerative colitis’.

75



Elevated lysozyme levels in urine can occur during severe renal failure', renal
transplant rejection’’, urinary tract infections'?, and nephritis'®.

Although lysozyme is not an ECM protein, it is present in the bloodstream
in small amounts and therefore is a good model protein to use for the
investigation of imprinting of Aam polymers. This protein is also much less
expensive than many other proteins (especially ECM proteins) and thus can be
used to formulate proper MIP formulations without cost constraints.

Lysozyme catalyses the depolymerization of mucopolysaccharides that
are found in the cell walls of gram-positive bacteria and, upon action, reduces
these mucoids into simpler saccharides by releasing the simple sugar
hexosamine via hydrolysis. Lysozyme hydrolyzes the (3-(1-4)-glucosidic linkages
between N-acetylmuramic acid and N-acetyl-D-glucosamine residues present in
the cell wall (Figure 4.1).

4.1.3 MIP in Acrylamide-Based Hydrogels

Lysozyme is composed of 129 amino acids, and each amino acid carries a
side chain which at a biological pH is either charged, polar, or neutral. Lysozyme
contains carries five amino acids which have ionizable side chains. At neutral
pH, glutamic acid and aspartic acid are deprotonated and negatively charged
(Figure 4.2), while lysine, histidine, and arginine are ionized and positively
charged (Figure 4.3). Lysozyme has an isoelectric point of ~10.4; thus, at a

biological pH of 7.4, lysozyme carries an overall net positive charge. According
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to Figure 4.4, positively and negatively charged amino acids make up
approximately 14% and 8%, respectively, of the overall amino acid composition.
In addition, lysozyme carries other amino acids that can undergo hydrogen
bonding with functional monomers.

Thus, by targeting charged and hydrogen bond-donating amino acids with
corresponding functional monomers, we attempted to use MIP to structurally
recognize chicken egg-white lysozyme. Previously, researchers have exploited
just this interaction when purifying lysozyme from chicken egg whites using acidic

1314 |n addition, Ou et al.”® have been able to synthesize lysozyme

polymers
imprinted polymers by also exploiting the attraction between acidic monomers
and basic amino acid residues.

Along with Aam functional monomer, the charge functional monomers
methacrylic acid (MAA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA)
were utilized to exploit oppositely charged amino acids present in lysozyme.
MAA, which has a pKj value of 4.5, is largely negatively charged at the neutral
pH (7.2-7.4) used in this study. DMAEMA, with a pK; value of 8.2, has a tertiary
amine functional group and is positively charged at biological pH. DMAEMA can
target a negatively-charged glutamic acid group (Figure 4.5), while MAA can

target positively-charge amino acids like lysine (Figure 4.6) to give a MIP network

that chemically interact with the lysozyme template.

77



4.2 Materials and Methods

4.2.1 Fabrication of Lysozyme MIP Polymers
In a typical experiment utilizing three functional monomers and MBA as a

crosslinker, MAA (Sigma, St. Louis) and DMAEMA (Sigma) were added to an
amber glass bottle. Next Tris buffer was added, and the pH of the solution was
adjusted to ~7.0 with 5.0N NaOH. A solution of chicken egg-white lysozyme
(Sigma, L6876) was then added and gently stirred. Aam and MBA were added
and allowed to dissolve into the solution under gentle agitation for 20 min.

The solution was then allowed to complex for an additional 20 min. The
bottle was then covered with parafiim and placed in a nitrogen atmosphere. A
needle was introduced through the parafilm and nitrogen was bubbled through
the solution for a period of 30 minutes to remove oxygen. To this solution, the
free radical initiator ammonium persulfate (0.6 wt% monomers) was added along
with the catalyst TEMED (0.8 wt% monomers). The control polymer was made
with exactly the same composition, except lysozyme was not added. Functional
monomer feed compositions of this type were maintained at 50:1 moles of
monomer/mole of corresponding total charged amino acid. For example, since
lysozyme contains 10 negatively charged amino acids, DMAEMA was mixed at a
50:1 mol/mol ratio of negatively charged amino acids as calculated from the
starting weight of lysozyme. Tris buffer (0.02M, pH 7.4) was added to give a

monomer concentration of 5 wt% of the total solution weight, while MBA was
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added at 10 wt% of the monomers. Structures of monomers, crosslinkers,
TEMED, and APS are given in Figure 4.7.

The reaction proceeded at ambient conditions for 30 min and then the
resulting gel was crushed and sieved through a 150 micron sieve. Particles were
then placed in 50 mL conical tubes and placed on a rotating mixer and
resuspended within multiple wash steps (24 hour duration; 3 Tris buffer washes;
2 Tris Buffer containing 0.5M NaCl; then 4 washes in Tris Buffer) to remove
template and excess monomer. To validate the washing procedure, samples
from the final wash were analyzed for remaining template and monomer via UV-
Vis spectroscopy. Control polymers were subjected to equivalent washing
conditions as imprinted polymers. The resulting particles were then filtered and
dried in air at ambient conditions and placed in a vacuum oven (T=26 ‘C, 28 mm
Hg vacuum) until a constant weight was obtained (less than 0.1 wt% difference).

Particles were then sieved to obtain particles of size 75-90 pm.

4.2.2 Equilibrium and Dynamic Recognition Studies
To determine if lysozyme was successfully imprinted into our matrices, 30

mg of microparticles of a specific formulation in 50 mL conical tubes and 10 mL
of Tris buffer (0.020 M, pH 7.4) was added and then placed on a rotating mixer at
25 rpm. Polymers were allowed to swell and equilibrate for 20 min. Then, 10 mL

of a 0.3 mg/mL solution of lysozyme in Tris buffer was added to the particles to
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give a final lysozyme concentration of 0.15 mg/mL and a final particle
concentration of 1.5 mg/mL. At varying timepoints, supernatant was removed
and analyzed for lysozyme concentration using UV-Vis spectroscopy at 285 nm.
For equilibrium studies, a final sample was removed after 24 h.
4.2.3 Specific Recognition Studies

To establish the specificity of our imprinted network, similarly sized
molecular weight proteins cytochrome ¢ (MW ~12.6 kDa), human lysozyme (MW
~14.5 kDa), or soybean trypsin inhibitor (MW ~15 kDa) were added according to
the method previously described. Briefly, 30 mg of particles were placed in 50
mL conical tubes and 10 mL of Tris buffer (0.020 M, pH 7.4) was added and then
placed on a rotating mixer at 25 rpm. Polymers were allowed to equilibrate in the
buffer for 20 min. Then, 10 mL of 0.3 mg/mL solution of soybean trypsin inhibitor
human lysozyme or cytochrome c in Tris buffer was added to the particles. At 10
min, supernatant was removed and analyzed for protein concentration using UV-
Vis spectroscopy at 285 nm.
4.2.4 Presence of lonic Strength on Recognition Properties

Because the presence of ions can interfere with an imprinted material by
competing for recognition with polymer functional groups, differing salt
concentrations were investigated to determine the effects on recognition. NaCl
was dissolved in Tris buffer (0.020 M, pH 7.4) at differing concentrations. Then,

15 mg of particles were placed in 15 mL conical tubes, and 5 mL of the salt
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solution was added and gently agitated. After 20 min, 5 mL of 0.3 mg/mL
solution of lysozyme in Tris buffer was added to the particles, where the
concentration of salt in the solution was the same as in the microparticle solution.
At 10 min, supernatant was removed and analyzed for lysozyme concentration
using UV-Vis spectroscopy at 285 nm.
4.2.5 Effects of pH on Recognition Properties

Because a change in pH can change the overall charge of both the
polymer components and the amino acids of a protein, recognition of lysozyme in
imprinted gels was investigated at a pH of 3.0. Tris buffer was adjusted to pH of
3.0 using HCI. Then, 15 mg of particles were placed in 15 mL conical tubes, and
5 mL of the low pH buffer was added and gently agitated. After 20 min, 5 mL of
0.3 mg/mL solution of lysozyme in low pH Tris buffer was added to the particles.
At 10 min, supernatant was removed and analyzed for lysozyme concentration

using UV-Vis spectroscopy at 285 nm.

4.3 Results and Discussion

To assess the success of an imprinted polymer, several factors are
important. The maximum amount of protein that can be recognized at
equilibrium is important in identifying the difference between imprinted and non-
imprinted polymers in binding of the template molecule. The capacity can also
be used to calculate the selectivity, a measure of the specific recognition of our

template over similar proteins.
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4.3.1 Equilibrium Recognition Studies
The overall goals of this work were (i) to design systems that were

compatible with aqueous solutions and were able to recognize a hydrophilic
macromolecule; and (ii) to produce a MIP network that was capable of
recognition but not limited by diffusion. To attain these goals, variation in the
ratio of functional monomers was investigated.

The amount of equilibrium protein recognition, P (units of mg-protein / g-
polymer), in the polymers was calculated by a simple mass balance:

V(C,

P _ initial ~ Cequilibrium)

rec
M

P

where Ciyitial IS the starting protein concentration, Cequiiibium the final concentration
after of protein in supernatant after protein loading, V the volume of protein
solution, and M, the mass of polymer microparticles used. The percentage of
recognition of MIP to control was then calculated.

The equilibrium recognition results are given in Figure 4.8 and Table 4.1.
P(MAA-DMAEMA-Aam)MIP  polymers exhibited the greatest equilibrium
recognition over controls. This polymer contains positive, negative, and
hydrogen bonding functional monomers that can non-covalently interact with
lysozyme. This balance of complexation is very similar to the recognition that

happens in nature; therefore it is not surprising that the three functional monomer
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formulation of P(MAA-DMAEMA-Aam) contained the greatest recognition over
controls.
4.3.2 Dynamic Recognition Studies

The percentage of protein that was recognized by the P(MAA-DMAEMA-
Aam) polymer samples over time was calculated by the following simple mass

balance:

%P, = (%)100%

rec

Here, Cg is the initial concentration of protein in the solution in mg/mL, V; is the
initial volume of solution in mL, Cg is the concentration of protein at time t, and
V¢t is the volume of solution at time t.

Recognition studies of P(MAA-DMAEMA-Aam) formulations revealed a
higher level of template recognition compared to non-imprinted control
microparticles, with this recognition following an exponential isotherm. After 1
min, the MIP polymer had absorbed 71% of the lysozyme present in solution and,
after 10 min, had bound 96% of the template. Indeed, at the early time points
MIP gels exhibited significantly more recognition (>20%) over controls for the first
ten minutes, with >30% after 1 h. These results are promising toward our end
goal of an imprinted system that can quickly recognize and bind free-blood
proteins either in biomedical applications such as assays or as a tissue

engineering scaffold that can rapidly bind free ECM proteins or growth factors
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from the bloodstream. We believe the non-specific recognition of the lysozyme
to the control polymer is due to the presence of functional groups that are
randomly polymerized throughout the polymer and can attract and bind free
template over time.
4.3.3 Specific Recognition of MIP Polymers

When MIP particles were placed into solution with similar molecules, the
recognition to the proteins was greatly reduced (Figure 4.10). Human lysozyme
is the same approximate molecular weight as our chicken lysozyme template, but
it contains 20 different amino acid residues. Therefore, its composition and
structure are slightly different than our template. The recognition to this protein
was 20% less than the recognition to our template protein. In addition,
cytochrome c, which is a smaller molecule (12.5 kDa) than lysozyme, also was
recognized significantly less, while the recognition to soybean trypsin inhbitor
was less than 3% for the P(MAA-DMAEMA-Aam)MIP microparticles. These
results give convincing proof of the specificity of our technique to the lysozyme
template. In addition, control polymers yielded less than 5% recognition to either
pepsin or trypsin inhibitor but showed a high recognition affinity toward human
lysozyme (~70% at 30 min).

This result could be contributed to the differences in the total net charge
that each protein carries. Lysozyme carries a net positive charge of +7 at neutral

pH. This positive charge can lead to a greater affinity for complexation with the
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negatively charged MAA functional monomer, and it is this complexation that
could be driving not only the specific recognition of lysozyme to MIP polymers but
also the recognition of lysozyme to non-imprinted controls. In the same way,
soybean trypsin inhibitor carries a net negative charge of -6 at neutral pH which
could lead to electrostatic repulsion with the negatively charged carboxylic acid
group of the methacrylic acid, resulting in low recognition. In addition, the
specificity to our lysozyme between phenotypes lends credence to the idea of a
specific MIP polymer. These results indicate that the imprinting technique is not
based upon size but is based upon a specific polymer-template complex that
involves a balance of positive and negative charges and hydrogen bonding.
4.3.4 lonic and pH Effects upon Recognition

Because ionic strength can affect the recognition of template molecules to
imprinted controls, the addition of NaCl during template recognition was
investigated. Increasing salt concentration did indeed decrease the recognition
of template to both MIP and controls (Figure 4.11). Interestingly, the addition of
salt led to a more significant decrease in recognition of template in the MIP
polymers compared to the control polymers. We believe that the higher
concentration of functional monomers contained in the imprinted pockets attracts
the salt ions and leads to a effective concentration increase of Na* and CI ions

inside these pockets, further inhibiting recognition of the lysozyme template.
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In addition, a change in pH can change the charge of both amino acids
present on the lysozyme template as well as the charge of functional monomers
of the network. At a low pH, MAA is protonated and carries no charge. Since we
believe that the recognition of the overall positively charged lysozyme is driven
mainly by complexation with the negatively charged carboxyl of MAA at neutral
pH, a decrease in pH is likely to have a significant impact on recognition. Indeed,
at low pH, recognition of lysozyme template was greatly reduced (Figure 4.12).
This also supports the theory of a MIP polymer network with recognition driven

by electrostatic interactions.

4.4 Conclusions

MIP gels with specific recognition for lysozyme template were fabricated.
P(MAA-DMAEMA-Aam) terpolymer formulations exhibited >200% increase in
recognition to lysozyme template over controls. In addition, this polymer
formulation exhibited specific recognition to the template protein over similarly
sized macromolecules. In addition, the changes in recognition based upon both
the presence of ions in solution and a change in pH support out theory of a
recognitive polymer containing sites with electrostatic functionalities for the

lysozyme molecule.
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Figure 4.1: Mechanism of Lysozyme Cleavage
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Figure 4.4: Lysozyme Surface Charge and Amino Acid Composition
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Figure 4.7: Components of MIP Polymer System for Lysozyme

93



P(DMREME) PDVREVA  P(MAA- P(lam) P(MAALam) PIVAA) PIVRA-
Aam) DIVREMVB) DIVREMVA
Aam)

Figure 4.8: Equilibrium Recognition Across Polymer Formulations.
P(MAA-DMAEMA-Aam) gels exhibited the greatest recognition over controls.
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Recognition %
Moles Moles Moles (g lysozyme in MIP/
ID DMAEMA MAA Aam g lysozyme in controls)
P(DMAEMA) 0.1234 0.0987 | 0.1123 115.98%
P(DMAEMA-Aam) 0.215 0.253 0.317 77.00%
P(MAA-DMAEMA) 0.3564 0.2689 | 0.2544 47.72%
P(Aam) 0.5643 0.59 0.693 154.17%
P(MAA-Aam) 0.743 0.5897 | 0.7158 138.55%
P(MAA) 0.6897 0.7123 | 0.7894 94.75%
P(MAA-DMAEMA-Aam) 0.7564 0.8765 | 0.6884 206.16%

Table 4.1: Functional Monomer Composition in MIP and Control Formulations and
Equilibrium Recognition over Controls.

The P(MAA-DMAEMA-Aam)MIP polymers exhibited the greatest recognition to lysozyme
template over controls.
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Figure 4.9: Dynamic Recognition in P(MAA-DMAEMA-Aam) polymers over time.
MIP polymers exhibited a greater increase in recognition over control gels.
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Figure 4.10: Specific Recognition of P(MAA-DMAEMA-Aam)MIP Polymer
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Figure 4.11: Effects of lonic Concentration upon P(MAA-DMAEMA-Aam)MIP polymers.
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Chapter 5: Materials Characterization of Acrylamide-Based MIP Polymers
5.1 Introduction

Because the molecular imprinting process has not been widely applied to
proteins, there are few studies characterizing the material properties of these
polymer systems. Thus, the overall macroscopic properties of protein imprinted
gels were examined for the first time using scanning electron microscopy (SEM)
in order to determine morphological differences between the MIP polymers and
the controls. In addition, Fourier Transform Infrared Spectroscopy (FTIR) was
performed to determine if the presence of template affected the overall gel
composition, while differential scanning calorimetry (DSC) was used to determine
the molecular weight between crosslinks of MIP polymers and controls.
5.1.1 Scanning Electron Microscopy of Polymers

The electron beam of a scanning electron microscope (SEM) comes from
the field emission gun located on the pinnacle of the instrument'. The resulting
electron stream is attracted, and thus accelerated, by the anode using a high
voltage (200V — 30kV). This stream then passes through the anode into the
condenser column, which condenses these electrons into a single beam. This
beam then passes through an objective lens, which focuses it into a fine point
and directs it towards the sample stage. The beam then passes through the
scan coils, which use a varying voltage supply to create a magnetic field to

deflect the electron beam in a controlled manner in order to scan the surface of
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the sample. The electron beam then strikes the surface of the sample and
interacts with its atoms, emitting secondary electrons, primary backscattered
electrons, Auger electrons, and characteristic X-rays. The secondary electrons
give the surface features of the sample. The primary backscattered electrons
provide not only surface features but also an average atomic number of the each
scanned section of the sample. The general setup of a SEM is given in Figure
5.1.

Both the surface and bulk structures of polyacrylamide gels have been
well-characterized by SEM microcrographs?®. In addition, SEM is a widely used
tool for imaging surface morphologies of polymer systems, and this technique
has been used extensively to image the characteristics of gels containing
entrapped proteins, drugs, and other molecules®'". Li and colleagues'® noted
marked surface differences between control collagen films and collagen films
loaded with hemoglobin. Park and colleagues also observed a greater porosity
in a PLGA film that was polymerized in the presence of sodium bicarbonate™.
These highly porous gels had a greater release of tissue-type plasminogen
activator than polymers formed in the absence of sodium bicarbonate. SEM has
also been used to observe resulting morphology changes upon polymer
exposure to different environmental conditions. Using SEM, Zhang and
colleagues could measure the porosity changes in pH-sensitive methyl cellulose

membranes after membranes had been exposed to an increase in pH'.
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To date, SEM has not been widely used to visualize MIP systems involving
small molecules as templates. The features of these gels (pore size distribution,
porosity, etc) are usually not as distinctive as those structures formed during
polymerization in the presence of macromolecules. Therefore, differences in the
formed structures generally cannot be viewed with this technique. Thus, SEM is
not usually considered a useful tool for imaging macroscopic differences in
imprinted gels versus controls with small molecules as the templates. Despite
this fact, a few groups have witnessed a slight morphology change between MIP

15-20

polymers and controls Recently, Byrne and Peppas, utilizing a cryo-SEM

method, observed a higher macroporosity in glucose imprinted PEG hydrogels

when compared to control gels' °.

In addition, Ulbricht and Malaisamy also
observed macroscopic differences between Rhodamine-B imprinted polysulfone
membranes and controls'®. The MIP gels exhibited a courser surface texture
and a higher porosity as the amount of template present during polymerization
increased.  Finally, Nichols and Rosengren?' have observed macroscopic
changes in protein surface imprinted polymers containing MAA.
5.1.2 FTIR Analysis of Polymer Networks

FTIR is a common tool for the study of polymer samples due to the ease
and simplicity of analysis. FTIR involves rapid data collection and is applicable to
both solid and liquid polymer samples. In addition, the instrumentation is

inexpensive and robust. Because of these attributes, FTIR is the most useful

spectroscopic technique for the identification of chemical compounds and,
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specifically, those compounds present in polymers. In these studies, FTIR was
utilized to determine the composition of the MIP polymers and controls. In
addition, the resulting FTIR spectra was used to determine if the template had
any overall chemical compositional differences as indicated by a peak shifts in
the spectrum between the MIP gels and the controls.

Atoms in polymers are held together by covalent bonds that vibrate by
thermal energy. These molecular vibrations have characteristic quantized
vibrational energy levels that can absorb incoming infrared (IR) radiation with
energies corresponding exactly with these vibrational energy level transitions. In
order for molecular bonds to absorb this IR radiation, the corresponding
vibrational change must cause a net change in the dipole moment of the bond.
The two common classes of vibrations that result from IR absorption are
stretching and bending, with the four types of bending being scissoring, rocking,
wagging, and twisting. Thus, the bonds of functional groups such as carbonyl,
hydroxyl, and amine groups absorb infrared radiation at characteristic energies
and thus characteristic frequencies. These frequencies usually occur in the 3600
cm™ and 1200 cm™ wavenumber range of the IR spectrum, thus known as the
group frequency region. The range from 1200 cm™ and 600 cm™ is known as the
fingerprint region of the IR spectrum because small changes in the structure of
the molecule can significantly impact the location and shape of the absorption
peaks in this region. Thus, analyzing polymer samples using FTIR can provide

powerful insight into the overall chemical composition of a particular sample.
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During the operation of an FTIR instrument, an infrared source emits
infrared radiation in the middle IR region (3500 cm™ to 650 cm™) that travels to
the instrument’s optical system, a Michelson interferometer, which is comprised
of a fixed-position mirror, a moving mirror, and a beam splitter. The IR radiation
from the source passes through the beamsplitter, where half of it is reflected
towards the fixed-position mirror and the other half is reflected towards the
moving mirror. The returning beams from both mirrors are recombined at the
beamsplitter, and half of this light is then emitted to the sample compartment (the
other half is lost as it travels back to the source). This light then excites the
molecular bonds into higher vibrational states through energy absorption, and the
remainder of this light is transmitted to the detector, which records the
interferogram, a time domain representation of the light interference pattern
induced by the interferometer. The interferogram consists of the sum of the sine
waves measured for each individual frequency of the instrument range. This
interferogram provides a representation of signal as a function of mirror
placement. The computer software then performs the Fourier transform, which
converts the interferogram into a spectrum of the data in the frequency domain.
A single scan over the entire wavenumber range takes only seconds, so many
scans can be performed to reduce the signal to noise ratio, which scales with YN
(where N represents the number of scans), and thus improve the accuracy of this

technique.
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FTIR is a powerful tool for determining the overall composition of polymer
samples. In MIP, FTIR has been used to determine the nature of the template-
monomer complex for small molecular weight drugs and for determining the
change in composition of polymers that are templated'” 22, In fabricated uracil
template MIP polymers, Kobayashi et. al’’ have shown no shift in spectra
between MIP gels and controls. These results were similar those obtained by
Fuji and collaborators who imprinted amino acids onto Nylon-62°. Data obtained
also indicated no change in the FTIR spectra between imprinted polymers and
controls.

5.1.3 DSC Analysis of Polymers

Polymer molecules possess thermal energy that allows them to oscillate in
the space immediately surrounding them. These vibrations create a free volume
in the bulk polymer that scales with increasing temperature and is correlated to
the coefficient of thermal expansion for that specific polymer. As its temperature
increases, the free volume of the polymer reaches a critical value, at which point
the polymer molecules have sufficient free volume to allow them to change their
positions relative to one another through bond rotations and vibrations. The
temperature where this free volume reaches its critical value corresponds to the
glass transition temperature of the polymer, T,. Below this temperature, the
polymers are rigid and brittle, but they can undergo plastic deformation once the

temperature exceeds Tg. This transition between a polymer’s glassy and rubbery
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state is not a sharp transition but rather often occurs over a wide temperature
range (20-30°C), the center of which is taken represent the Tq value.

The glass transition temperature is not an absolute value for a given
polymer, as it depends on certain characteristics of the polymer in question. For
instance, the Tq of a polymer depends on its molecular weight, with low molecular
weight polymers having a higher T4 value since they possess a higher free
volume as a result of more chain ends per unit volume. In addition, crosslinking
in polymers can have a dramatic effect on T4 of a given polymer; in essence,
crosslinking reduces the effective free volume of the polymers because the
individual polymer chains are tied closer together by the crosslinker. It has been
shown that the addition of 5 wt% crosslinker to a poly(2-hydroxyethyl
methacrylate) hydrogel system effectively increased the T4 of that polymer by
nearly 70°C?*,

The main technique utilized to determine a polymer’s T4 is DSC. In this
technique, a polymer sample is placed in a sample pan and placed in a furnace
along with a reference pan (a sample pan with no material loaded in it). The
temperature of these pans is then increased linearly according to the program
designated by the user. The DSC then monitors the difference in energy needed
to heat the sample pan compared to the amount of energy needed to heat the
reference pan for the same temperature changes. The DSC instrument then

provides a plot of this differential heat flow as a function of sample temperature.
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Thus, the DSC will record both endothermic transitions (glass transition, melting)

and exothermic transitions (crystallization) of polymers.

5.2 Materials and Methods

5.2.1 Polymer Preparation for SEM
Polymer films were prepared as outlined previously in Chapter 4. Disks of

diameter 7.5 cm were cut using an aluminum cork borer. To remove the
lysozyme template and unreacted monomer, the disks were washed in triplicate
in a Tris buffer solution (0.02M, pH 7.4) containing 0.5 M NaCl and then washed
twice in Tris buffer (0.02 M, pH 7.4) containing no salt. The disks were then
removed from solution and cut into fourths with a scalpel. During the cutting, the
blade was held at an approximate 45° angle to ensure the creation of a sloping
edge. In addition, a portion of the top layer of the polymer samples was sectioned
off if possible (certain hydrated gel samples lacked the rigidity for the removal of
the surface layer). If the surface layer could not be sectioned, only the cut edge
was imaged. Both of the aforementioned techniques were employed to ensure
that the bulk of the polymer was imaged instead of the smooth surface layer that
had contacted the glass slides.

To prepare the polymers for SEM imaging, a cryofreezing method was
used. An aluminum stub was placed into a glass Petri dish and covered with
liquid nitrogen. When the liquid evaporated below the top of the stub, the
polymer was placed onto the stub, and the gel was held in place to freeze.

Because carbon tape will not stick to frozen aluminum, the frozen polymer was
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then transferred to a room temperature stub containing carbon tape and gently
patted down. Immediately, the polymer was sputter-coated with a thin layer of
gold. This technique was employed in order to “freeze” the pores of the polymer
as they exist in their hydrated state. Polymer samples were subsequently
imaged using a SEM (LEO 1530, Carl Zeiss, Germany) at 10kV with a working
distance of 6mm.
5.2.2 Polymer Preparation for FTIR

Polymer samples were fabricated as outlined in SEM studies and washed
free of lysozyme template. These samples were dried in a vacuum oven until no
mass change was detected, and then dry gels were ground into particles of 75-
150 ym. To obtain FTIR spectra, polymer samples were then dispersed in KBr
pellets at a concentration of 2-3 mg of polymer in 150 mg of KBr. FTIR spectra
(Infinity Gold Series Spectrometer, Mattson, Wisconsin) were then obtained
using 128 scans with a resolution of 1 cm™.
5.2.3 Polymer Preparation for DSC

Polymer samples were fabricated as outlined in SEM studies and washed
free of lysozyme template. These samples were dried in a vacuum oven until no
mass change was detected, and then dry gels were ground into particles of 75-
150 ym. DSC (Perkin-Elmer 7 DSC, PerkinElmer, Boston) scans were begun at
50°C and increased to at least 250°C at a rate of 10°C/min (the exception was
P(DMAEMA), whose scan started at -30°C due to the reportedly low T4 value of

this polymer).
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5.3 Results and Discussion

5.3.1 SEM Analysis of MIP Polymer Networks
Because lysozyme is a macromolecule with an effective hydrodynamic

radius of 1.9 nm, it was hypothesized that a distinct change in the macroscopic
properties could be viewed in MIP polymers. Indeed, when the MIP polymers
were compared with their respective controls, a considerable difference in the
porosity and the overall morphology was observed across all formulations. MIP
polymers also displayed randomly oriented “ribbons” in their bulk, termed
striations.

Upon observations at ~320X magnification, P(Aam)MIP and P(Aam)C
polymers showed only a slight surface difference, with the P(Aam)MIP gel
exhibiting higher surface roughness (Figure 5.2). As magnification increased to
~955X and ~8700X, the differences in morphology became apparent. The
P(Aam)MIP disk contained a greater amount of pores and disorganized
striations. These features, however, were absent in the P(Aam)C polymer
morphology. P(Aam)MIP gel’s pores ranged in size from 0.25-1.0um, and the
distance between striations was ~1.0um.

At low magnification (~330X), the P(MAA)MIP displayed a greater surface
roughness over the P(MAA)C gels. As magnification increased to 947X, a
marked macroporosity was observed in P(MAA)MIP as compared to the control

(Figure 5.3). The P(MAA)C disk contained no pores and appeared to be more
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dense than the P(MAA)MIP polymer. The average pore size was on the order of
10um, so large that the presence of striations was not detected.

For the P(MAA-Aam) copolymer gels, a morphological difference was
also observed (Figure 5.4). Upon observation of the edge features of the gels at
~330X magnification, the edge of the P(MAA-Aam)MIP gel appeared to have a
larger pores and a more uneven surface texture than P(MAA-Aam)C. High
magnification of the bulk of the gels (~8700X) showed P(MAA-Aam)MIP gels,
with pores ranging from 0.25-0.50 pm. In addition, these gels exhibited
disorganized striations with 0.25 ym between them. P(MAA)C gels appeared
smooth with no pores. Finally, observation of the terpolymer P(MAA-DMAEMA-
Aam) gels reveals a distinct morphological difference between MIP polymer and
control gels, with P(MAA-DMAEMA-Aam)MIP disks exhibiting striations and
pores of 0.5 — 1.0 ym (Figure 5.5). Distance between striations was ~1.0 ym.
P(MAA-DMAEMA-Aam)C gels appeared smooth with no striations.

When MIP polymers were compared, a considerable difference was noted
in both the porosity and striation organization across formulations (Figure 5.6).
P(MAA-Aam)MIP gel contained the smallest pore sizes at 0.25 pym, and
P(MAA)MIP polymer contained the largest pores at 10 um. The presence of the
larger pores in the P(MAA)MIP polymers could be contributed to the ionic
repulsion between carboxylic acid groups in MAA functional monomer. In the

same respect, the small pore size in P(MAA-Aam) could be attributed to
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hydrogen bonding between amine groups and carboxyl groups of the Aam and
MAA monomers.

In addition, P(Aam)MIP and P(MAA-DMAEMA-Aam)MIP had roughly the
same pore size, but the striation organization was markedly different. P(MAA-
DMAEMA-Aam)MIP striations were more laterally organized while the other
formulations showed disordered striations. It is believed that the differences in
morphologies can be attributed to the change in chemical functionalities present
in the different formulations. These functional monomers will interact with the
template lysozyme in markedly different ways and will contribute to a difference
in the bulk structure across polymer types.

Although the use of proteins and other biological macromolecules in
imprinting methodologies has been scarce, many researchers have attempted to
fabricate macroporous polyacrylamide gels wusing a technique termed

“templating”® %.

In this technique, polyacrylamide gels are polymerized in the
presence of another polymer (PEG, hydroxymethylcellulose, polyvinylpyrrolidone,
etc...) or an externally applied electric field to form macroscopic pores in the bulk
of the gel. These polymer systems have been widely applied to SDS-PAGE gel
electrophoresis to separate very large molecular weight (<100 kDa) macromoles

in solution. Guinta and colleagues®” %2

polymerized Aam in the presence of an
externally applied electric field, resulting in polymers with an ordered ribbon-like
structure as compared with the control under confocal microscopy (Figure 5.7).

While the distance between ribbons is greater and they exhibit parallel order, the
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polymer striations formed in this gel exhibit similarities to the MIP gels
polymerized in the presence of lysozyme.

In addition, Righetti and collaborators have seen similar morphology
changes when acrylamide gels are polymerized in the presence of the
hydrophilic polymer PEG®. In such gels, the addition of the polymer created
small pores with randomly ordered dense chains. The dense chains maintain a
similar morphology to the randomly oriented striations observed in our MIP gels.
Of special note are the results that they observed when their reactions are run in
the presence of PEG at 20 kDa, which is approximately the same molecular
weight as lysozyme. The comparable pore sizes of 0.25-0.5 ym that were
observed in these gels greatly resembled the pores obtained in P(MAA-Aam)MIP
polymers.

Charlionet® has combined the two templating methods outlined above to
produce macroporous gels. In this study, Aam was polymerized in the presence
of PEG and under the influence of an electric field. This study noted that as the
PEG size increased, the striations became more ordered with parallel
arrangement. In addition, the resulting pores also increased as the MW of the
PEG increased. They observed pores 1 um that appear similar to pores formed
in P(MAA-DMAEMA-Aam)MIP and P(Aam)MIP.

From the results above, Righetti has developed a theory that is termed
“‘dense chain formation” to explain the macroporous networks with striations

when gels are polymerized in the presence of macromolecules such as PEG

115



(Figure 5.8). Since PEG can bind up to 1.5 water molecules per oxygen
molecule on its chain, the number of water molecules bound will increase with
increasing PEG molecular weight. It is believed the hydrophilicity of the polymer
sequesters water to the PEG surface and affects the growing polymer chain
formation. The high water concentration forms hydrogen bonds with amine
functional groups on the Aam monomer. The resulting interactions between the
amine groups and the water/PEG complex form dense, fibrillar bundles around
the PEG template. The crosslinker then locks the bundles in place around the
macromolecule. The resulting gel then contains macropores with dense
surrounding chains. These chains resembled the striations found in the MIP gels
in this work.

Similar to the above theory, we believe that the change in morphology of
the MIP gels over the control polymers can be attributed to the presence of the
charged, hydrophilic protein lysozyme. The presence of lysozyme interacts with
chemical groups on the monomers via electrostatic attraction and/or hydrogen
bonding. As the chains form, the crosslinker freezes the orientation of the
chemical groups that have non-covalently interacted with the protein. If this
theory is correct, the functional groups of the monomers orient themselves
toward the protein, increasing tacticity while leaving the aliphatic backbone
oriented away from the template surface. The increase in tacticity then leads to
formation of the dense polymer striations, while the presence of protein during

polymerization contributes to pore formation.
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5.3.2 Determination of Chemical Composition Using FTIR
Figure 5.9 shows the FTIR spectrum of P(MAA)C polymer. This spectrum

shows a strong absorption peak at 1556 cm’' that corresponds to the asymmetric
stretching of the C=0 bond of a bound carboxylic acid group, meaning one
whose hydroxyl group has undergone a reaction to remove the hydrogen. The
presence of this peak is most likely due to a condensation reaction with the
functional monomers in which two carboxyl groups react to dimerize and form the
anhydride, thus releasing a water molecule. This reaction most likely occurs
during the polymerization as the exothermic nature of the reaction heats up the
mixture, a condition that would promote this anhydride formation from the
methyacrylic acid groups. The peak at 1421 cm™ corresponds to the symmetric
stretching of the C=0 bond of the bound carboxylic acid group. The peak at
1649 cm™ represents the C=0 stretching of the free carboxylic acid groups,
meaning those with the hydroxyl group still intact. The intensity of this peak is
much lower than that of the bound carboxylic acid peak, indicating that majority
of the methacrylic acid monomers have reacted to form an anhydride during
polymerization®®. The other notable peak is the broad peak at ~3400 cm™, which
corresponds to the O-H stretch of the free carboxylic acid groups.

Figure 5.10 shows the FTIR spectrym of P(Aam)C polymer. This
spectrum shows a strong absorption peak at 1673 cm™ corresponding to the
stretching of the C=0 bond. The peak also contains a shoulder peak at 1615 cm’

' which represents the N-H bending of the amine group. Other notable peaks
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are the sharp peak found at 1118 cm’ corresponding to the C-N stretch and the
broad peak at ~3400 cm™ representing the N-H stretching of the amine group.

Figure 5.11 shows the FTIR spectrum of P(DMAEMA)C polymer. This
spectrum shows an absorption peak at 1728 cm™ corresponding to the C=0
stretching of the carbonyl functionality. The other notable peak is at 1147 cm™
that represents the C-N stretch of the tertiary amine.

Figure 5.12 shows the FTIR spectrum of P(MAA-Aam)C copolymer. By
comparing this spectrum with those of the P(MAA)C and P(Aam)C
homopolymers, the presence of both monomer types in the copolymer can be
confirmed. In this spectrum, the strong absorption peak at 1556 cm’’
representing the C=0 stretch of the bound carboxyl group indicates the presence
of MAA. The peak 1673 cm™ (C=0 stretch) and its shoulder peak at 1615 cm™
(N-H bending) indicate the presence of Aam in the copolymer.

Figure 5.13 shows the FTIR spectrum of P(MAA-Aam-DMAEMA)C
copolymer. By comparing this spectrum with those of three homopolymers,
peaks from each homopolymer can be discerned. The strong absorption peak at
1673 cm™ (C=0 stretch) and its shoulder peak at 1615 cm™ (N-H bending)
confirms the presence of Aam in the copolymer. The absorption peak at 1556
cm’ (C=0 stretch from bound carboxylic acid groups) indicates that the
copolymer contains MAA. The peaks at 1728 cm™ (C=0) and 1147 cm™ (C-N

stretch) indicate the presence of DMAEMA in the copolymer.
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5.3.3 Chemical Composition of MIP Polymers Compared to Controls
In addition to the above studies, FTIR was employed to ascertain if the

MIP and control polymers displayed any chemical differences. Using this
method, differences in the bonding environments of the polymers would result in
peak shifts and changes in peak shape and intensity, especially in the fingerprint
region of the IR spectrum. In MIP reactions, the template molecule should not
have any effect upon the overall composition of the polymer and should be
similar, if not the same, in composition to the control. Figure 5.14 shows a
comparison of the FTIR spectrum of the P(MAA)MIP and P(MAA)C polymers.
The locations, shapes, and relative intensities of the peaks are identical not only
in the fingerprint region but also over the entire spectrum range, indicating that
these polymers are chemically identical. Figure 5.15 makes the same
comparison for P(Aam)MIP versus its control and again demonstrates matching
chemical bonding environments for these polymers. These two results support
the theory that template molecules do not change the chemical nature of the
polymer but instead only act to direct the macroscopic properties as outlined
previously in SEM studies in Section 5.3.1.
5.3.4 DSC Determination of MIP Polymer Properties

The T4 values were determined by using the tangent lines at the onset and
end of the transition using the half C, method, giving a T4 value that corresponds
to the middle of this energy transition. The T4 values from the DSC scans for the

MIP and control polymers are summarized in Table 5.1.
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This T4 value for the crosslinked polymer can be used to determine an

effective number-average molecular weight between crosslinks M. using the
following empirical relationship®":

3.9 x 10*
M.= (Tg—Tgo)

In this equation, T4 represents that of the crosslinked polymer, while Tq is the
glass transition temperature of an uncrosslinked polymer of the same
composition.

In this study, the T4 values of the respective homopolymers are 19°C,
165°C, and 228°C for P(DMAEMA), P(Aam), and P(MAA), respectively®>. For
the copolymers, the Ty values were calculated according to the Fox equation for
random copolymers:

1 W w
Tg = Tgr + Ty

In this equation, wy and w, are the weight fractions of the homopolymers, and Tgq
and Ty, are their respective glass transition temperatures (in K). This equation
can readily be extended to a random copolymer with three monomer types by

adding a third term to the right side of the equation.
The M . values from the DSC results are summarized in Table 5.2. For
comparison, the theoretical molecular weight between crosslinks, Mc,th, can be

calculated using the following equation:

M

2r

Mc,th = 25(
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In this equation, M, is the molecular weight of the repeating unit, and X is the
molar crosslinking ratio (defined as moles crosslinker/moles total monomer). For
the copolymers, the effective M, was determined by a weight average of the
individual monomer types as follows:
Mr = w1*M;1 + Wo*Mpo

This equation was readily expanded to a copolymer of three monomer types by
adding a third term to the right side of the equation. The Mc,th values for these
polymers are also summarized in Table 5.2.

The DSC scans of these polymers show an endothermic step that equates
to the glass transition temperature (Figure 5.16, Figure 5.17). The T4 value is
taken to be the middle of this step, as calculated by utilizing the tangential lines
before and after the step by the DSC software. As evidenced from the Tq results
summarized in Table 5.1, the glass transition temperatures for the MIP and
control polymers are similar in value for both the MIP and control polymers. The
standard deviation for these T4 values among scans was as high as + 3°C.

Considering this result, no significant differences appear between the T4 values

for the MIP and control polymers. Thus, for M . calculations, the average Ty
value was used.

Upon comparing these Tg4 values to the Ty values for the uncrosslinked
polymer, it becomes obvious how significantly the crosslinking of these polymers

raises their effective Ty values. This augmentation of the T, values is

reasonable, however, when considering the MC values calculated from these
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results. The data in Table 5.2 shows that the M . values from the DSC results
are similar to those of the theoretical value determined from the degree of
crosslinking. Of note, a glass transition temperature was not observed for the

crosslinked P(MAA), but this result is not surprising when considering the degree

of crosslinking. If one assumes a comparable M . value to the M .y, value, the
observed T4 should be approximately 284°C, which is approaching the thermal
degradation range of this polymer®®. The heat flow on the DSC scan for this
polymer starts an endothermic swing at around 275°C, which is most likely the
initiation of its glass transition; however, before this is completed, the polymer
undergoes a strong exothermic process beginning around 300°C, signaling the
beginning of the thermal degradation of this polymer (Figure 5.18). Thus, this
polymer actually begins to decompose before fully undergoing its glass transition.

Of interest, these polymers only demonstrate a T4 upon the first DSC
scan. At first glance, this result is unusual for typical polymer samples. The
reason for this result stems from the high temperatures needed to see the Ty in
the first DSC scan; all of these polymers contain functional, and hence reactive,
side chain groups that can undergo intra- and intermolecular reactions that are
thermally catalyzed. Thermal analysis of P(MAA) shows that these polymers can
undergo a condensation reaction across the hydroxyl group of the carboxyl
functionality at temperatures as low as 150°C®. This reaction can form an
anhydride ring if the two reacting carboxyl groups are within the same polymer

chain or a link between two polymer chains if the reacting carboxyl groups are on
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adjacent chains. In essence, this reaction not only changes the chemical
composition of these polymers, which can change the Ty value, but also
augments the degree of crosslinking, which can raise the T4 value significantly.
Similar reactions can occur across the amide group of P(DMAEMA)** and the
carboxyl group of P(Aam)* as well as between the different functional groups in
the copolymers. Thus, a T4 value is not observed upon repeating the same
temperature scans, most likely because the reactions of the functional groups
increases the T4 above the temperature scan range. Upon raising the upper limit
of the second temperature scans, the degradation temperature of these polymers
is reached; thus, these polymers undergo thermal decomposition before

exhibiting a Ty on the second scan.

5.4 Conclusions

The observations of the macroscopic properties using SEM revealed
marked differences in the overall morphology between MIP polymers and their
controls. The presence of a charged, hydrophilic protein has profound effects on
the polymerization, inducing formation of a porous structure with macroscopic
order. It is believed that the presence of a template containing groups that will
electrostatically interact with the monomers during polymerization influences the
overall formation of the gels. This supports our theory of the formation of a
chemically and spatially oriented polymer for our template protein lysozyme.
Considering these initial intriguing results, this phenomenon warrants further

attention, and it would be advantageous if the polymers can be imaged in their
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hydrated state using an environmental SEM in order to better determine the
differences in morphology between the MIP and control gels.

In addition to SEM, FTIR spectroscopy was used to confirm the presence
of the respective monomer types in the two copolymers by comparing the spectra
with those of the homopolymers. FTIR was also utilized to demonstrate that the
MIP and control polymers in this study are chemically identical. However,
although FTIR is accurate about the frequencies and relative intensities of the
chemical bonds present in a sample, it is nonetheless difficult to obtain precise
quantitative measurements using this technique.

Finally, DSC results show comparable T4 values for the MIP and control
polymers for each polymer type. The average molecular weight between
crosslinks calculated from these T4 results are of the same order as the
theoretical value calculated from the degree of crosslinking, indicating that these
T4 values are reasonable. A glass transition was only observed on the first DSC
scan for these polymers, most likely due to the high temperatures of the first scan
initiating intra- and intermolecular reactions of the functional side groups.

The results outlined in these studies support our theory of the formation of
a MIP recognitive network for the protein lysozyme. The presence of lysozyme
creates a macroporous network but does not influence either the composition or
crosslinking of the network. Future studies should focus on characterizing the
exact nature of the protein interaction with the network and determining the exact

composition of the resulting gels.

124



LN
_.ul.m_..uw
) T =

JuF ML

Figure 5.1: Schematic of Scanning Electron Microscope
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Figure 5.2: P(Aam)MIP (Left) and P(Aam)C (Right) gels at increasing magnifications.
Observation of the gels reveals a distinct morphological difference between MIP polymer and
control gels, with P(Aam)MIP disks exhibiting striations and pores of 0.25 — 1.0 ym. Distance
between striations was ~1.0 um. P(Aam)C gels appeared smooth with no striations.
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Figure 5.3 P(MAA)MIP (Left) and P(MAA)C (Right) gels at increasing magnifications.
Observation of the gels reveals a distinct morphological difference between MIP polymer and
control gels, with P(MAA)MIP disks exhibiting pores of 5-10 um. Striations observed in other
formulations were absent in this one. P(MAA)C gels appeared smooth with no pores.
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Figure 5.4: P(MAA-Aam)MIP (Left) and P(MAA-Aam)C (Right) gels at increasing
magnifications.

Top two images show the edge feature of P(MAA-Aam) gels. The edge of the P(MAA-Aam)MIP
gel appeared to have a larger pores and a more uneven surface texture. The bottom two photos
show the bulk of the gels at high magnification. Observation of the gels reveals a distinct
morphological difference between MIP polymer and control gels, with P(MAA)MIP disks exhibiting
pores of 0.25-0.50 ym and the polymer striations. Distance between striations measured 0.25
pm. P(MAA)C gels appeared smooth with no pores.
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Figure 5.5: P(MAA-DMAEMA-Aam)MIP (Left) and P(MAA-DMAEMA-Aam)C (Right) gels at
increasing magnifications.

Observation of the gels reveals a distinct morphological difference between MIP polymer and
control gels, with P(MAA-DMAEMA-Aam)MIP disks exhibiting striations and pores of 0.5 — 1.0
pum. Distance between striations was ~1.0 ym. P(MAA-DMAEMA-Aam)C gels appeared smooth
with no striations.
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Figure 5.6: Differences in the Bulk Morphology of MIP gels.
Top Left: P(MAA-Aam)MIP; Top Right: P(Aam)MIP; Lower Left: P(MAA)MIP; Lower Right:
P(MAA-DMAEMA-Aam)MIP. Upon macroscopic comparison of the four different MIP
formulations, a distinct morphological difference was observed. P(MAA-Aam)MIP exhibited the
smallest pore size at 0.25 ym, while P(MAA)MIP disks exhibited the largest pore size at 10 ym.
P(MAA)MIP gels did not exhibit the striations that other gels exhibited, and striation distance and
organization differed across the other three formulations. P(MAA-Aam)MIP polymers had the
smallest distance between striations at 0.25 uym.

130




Figure 5.7: Flourescent Image of P(Aam) gel Polymerized under Electric Field

Confocal laser scanning microscopy images of a hydrogel polymerized while under the influence
of an externally applied electric field (a.) Polymer contained oriented striations that resembled the
striations of imprinted gels. Control gels (b.) exhibited no striations. Bar represents 10 um.

Reproduced from the work of Guinta and colleagues®” .
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Figure 5.8: Theory of Dense Chain Formation

The top figure represents the structure of a control gel where the fibers form a random mesh
network. However, when gels are polymerized in the presence a hydrophilic template such as
PEG, the individual fibers bundle due to directed arrangement around the template, and a porous
network is formed. Thus, the average porosity of the gel is greatly increased, and polymer
striations are formed. Reproduced from the work of Righetti*®.
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Figure 5.9: FTIR spectrum of P(MAA)C polymer
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Figure 5.10: FTIR spectrum of P(Aam)C polymer
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Figure 5.11: FTIR spectrum of P(DMAEMA)C polymer
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Figure 5.12: FTIR spectrum of P(MAA-Aam)C polymer with the P(Aam)C and P(MAA)C
polymer spectra for reference.
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Figure 5.13: FTIR spectrum of P(MAA-DMAEMA-Aam)C polymer with P(Aam)C, P(MAA)C,

and P(DMAEMA)C polymer spectra provided for reference
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Figure 5.14: FTIR spectrum comparison between P(MAA)MIP and P(MAA)C polymers
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Figure 5.15: FTIR spectrum comparison between P(Aam)MIP and P(Aam)C polymer
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Polymer Type Tgo MIP T4 Control T,

(°C) (°C) (°C)
P(Aam) 165 238.2 235.7

P(MAA) 228 not observed not observed
P(DMAEMA) 19 107.9 109.5
P(MAA-Aam) 194 246.1 253.0

P(DMAEMA-Aam) 48 102.9 98.1

P(MAA-DMAEMA-Aam) 93 198.9 195.7

Table 5.1: T, values from the DSC analysis for the MIP and control polymers
No discernible difference in T, was observed between MIP polymers and control polymers. Thus,
an effect of imprinting on polymer network arrangement could not be concluded from DSC

analysis.
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Polymer wt X Tgo M, M, M o
fraction (°C) | (g/mol) | (g/mol) | (g/mol)
P(Aam) n/a 0.05123 | 165 71.08 544 694
P(MAA) n/a 0.06205 | 228 86.09 n/a 694
P(DMAEMA) n/a 0.11330 | 19 157.21 435 694
0.4964 M
P(MAA-Aam) 0.5036 A | 0.05608 | 194 78.53 702 700
0.7310D
P(DMAEMA-Aam) 0.2690 A | 0.08545 | 48 134.04 744 784
0.1967 M
P(MAA- 0.4413 D | 0.07076 | 93 110.72 374 782
DMAEMA-Aam) 0.3320 A

using an average T, value for the MIP and control polymers
Table 5.2: The theoretical and experimental molecular weight between crosslinks results
for the different polymer types
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Figure 5.16: DSC scan for P(MAA-DMAEMA-Aam)C at 10°C/min indicating a T4 of 195.7°C
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Figure 5.17: DSC scan of P(DMAEMA)C at 10°C/min indicating a T4 of 109.5°C
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Figure 5.18: DSC scan of P(MAA)C at 10°C/min showing the exothermic thermal
degradation peak interfering with the calculation of the T,
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Chapter 6: Investigation of Acrylamide-Based MIP Polymers as Drug
Delivery Systems

Due to the high biocompatibility of the MIP polymers and their ability to
recognize the lysozyme template, MIP polymers are considered to be a good
means of delivering proteins as part of an implantable drug delivery system
(IDDS). Thus, the loading and release of lysozyme from MIP polymers was
investigated and quantified to determine if polymers exhibited sustained release

of the protein and if the protein remained biologically active upon release

6.1 Introduction

Unfortunately, current drug delivery systems are often limited because
they cannot respond directly to the need of a patient. Every person’s physiology
and pathological conditions vary slightly. Medical conditions also vary through
the course of time, and many disease states often possess unpredictable
episodes or unnoticeable symptoms that lead to catastrophic physiological
effects.

The most predominant drug delivery methods are oral administration and
injection, and although most drugs are currently formulated for this delivery,
these methods are not always most efficient routes for a particular therapy.
Thus, the development of numerous drugs has been limited. Injection suffers
from low patient compliance and spikes in therapeutic levels that do not mimic

physiological effects. Oral delivery is challenging due to breakdown of many
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drugs in the intestinal tract by gastric enzymes and acids. Oral administration is
especially challenging for biologic drugs such as proteins and nucleic acids which
are highly susceptible to acid degradation. Thus many researchers are
investigating IDDS systems as an alternative route of delivery.

Innovative drug delivery systems such as implantable controlled release
devices may make it possible to use certain chemical entities or biologics that
were previously impractical because of toxicities or because of administration
limits. A greater therapeutic effect can also be obtained through implanted
systems over conventional oral or injection routes. For example, bioerodible
polymer systems have been used in the sustained delivery of chemotherapy
agents directly to tumors, thus reducing systemic side effects and increasing
dose effectiveness’. In addition, researchers have had success delivering DNA
and RNA therapies using IDDS?.

In addition to improved dosage efficacy, IDDS offer additional advantages,
such as better patient compliance. While conventional oral therapies can require
administration of drugs multiple times a day, some of the implantable systems
have been developed to deliver therapeutics over months or even years at a time
and require minimal monitoring.

6.1.1 Hydrogels for Drug Administration
In addition to the commonly used oral and injection routes, drugs can also

be administered through other means, including transdermal®, transmucosal®,
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ocular®, puImonaryG, and implantation’. In all of these administration routes,
polymers have been investigated as a possible platform for administration.
Polymer materials exhibit several desirable properties for drug carrier use
including biocompatibility, biodegradability, and functionalization capability.
Through functionalization and structural manipulation of polymer materials, drug
molecules can be incorporated within the polymer. Entrapping or encapsulating
the drug within a polymer allows for greater control of the pharmacokinetic
behavior of the active drug molecule. The drug can be released with a more
ideal, near zero-order kinetic profile, which establishes a more constant flow of
the drug out of the carrier. This pharmacokinetic behavior maintains more
appropriate steady levels of the drug at the site of delivery.

In contrast, conventional oral drug delivery typically follows first-order
release kinetics where the drug release rate is proportional to the amount of drug
remaining in the drug carrier. Landgraf et al® have compared the release kinetics
of an anti-inflammatory agent taken orally by use of a macroporous copolymer
carrier and a microporous copolymer carrier containing nanochannels. The
macroporous drug carrier releases the drug with an initial burst and follows first-
order release kinetics. The microporous carrier structured with nanochannels

steadily releases the drug in near zero-order fashion.
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6.1.2 Polymers with lonic Functional Groups for Controlled Release
Recently, many groups have been focusing on changing the structure of

polymers on the nanoscale in order to release macromolecules as part of an
implantable system. In order to accomplish this result, the interactions between
the polymer and macromolecule must be understood. For instance, all proteins
carry an overall positive or negative charge due the chemical groups found on
the amino acid sequence. Of the twenty naturally occurring amino acids found in
proteins, five of them possess a charge under physiological pH values. Glutamic
acid and aspartic acid are negatively charged and highly ionized at the near
neutral pH values present in most biological systems in vivo. Lysine and arginine
are positively charged and highly ionized, while histidine is positively charged
(acidic) and weakly ionized. Thus, by introducing electrostatic functionalities into
a polymer system, many groups hope to form weak interactions with these side
groups and thus slow diffusion of the protein out of the network. This interaction
can in turn cause a sustained, controlled release of the protein when part of an
implantable drug delivery system.

Kwon et al.® have been able to fabricate negatively charged microspheres
that could be loaded with cationic proteins and drugs. Upon implantation, these
polymers exhibited sustained release of therapeutic proteins. Jang and
colleagues’® were able form PLGA microspheres that contained an MAA core.

This MAA core was complexed via electrostatic interactions to insulin and
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resulted in a sustained release in vivo. Of particular interest to our work are the
hydrogels fabricated by Nakamae and colleagues''"® that have anionic
phosphate groups that complex with the cationic protein lysozyme. With the
introduction of phosphate groups, lysozyme loading is increased, and the
subsequent release is sustained over a longer period of time. In addition, the
lysozyme activity is retained in the lysozyme released from these polymers.
6.1.3 MIP Polymers as IDDS

Recently, MIP hydrogels have been investigated as carriers in IDDS. It is
hypothesized that the imprinting effect not only increases loading of the drug into
the polymer but also promotes an extended drug release compared to gels
containing only electrostatic groups through the creation of cavities specific to the
target drug. Sreenivasan has fabricated MIP polyurethane for ampicillin that can
inhibit bacterial growth'. Ciardelli has investigated theophylline as a template as

15, 16

model for small molecule release in clinical settings. Puoci et al have

imprinted the colon-specific drug sulfasalazine, and shown sustained release of

this drug as a possible IDDS'". New MIP contact lenses have shown sustained

18-20

release of the blood-pressure drug timolol into the eye *“". In addition, sustained

21,22

release of steroids?" ?? and other pain relievers® have shown promise using MIP

systems.
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6.2 Materials and Methods

6.2.1 Loading of MIP Polymers with Lysozyme
MIP gels were fabricated as outlined in Section 3.2. Gels were

lyophilized, ground, and sieved to obtain particles of 75-90 ym. The particles
were then washed free of lysozyme template as outlined previously in Section
3.2. 25 mg of MIP polymers or control gels were then placed into 50 mL conical
tubes containing 25 mL of a 1 mg/mL solution of lysozyme in Tris buffer (0.02M,
pH 7.4). Tubes were placed on an orbital shaker for 24 hours to allow gel protein
loading to reach equilibrium. Tubes were then centrifuged (5 min, 4000xg), and
the supernatant was analyzed by UV-Vis spectroscopy at 280 nm. Polymer
particles were lyophilized and stored at -20 °C under dessication until further use.
6.2.2 Release of Lysozyme from Hydrogels

25 mg of lysozyme loaded microparticles were placed into 50 mL tubes
containg 25 mL of a Tris buffer solution (0.02M, pH 7.4) containing either O or
0.154M of NaCl. Tubes were again placed on an orbital shaker, and at various
timepoints, the tubes were centrifuged (3 min, 4000xg). The supernatant was
then analyzed by UV-Vis spectroscopy at 280 nm absorbance. Samples were
then returned to the orbital shaker until the next timepoint.
6.2.3 Enzymatic Activity of Lysozyme Released

To measure the activity of lysozyme released, the loading and release

studies were repeated as outlined in 6.2.1 and 6.2.2. When the release of
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protein in ionized Tris buffer reached ~95% (as measured by UV-spectroscopy),
1 mL of solution was removed for the assay. In addition, a corresponding control
lysozyme solution was made to match the lysozyme concentration that was
released. Activity of released lysozyme and lysozyme in the control solution was
measured using the EnzCheck® Lysozyme Assay Kit (Molecular Probes,
Wisconsin). Flourescent intensity was measured using a fluorescence

microplate reader with standard flourescein filters.

6.3 Results and Discussion

6.3.1 Lysozyme Loading in the Hydrogels
As shown previously in Chapter 4, the functional monomer present in the

MIP polymers has a direct effect upon the recognition of the lysozyme template.
For this reason, it is believed that the release of lysozyme will vary from
formulation to formulation due changes in the ionic groups present across the
polymer systems.

The amount of protein loaded, Pioaded (Units of mg-protein / g-polymer), in
the polymers was calculated by:

v(C,

P _ initial ~ Cequilibrium ) (6 1)
loaded ~— -
M

P

156



where Ciyitial IS the starting protein concentration, Cequiiibrium the final concentration
of protein in supernatant after protein loading, V the volume of protein solution,
and M, the mass of polymer microparticles used.

Figure 6.1 shows the relationship between polymer composition and the
amount of lysozyme loaded into the polymer. P(MAA-DMAEMA-Aam)MIP and
P(MAA-Aam)MIP gels had the highest amount of loading at ~80.0 and 66.0 mg
lysozyme/g polymer respectively. These results agree with the equilibrium
loading experiments obtained in Chapter 4. Also in agreement were the results
of loading P(DMAEMA) polymers, which showed the lowest amount of lysozyme
loading. For lysozyme release, only polymers exhibiting the most loading of
lysozyme—P(MAA-Aam) and P(MAA-DMAEMA-Aam)—were investigated.

6.3.2 Lysozyme Release from MIP Polymers

The MIP microparticles demonstrated an extended release time for
lysozyme as compared to the control polymers when placed in only Tris buffer
containing a biological ionic strength of 0.154M (Figure 6.2). Similarly, lysozyme
loaded in the MIP microparticles is released at a slower rate than from the control
polymers when placed only in Tris buffer with no salt, with less than 15%
lysozyme released after 24 hours (Figure 6.3). The lysozyme release rates are
slower in this experiment due to the absence of the salt. The presence of Na*
and CI ions compete with and ultimately displace the complexed protein,

resulting in increased release at higher ionic strengths. Complexation between
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ionic functional groups and lysozyme is supported by the extended release times
of the protein from the MIP microparticles.

In all cases, slower release rates were observed in MIP polymers over
control polymers, especially the P(MAA-DMAEMA-Aam)MIP. It is believed that
the increased number of protein-polymer ionic interactions in the imprinted site
leads to the slower release than the non-specific interactions that are found in the
control. Water and ions in solution must overcome these interactions in order for
the protein to release from the network. It is believed that the concentration of
interactions in the imprinted sites leads to stronger complexation than the non-
specific interactions that occur in control gels. In control gels, only a few
functionalities are complexed with a lysozyme molecule, facilitating polar and
ionic interactions from the environment to break these bonds. As such, the
release rate is greater in control networks.

6.3.3 Ezymatic Activity of Released Lysozyme

In effective controlled release systems, the delivered agent must retain
biological activity in order to achieve the desired therapeutic effect. This is
especially important in drugs that require high dosages for efficacy. The activity
of released lysozyme was measured using the EnzCheck® Lysozyme Assay Kit.
This is a fluorescence based assay containing a suspension of fluorescently
labeled Micrococcus lysodeitikus. The high concentration of fluorescent probe

on the cell walls of these bacteria effectively quenches the dye. Lysozyme acting
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on these bacteria will release the tag, and the resulting fluorescence can be
measured using a microplate reader, with increasing flourescent intensity
corresponding to increased enzyme activity.

When the lysozyme activity of the protein that was initially loaded was
compared to the lysozyme released from MIP gels, enzymatic activity was
maintained (Table 6.1). In the P(MAA-Aam), approximately 95% of the activity
was maintained, while in the P(MAA-DMAEMA-Aam)MIP the retained activity
measured 90%. These results show the feasibility of using this system for the

sustained release of biomacromolecules for the treatment of disease.

6.4 Conclusions

Lysozyme was successfully loaded and released from MIP hydrogel
networks. In all cases, the MIP microparticles exhibited a slower, and thus more
controlled, release rate of lysozyme over the control polymers. At a biological
ionic strength, this release of lysozyme increased due to the competing effects of
the solvating salt ions, but the lysozyme released retained enzymatic activity as
detected by fluorescent assay. The successful loading and release of lysozyme
from MIP polymer networks supports the idea that MIP networks can be used for

the controlled release of macromolecules as part of a sustained IDDS.
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Figure 6.1: Equilbrium Lysozyme Loading in Polymer Microparticles

Microparticles were placed into solution containing a known concentration of lysozyme. After
supernatant analysis, lysozyme loading was calculated. P(MAA-Aam)MIP and P(MAA-
DMAEMA-Aam)MIP polymers displayed the greatest lysozyme loading. P(DMAEMA) gels
displayed the least amount lysozyme loading.
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Figure 6.2: Lysozyme Release from Microparticles in ionized Tris Buffer (pH 7.4, 0.154M
NaCl)

The presence of ions in the solution caused a greater release from microparticles. The MIP
polymers also exhibited a slower release of lysozyme than controls. This supports the theory of
imprinted sites that have a high specificity for the lysozyme template. In contrast, the control gels
exhibited a rapid release, which supports the conclusion of non-specific binding.
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Figure 6.3: Lysozyme Release from Microparticles in Tris Buffer (pH 7.4, 0.02M)
Microparticles carrying lysozyme exhibited a slower release of lysozyme in the absence of ions.
After 24 h, less than 15% of lysozyme is released into solution across all formulations.
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Initial Lysozyme Activity Remaining Activity % Activity

(U/mg lysozyme) (U/mg lysozyme) Maintained
P(MAA-Aam)MIP 876 + 45 837 + 36 95.6%
P(MAA-DMAEMA-Aam)MIP 943 + 134 845 + 99 89.6%

Table 6.1: Enzymatic Activity Retained upon Lysozyme Release from MIP Polymers into
0.154M Tris Buffer.
High Enzymatic Activity was maintained in both MIP formulations.
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Chapter 7: Investigation of Cytocompatibility of Acrylamide-Based MIP

Polymers
7.1 Introduction

When designing biomaterials, it is important that the material exhibit
biocompatibility when in contact with cells and tissues of the body. The materials
should show a low level of toxicity while not causing a systemic rejection from the
immune system. In addition, they should exhibit cytocompatibility by causing no
lysis of cell membranes or cell toxicity. One of the most widely used tools to
initially screen the feasibility of using polymers as biomaterials are in vitro assays
utilizing cellular models.

7.1.1 Advantages of in vitro Studies.

In vitro studies offer a number of advantages over in vivo studies when
initially determining suitable biomaterials. Because they involve cell cultures
rather than animal studies, in vitro studies are much less expensive to perform,
and the results can be obtained much more rapidly. The test material can be
placed in direct contact with cells in culture, and the amount of material can also
be controlled. In addition, a higher level of control of environmental factors over
the course of the experiment is possible. This means the material can be
examined in isolation from secondary factors that can cloud results because of

variability between experiments. Factors that can be controlled include metabolic
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activity, changes in pH, and changes in temperature. In this way, in vitro tests
for cytocompatibility can provide valuable information about the initial suitability of
a biomaterial.

7.1.2 Swiss 3T3 Fibroblasts and in vitro Cell Culture

Fibroblasts were one of the first cell lines to be cultured from vertebrate
animals and, as a result, are one of the most widely utilized cell types in many
cell culture studies. Fibroblasts are cells that secrete collagen, glycoproteins,
glycosaminoglycans, and other ECM materials. This secretion gives rise to
mesodermal tissue. Most fibroblasts develop into connective tissues such as
muscles, ligaments, and tendons, but some can differentiate to become adipose
tissue depending on phenotype. In culture, fibroblasts are amoeboid with
branched cytoplasmic structures and a speckled nucleus (Figure 7.1).

Most studies involving fibroblasts have revolved around the study of a cell
line termed the Swiss 3T3 cell line. This line was established by Todaro and
Green in 1963 from disaggregated tissue of an albino Swiss mouse (Mus
musculus) embryo'. The 3T3 component of the name for this cell line is derived
from the conditions of plating density and subculture frequency®. The form of the

name comes in “xTy” where “x” is the number of days between subculturing (3)

and “y” is the number of cells needed for passaging in units of 10° cells.
Todaro and Green discovered that from passage to passage, these cells

showed little change in morphology and adhesion characteristics. In addition,
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these cell lines were shown to be virtually immortal from passage to passage.
The cells also can be considered to be clones of each other because they do not
differentiate to other tissue types®. For these reasons, 3T3 cell lines are
invaluable cells for cytocompatibility assays, as the cellular characteristics can be

expected to be passage independent and uniform through repeat experiments.

7.2 Materials and Methods

7.2.1 Handling Procedure for Frozen Cells
In vitro experiments were done using an NIH/3T3 murine fibroblast cell

line (#CRL-1658; American Type Culture Collection (ATCC), Manassas, VA).
Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 4 mM
L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose
(ATCC). Media was also supplemented with 10% fetal calf serum (ATCC). Until
needed, the frozen cell culture was stored in the vapor phase of liquid nitrogen.
When required, the cell culture vial was thawed via gentle agitation in a 37°C
water bath, with a thawing time of approximately two minutes. While thawing,
care was taken to keep the O-ring and cap of the vial above the water level of the
bath, minimizing the possibility of cell contamination. Once the vial contents
were thawed, the vial was removed from the water bath and decontaminated by
dipping it in 70% ethanol solution. At this stage, all further steps were done

under strictly aseptic conditions.
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The vial contents were then transferred to a centrifuge tube containing 9.0
milliliters of DMEM. This mixture was spun at approximately 125 xg for 5 to 7
minutes.  After aspirating the media, the resulting cell pellet was then
resuspended with the complete growth medium using the culture recommended
dilution ratio for each specific batch and dispensed into a 25 cm? or a 75 cm?
culture flask. Before the cell pellet was added, the culture flask charged with the
appropriate amount of complete growth medium was placed in the incubator for
at least 15 minutes to establish the optimal pH range (7.0 — 7.6). The culture
was then incubated at 37°C in a 95% humidified and 5% CO, atmosphere.

7.2.2 Subculturing Procedure:

After reaching ~70% confluency, the cells were ready for subculturing.
During this procedure, the flask culture was removed from the incubator, and the
culture medium was aspirated off as waste. The cell layer was then briefly rinsed
with Dulbeccos Phophate Buffered Saline without CaCl, and MgCl, (DPBS,
Sigma, St. Louis, MO) solution to remove any remains of trypsin inhibitor
containing serum. Two to three milliliters of 0.25% (w/v) Trypsin-0.53mM EDTA
(Sigma) solution were added to the flask. The cells flasks were left alone for 5 to
10 minutes until the cell layer was dispersed as viewed under an inverted
microscope. If the cells were not detached, the flasks were incubated to facilitate

the process.
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Upon cell detachment, 8 mL of DMEM were added, and the cells were
gently aspirated via pipetting to break up cell clumps and detach remaining cells.
A standard cell count was performed using a hemocytometer. The suspension
was then centrifuged at 150xg for 5min. Upon completion, the remaining
Trypsin/EDTA containing liquid was then aspirated off of the resulting cell pellet
and replaced with fresh media to give a cell concentration of 3-5 X 10° cell/ cm?.
Appropriate aliquots of the cell suspension were then added to new 25 cm? or 75
cm? culture flasks. The culture flasks were incubated at 37°C under a 95%
humidity and 5% CO, atmosphere. Care was taken to ensure that the
subculturing was done at 80% confluency or less. Figure 7.2 shows fibroblasts in
culture as reproduced from ATCC. The picture on the left shows cells 1 day after
passaging. The image on the right shows cells at ~70% confluency and ready for
subculturing. The subculture procedure was repeated approximately every third
day.

7.2.3 Medium Renewal

Medium was renewed every two days. To replenish the media, used
DMEM was aspirated from the flask, and 10 mL of DPBS was added. The
culture flask was gently swirled to ensure removal of dead cells and leftover

media. The liquid was again aspirated, and 10 mL of fresh DMEM was added.
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7.2.4 Cryopreservation of 3T3 cell lines
Cells were trypsinized and counted as outlined previously. Using DMEM

containing 5% (v/v) dimethylsulfoxide (DMSO, Sigma), cells were resuspended to
give a cell concentration of 1.5 x 10° cells/mL. The cell suspension was then
pipetted in 2 mL aliquots into cryovials. Vials were then placed into a 5100 Cryo
1°C Freezing Container (Wessington Cryogenics, Philadelphia) containing
isopropyl alchohol and cooled at -1°C per min in a -80°C refrigerator overnight.
Vials were then transferred to a liquid nitrogen storage unit for long-term storage.
7.2.5 Cytotoxicity Evaluation

Control and MIP microparticles were fabricated as outlined previously.
Cytotoxicity studies were conducted in 96 well plates when cells reached ~90%
confluency or above (3-4 days). Cell studies were performed between passages
5-10. Media was refreshed 12 hours before the experiment. At the start of the
experiment, the growth medium was removed from each well. MIP
microparticles were added to wells at concentrations of 0.25 mg/mL, 0.5 mg/mL,
and 1.0 mg/mL suspended in DMEM. Prior to addition, the pH of each
suspension was adjusted to 7.4 with NaOH. Microparticles were then incubated
with the cells for either 4 or 24 hours at 37°C and 5% CO,. The microparticle
suspension was removed from each well, and the wells were rinsed three times

with 200 pL Hanks Balanced Salt Solution (HBSS, Sigma) to remove
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microparticles and residual phenol red, for this indicator can interfere the
absorbance readings of the assay.

Cytotoxicity was measured using CellTiter 96° AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI). This method is a cellular metabolic
assay used to measure NADPH production to give an accurate count of viable
cells*. This assay contains a tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyls)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS), and an
electron coupling reagent, phenazine ethosulfate (PES). The MTS reagent is
bioreduced by cells in culture to produce a colored formazan that is released into
DMEM. It is believed the mechanism of reduction is achieved by NADPH
contained in dehydrogenase enzymes from metabolically active cells (Figure
7.3). The absorbance of the formazan can then be read via a plate reader and
corresponded to the viable number of cells (Figure 7.4).

In 10 mL of HBSS, 2 mL of assay reagent was suspended. Then, 120 pL
of the solution was added to each well and incubated with the cells for 1.5 hours
at 37 °C and 5% CO,. A UV/vis microplate reader (Bio-Tek Synergy HT,
Winooski, VT) was then used to determine the absorbance in each well at 490
nm. To determine cell viability, absorbance was compared to control wells that
were not incubated with microparticles but only with HBSS and the CellTiter 96°

reagent. Background absorbance of control wells containing only cells and
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HBSS was subtracted from the results. A 10% bleach solution was used as a

negative control.

7.3 Results and Discussion

When absorbances of the microplates were read, it was found that no
toxicity was exhibited by any of the polymer formulations. At both time points,
cells were still viable (>85%) and showed no statistically significant change in
absorbance when compared to controls (Figure 7.5, Figure 7.6). Wells
containing bleach retained very little cell viability, as expected. These results are
in accordance with other published data utilizing these studies as biomaterials,
where no toxicity was shown to fibroblasts at comparable amounts. In addition,
when imaged under an inverted microscope, cells retained the same morphology
(Figure 7.7) as compared to cells under normal culture conditions (Figure 7.8).
Although timepoints must be extended, these results are encouraging towards

the use of these polymers as biomaterials.

7.4 Conclusions

MIP polymer formulations exhibited little cytotoxicity to the 3T3 fibroblast
cell line. These results were in agreement with previously published data on
using these materials in the human body. Although other cell lines must be
studied, the low toxicity of these polymers at the chosen concentrations is

encouraging.
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7.5 Figures
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Figure 7.1: Major Structures of Fibroblast cells
Live irr]jage of a 3T3 mouse fibroblast. Image reproduced from Nikon Online Digital Image
Gallery”.
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ATCC Number: CRL-1658
Designation: ~ NIH/3T3
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Figure 7.2: Swiss 3T3 Cells in Culture
Inverted microscope images showing NIH/3T3 fibloblasts at 1 day (left) and 3 days in culture
(right). Image reproduced from ATCC.org°.
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Figure 7.3: MTS Tetrazolium Salt and Its Reductlon to Formazan.
Figure modified from Promega Technical Bulletin®,
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Figure 7.4: Corresponding Increase in Absorbance as an Indicator of Cell Number.
Figure reproduced from Promega4.

179



Cytotoxicity to 3T3 Fibroblasts After 4 h Exposure to MIP
Microparticles
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Figure 7.5: Cytotoxicity of MIP polymers to 3T3 fibroblasts after 4h

Enzymatic activity of 3T3 cells after exposure to MIP microparticles and bleach. Results are
expressed as the percentage of absorbance at 490 nm for a given microparticle concentration as
compared to control wells containing only cells and HBSS. Cell viability was maintained across
all concentrations and formulations.
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Cytotoxicty to 3T3 Fibroblasts After 24 h Exposure to
MIP Microparticles
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Figure 7.6: Cytotoxicity of MIP polymers to 3T3 fibroblasts after 24h.

Enzymatic activity of 3T3 cells after exposure to increasing concentrations of MIP microparticles
and 10% bleach. Results are expressed as the percentage of absorbance at 490 nm for a given
microparticle concentration as compared to control wells containing only cells and HBSS. Caell
viability was maintained across all concentrations and formulations.
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Figure 7.7: Morphology of 3T3 Cells after 24 contact with P(MAA-DMAEMA-Aam)MIP
Polymer

Inverted microscope image showing morphology of fibroblast cells after 24 h contact with
poly(MAA-DMAEMA-Aam) MIP microparticles. Cells exhibited normal fibroblast morphology.
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Figure 7.8: Inverted Microscope Image of Confluent 3T3 Fibroblasts after 5 Days in
Culture.
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Chapter 8: Conclusions

As the depth and breadth of our society’s current biomedical knowledge
expands, the need for biocompatible materials that can be easily tailored to
specific applications becomes readily apparent. To this end, the field of
molecular imprinting in polymers has garnered more attention, as MIP polymers
have shown a singular ability to be both sensitive to and selective for their target
molecules. Much research has been done involving MIPs using small molecules
as the templates, but less focus has been placed on using larger, more complex
templates such as proteins due to such factors as inherent diffusion limitations of
larger molecules and the sensitive structure/function relationship of proteins. If
these factors can be overcome, applying MIP technology to proteins can have an
immediate impact in the area of protein therapy, useful to treat such medical
conditions as liver disease, cancer, and HIV. Because these MIPs are selective
for their target protein, these polymers could also be used to filter the body of
“bad” proteins, such as the incorrectly folded, infectious proteins that cause mad
cow disease.

This study demonstrates the successful synthesis of crosslinked hydrogels
containing various functional monomers—methacrylic acid, acrylamide, and
dimethylaminoethyl methacrylate—that recognized the immunoprotein lysozyme.
The specific combination of monomers was studied to determine which

formulation induced the best recognition of lysozyme. The amount of
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crosslinking was also investigated to produce hydrogels that maintained their
physical integrity and yet allowed for sufficient diffusion of the macromolecule
lysozyme.

These polymers, regardless of the specific formulation, did not
demonstrate any cytotoxicity effects, indicating their biocompatible nature. In
addition, the uptake of lysozyme was studied to ascertain their protein loading
capabilities. The resulting protein release times were determined for both the
MIPs and the control polymers, demonstrating a slower, and hence more
controlled, release rate of the protein from the MIPs—a useful feature in the
protein therapy realm. In addition, the released lysozyme showed no loss in
function; thus, the polymer-protein interactions do not affect the structure of the
target proteins.

These materials were also studied via several characterization techniques
to better understand their properties. SEM was used to study the porosity and
microscopic features of the MIPs. The SEM images showed that the presence of
the template protein had an effect on the polymerization, forming a more porous
and structured polymer as compared to the controls. FTIR was used to confirm
the presence of each of the monomers in the copolymer formulations as well as
to demonstrate the fact that the MIPs and control polymers are chemically
identical. DSC was used to determine the glass transition temperatures of the

crosslinked hydrogels and, from such information, the effective molecular weight
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between crosslinks. These values were compared to the theoretical molecular
weight between crosslinks to ensure the validity of the observed T4 values.

Thus, this study showed the successful creation of biocompatible
MIPs that demonstrate a controlled release of the target protein. Considering
that many proteins are charged entities, this technique could be readily expanded
to additional proteins—especially those of therapeutic value—by simply
manipulating the functional monomer ratios to provide the best selectivity and
sensitivity and the crosslinking ratio to provide the best diffusional characteristics.
In addition, these MIP microparticles can be anchored into another hydrogel by
adding them to another hydrogel polymerization mixture, thus allowing these
MIPs to be formed into different shapes and sizes. Thus, these MIPs could be
made into discs (or some other solid shape) and placed at the site of the protein
therapy—for instance, in close proximity to a tumor to fight cancer or near the
liver to fight liver disease—to allow for a controlled release of the protein near the

target organ, increasing the efficacy of the therapy.
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