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Summary

Engineering the molecular design of intelligent biomaterials by controlling recognition and specificity
is the first step in coordinating and duplicating complex biological and physiological processes. We
address design and synthesis characteristics of artificial molecular structures capable of specific
molecular recognition of biological molecules. Recent developments in protein delivery have been
directed towards the preparation of targeted formulations for protein delivery to specific sites, use of
environmentally-responsive polymers to achieve pH- or temperature-triggered delivery, usualy in
modulated mode, and improvement of the behavior of their mucoadhesive behavior and cell
recognition. Molecular imprinting and microimprinting techniques, which create stereo-specific three-
dimensional binding cavities based on a biological compound of interest can lead to preparation of
biomimetic materias for intelligent drug delivery, drug targeting, and tissue engineering. We have
been successful in synthesizing novel glucose-binding molecules based on non-covalent directed
interactions formed via molecular imprinting techniques within aqueous media.
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1. Introduction

Recognition in nature is a complex orchestration
of numerous interactions between individual
atoms and cumulative interactions between larger
macromolecular secondary structures such as
helices and sheets. The active sites of enzymesare
composed of several amino acid residues, which
bind ligand molecules in a very specific manner.
However, the activity of the site is dependent on
the stabilization of the three-dimensional structure
by the interactions of hundreds of other residues.

Biomimetic polymeric networks can be prepared
by designing interactions between the building
blocks of a biocompatible network and the desired
specific ligand and stabilizing theseinteractions by
athree-dimensiona structure. This structure is at
the same time flexible enough to alow for
diffusion of solvent and ligand into and out of the
network. Synthetic networks that can be designed
to recognize and bind biologicaly significant
molecules are of great importance and influence a
number of emerging technologies. These artificial
materials can be used as unique systems or
incorporated into existing drug delivery
technologies that can aid in the removal or
delivery of biomolecules so that the natural
profiles of compoundsin the body can be restored.

Such developments will have a mgjor impact on
diseases, such as diabetes and artherosclerosis,
which are caused by increased levels of certain
compounds in the blood. The monitoring and
remova of such detrimenta compounds ‘on-
demand’ by polymeric systemsishighly desirable,
and this can be achieved by biomimetic networks
(Figure 1).

Biomimetic Approach
* Denifed as “mimicking biological entities whether in
structural or functional characteristics’
« include a material containing a Biomolecular Component
(e.g. Biologically Active Peptides, Antibodies)
OR
* ARTIFICIAL MATERIALS containing no active molecules

OUR DEFINITION:

« Configurational Chemomimesis or Biochemomimesis —
Chemical Group(s) Matching Functionality and Configurational
Arrangement of Protein

« Artificial Biological Functions Built into Materials
LessAntigenic
More Robust (Temp, Mechanical, Processing, etc.)

Figure 1. Biomimetic Approach to Material Design
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The most important problems to be solved in the
design of synthetic recognition-based networks
are;

(i) to obtain reproducible interactions between
ligand molecule and network, and an ability
to differentiate between the ligand and
similar compounds;

(ii)to create a network compatible with
agueous solutions;

(iii) to reduce diffusional limitations of ligand
into the bulk network; and

(iv)to establish a platform by which
recognition-based polymers can be used as
biomimetic systems.

While many advances have been made in the
discovery and delivery of drugs to cure chronic
diseases, improving the quality of life of patients
to alevel where the control of their disease leads
to completely natural metabolismistill far from
reach. However, the combination of intelligent
material design with advances in nano-
technology can provide a means to reach this
goal. Since many drugs act as protagonists or
antagonists to different chemicals in the body,
such as insulin and glucose, a delivery system
that can respond to the concentrations of certain
molecules in the body will be invauable. For
this purpose, we are one of a handful of groups
to design the newest generation of sensitive
materials based on molecular recognition.

Hydrogels, insoluble polymeric networks
compatible with agueous solutions, have been
instrumental in the design of many biocompatible
medical  devices [1-3]. In particular,
environmentally-sensitive hydrogels, which are
molecularly designed to respond to changes in
their chemica environment such as pH [4,5],
temperature [6-10], and ionic strength, provide
efficient ways to protect and deliver drugs. The
network structure and the thermodynamic nature
of the components of these networks play a key
role in their molecular mesh size changes [2], in
their diffusional behavior [1,2] and in their
associated molecular stability of the incorporated
biomolecules. [11,12] Networks of this type have
been used in dental systems, polymeric catheters,
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and oral drug delivery devices for proteins and
peptidesin our laboratory.

2. Molecular recognition in polymeric
systems

Natural processes such as enzymatic reactions,
ligand-receptor interactions, antigen-antibody
complexation, and the molecular mechanisms
during the replication of genetic information
through DNA/RNA enzyme, DNA/protein, and
DNA/DNA interactions occur via molecular
recognition. Through these recognition
processes, molecules of interest are recognized
from many structurally and/or functionaly
similar compounds and bound to an exact site on
areceptor molecule. This receptor molecule can
be an enzyme, which binds and chemically alters
certain substrates in its active site composed of
several amino acid residues specifically evolved
for that purpose, or it can be a piece of DNA that
can hind a complementary strand among many
similar segments. Molecular recognition, in the
context of this paper, can be defined as the
ability of a polymer network to non-covalently
complex with a designated target molecule
amidst arange of other molecules.

Researchers have tried to influence recognition
behavior with synthetic molecules and
macromolecules. In the past few decades,
biomaterials have evolved from non-medical, off-
the-shelf materials to materials specifically
designed for medical applications. To control the
immunologica response, efforts quickly focused
on novel chemistry, macromolecular structure, and
material design for the production of inert
biomaterials. The earliest catheters and
pacemakers were of this type. However, it is
becoming more apparent that orchestrating
interactions on amolecular level can lead to more
natural  biomaterials and  biomolecular
components. Cellular scaffolds, such as pieces of
artificial arteriesthat can grow confluent epithelial
tissue on them, or materials that can aid in long-
term culture of hepatocytes or in the formation of
new liver tissue, are results of this new strategy.

The next generation of biomaterialswill not only
act as steath materials by manipulating
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interactions on the molecular level, but will build
on effortsin intelligent biomaterials and respond
to changes in biomolecule concentration in the
surrounding environment.

2.1 Methods to Achieve Molecular Recognition

in Polymeric Systems
Creating synthetic polymers that can recognize
and bind specific compounds involves
polymerization in the presence of those specific
compounds. Current research focuses on
achieving equivalent specificity of interaction
compared to protein-ligand systems by using
synthetic monomers and macromers to create
sequences of recognition.

Template polymerization began with the
polymerization of one monomer using a
previously prepared polymer as a pattern. [13]
The monomer and macromer were usualy
oppositely charged for the purpose of non-
covalent binding to each other via ionic
interactions. For example, invesigators [14-16]
have studied the kinetics of template
polymerization by considering the template
polymerization of methacrylic acid in the
presence of poly(N-vinyl-2-pyrollidone) (PVP),
or polyethylene glycol (PEG) with different end
groups. In this case, it was found that the
templates that have strong interactions with the
macromer (PVP) caused afour order decreasein
the termination constant leading to an increasein
overall reaction rates. The decrease in the
termination constant was explained by the
reduced probability of radicals finding and
reacting with each other due to the mohility-
reducing effect of template. A two orders of
magnitude decrease in the propagation constant
was thought to have occurred because of severa
different phenomena possibly occurring. The
template caused a disadvantageous spatial
arrangement either by folding into a certain
conformation upon itself or by stericaly
disabling the macroradicals' reaction. Also, the
reduced mobility of the macroradicals made it
more difficult in adding monomers.

Rate enhancement due to template is awell-known
effect caused by templatesthat have high degrees of
polymerization (eg., PEG and PVP). This



phenomenon has been caled the “chain effect” and
has been linked to a large decrease in the
termination congtant for many macrotemplates. [17]

Through observations of different types of
monomers pairs, it was found that as the strength
of attraction between monomers increased, the
rate of propagation was enhanced. [14-17] This
phenomenon was thought to be due to the rapid
alignment of the free monomers along the
polymer template, and thus, an increase in the
rate of propagation. When the interactions were
weak, free monomers tended to form oligomers
by themselvesin solution, then bind as agroup to
the template polymer. This decreased the effect
of alignment on the polymerization rate. [13]

2.2. Configurational Biomimetic Imprinting
(CBIP)

The process of CBIP and the associated processes
of molecular imprinting and nanopatterning call
for the mixing of various functiona monomers
and the desired template molecule (i.e., the
molecule to be recognized) (Figure 2).
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Figure 2: Configurational Biomimetic Imprinting (CBIP)

A: Mimic recognitive proteins and enzymes by analyzing the
amino acids involved in binding a particular molecule and
duplicating complexation interactions. B: Solution mixture of
biomolecule (template), functional monomer(s) (triangles and
circles), crosslinking monomer, solvent, and initiator (1). C: The
pre-polymerization complex is formed via covalent or non-
covalent chemistry. D: The formation of the network (imprinting
process). E: Wash step where original template is removed.
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In the case of adesired catalytic reaction, it might
be the substrate or a closely related molecule. The
mixing of monomers and the template may or may
not involve a solvent to dissolve the monomers
and the template depending on the required
polymer porosity and diffusional considerations.

Mixing alows the formation of interactions
between the monomers and the template by
covalent bonding [18], non-covalent bonding
[19,20] or metal coordination [21]. With the
addition of an initiator, polymerization takes
place either by photo or UV polymerization. The
last step involves the extraction of the template
by a suitable extraction solution or solvent. Asa
result, sites are created that are complementary
to the template in shape and function.

The advantage of this procedure is that
interactions are self-stabilized during the process,
which produces vacuoles of desired selectivity
and affinity. The limitations of this method
involve optimizing capacity with strong
complexation and mutual solubility of all
components with reduced heterogeneity of
binding. Moreover, the binding of the template to
the monomers is kinetically controlled. In
addition to the diffusional problems that might
arise from the size and shape of the molecule or
the preparation technique, this phenomenon might
have a significant effect on selectivity. Therefore,
the major problems associated with CBIP
processes have been the heterogeneity of binding
sites created with non-covalent bonding, the
presence of water as a hydrogen-bonding solvent,
and polymer morphology limitations to diffusion
[22-25]. We address these questions in our work
by choice of monomers, the polymerization
medium, and polymerization conditions.

The network structure depends upon the type of
monomer chemistry (anionic, cationic, neutral,
amphiphilic), the association interactions
between monomers and pendent groups, the
solvent, and the relative amounts of comonomers
in the feed from which the structure is formed.
For non-covalent complexation, this trandates to
the strength of hydrogen bonding, hydrophobic
interactions, m-mt orbital interactions, ionic
interactions, and van der Waals forces employed
during template-monomer complex formation.
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The clear advantage of the non-covalent
technique is the ease of preparation of the
polymers. The monomers and template are
simply mixed together and allowed to interact
based on “self-assembly”. In contrast to the
covalent approach, the generality of the
interactions allows application to many
templates with many different kinds of
monomers and environments.

2.3. Imprinting with Biological Templates,

Bioconjugation, and Surface Imprinting
Research on macromolecular networks with
recognition capabilities by complexation has
included polymer-biomolecule immobilization
(protein, enzyme, lectin bio-conjugation
techniques) [26-34] and molecular imprinting
methods (surface or bulk template-directed
polymerization).  [35-38] Hoffman and
collaborators have demonstrated site-specific
conjugation, in which a tethered chain or chains
can modulate entrance to a given protein active
site. [27-29] Also, synthetic intelligent-imprinted
gels have been prepared that memorize their
binding conformation and can be switched on
and off by externa stimuli which modify their
swelling behavior. [39-43] By complexation of
template molecules with fixed distance between
functional groups and monomers, Shi et a. [44]
were able to create surfaces with considerable
selectivity towards fibrinogen, albumin and
lysozyme. Another type of surface imprinting
was developed by Uezu and coworkers [45],
which used the surface of an oil-in-water
emulsion to fix the template-monomer complex.

Both covalent and non-covalent approaches have
been used to imprint various carbohydrates
(galactose  derivatives  [46-48], glucose
derivatives [46], fucose derivatives [46],
fructose derivatives [48], and mannose
derivatives [49]). The covalent approach
involved the formation of reversible boronate
esters between pairs of hydroxy groups on the
sugar molecule and 4-vinylphenylboronic acid
[50], which has been shown to work for
glycosides [50] and free sugars. [48,49]
However, favorable recognition depended upon
two pairs of cis diols on the sugar ring, which
could limit use for biological saccharides.
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Although very selective sites were obtained
using this technique, polymerization was not
performed in agueous solution and required
establishing covalent bonds upon rebinding.
Therefore, in vivo use would be not be possible.

3. Drug Delivery Technologies

There is a large potential for recognitive
structures to influence mechanisms of intelligent
drug delivery and our work is progressing on
two main fronts. Our laboratory is focused on
creating the next generation of biomolecule-
sensitive intelligent drug delivery systems using
recognitive structures in design [51]. Also, these
structures are being combined with sensor
nanotechnologies to create novel, robust
diagnostic devices [52]. Coupling these
diagnostic devices with controlled reservoirs can
lead to a wide range of therapeutic devices.
However, a future goa is to use in vivo
macromolecular networks that respond to a
specific biomolecule with amodul ated rel ease of
drug or peptide-based drug. Of equal
importance, is that recognitive theory and
associated technology will aid in the
optimization of existing drug delivery associated
with controlled release mechanisms of delivery.

The most important problems to be solved in the
design of the next generation biomolecule-
sengitive networks are:

(i) to overcome kinetic binding limitations
between ligand molecule and network
functionality resulting in quick actuation;

(ii) to overcome the diffusional limitations of
ligand into the bulk network; and

(iii) to prevent unwanted diffusion of drug
from the macromolecular reservair.

3.1. Sensors and Disease Management

Thereis awide-range of medical conditions that
require the sensing/control of a particular
molecule. For example, the insulin-dependent
diabetes mellitus market has a wide array of
sensors available that do avariety of thingsin the
management of the disease (e.g., small sample
sizes, multiple day averages, event markers,



diabetes management software, data ports/access
to transfer readings). However, there are many
diseases that require a clinic visit or a blood
sample to properly monitor the disease or
adequately manage medication levels. The
technology either does not exist for these sensors
or cannot be technicaly or economically scaled
down for point-of-care use. With nanotechnology
and novel material design, the future of
medical management will involve small, point-
of-care, and possibly disposable sensors that
monitor virtually any biological molecule of
interest. This will trandate into an informed
patient with better overall hands on control for
disease management. Also, it may alert and aid
patients in determining when a low-risk
environment exists. Conversely, it may alert
patients to a high-risk situation and offer certain
measures to control the situation. As such, an
increased quality of life and term of life of a
person with a chronic disease can be achieved.
With the increase in wireless technology, data
can be processed and transmitted to a variety of
systems, as well as a family or specialist
physician. Recognitive structures have the
capability to mimic nature, but provide a
robustness and low cost to provide materials for
this platform. Thus, first generation, robust
sensor technologies for certain diseases are
being developed now.

3.2. Optimizing Loading of Controlled Release

Systems
Hydrogels have been well documented in the
areas of controlled release [1-3]. The hydrophilic
and hydrophobic balance of a gel carrier can be
atered to provide tunable contributions with
different solvent diffusion characteristics, which
in turn influence the diffusive release of drug
contained within the gel matrix. The technology
developed in the early seventies 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). Current
systems incorporate the drug or peptide in two
main ways. The drug is introduced into the
polymer network via imbibition, which is
equilibrium partitioning after the network is
formed, or the drug is included during the
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polymerization of the network. With drugs
sensitive to ultraviolet light or exothermic
activity, the choice has been equilibrium
partitioning. For other molecules, recognitive
structures can add a chemical framework to
greatly enhance the equilibrium partitioning of
drug within the macromolecular confinement.
The result may not be a binding cavity, but an
association of functionality to enhance the
partitioning within the network (Figure 3). With
peptide-based drugs, even though inclusion
during polymerization might denature the
peptide, effective sites can be made during
polymerization, which can enhance the partition
factor. Thus, for protein systems there would be
areloading of peptide by imbibition. Therefore,
proper understanding and optimization of this
effect along with a detailed analysis of
polymerization kinetics, can lead to a substantial
increasein theloading of hydrogelsin controlled
release systems.
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Figure 3: Optimization of Drug Loading Within Hydrogels.
A. Recognitive network with pendant residues, X, which have
affinity for drug chemistry, designated by the letter A.

B. Typical hydrogel network without enhanced partition
factor. In both cases the diffusion of water into the network
and/or the relaxation of the polymer network influences the
diffusive release of drug from the matrix.

Also, proper design can lead to the inclusion of
certain wanted molecules into the gel and the
exclusion of other molecules that impose side
effects (e.g., racemic drugs that have intended
and non-intended chira twins). Loading and
separation of intended drug would occur
simultaneously and release could be tailored by
the properties of the hydrogel. Depending on the
nature of the macromolecular network in terms
of flexibility and chemistry and the constraints
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of the separation, the time of release for
molecules from less flexible gels can be on the
order of 5to 6 hours[53]. However, due to novel
designs on conventional techniques, this can
lead to longer, sustained release profiles.

4. Biomimetic Recognitive Gelsfor Glucose

Our goa, in general, is to produce stereo-
specific, three-dimensional binding cavities for
biomolecules that function in aqueous
environments. By tailoring the polymer network
architecture and composition, effective
recognition sites can be created in polymer gels.
Our approach has been to mimic recognitive
proteins and enzymes by analyzing the amino
acids involved in binding a particular molecule
and to duplicate the complexation interactions
involved. The polymerization solvent is chosen
to not interfere with the pre-polymerization
complex formation, but to provide mutual
solubility of al components. If proper
complexation occurs in the pre-polymerization
stage and can be configured into the network, the
network formation will proceed with effective
recognitive domains that function in agueous
environments. For example, many binding
proteins contain  non-covalent  binding
mechanisms  (e.g., hydrogen  bonding,
hydrophobic interactions) that bind specific
molecules quite well in water, which is a polar,
protic solvent. [54] Our scientific rationae is
based on the hypothesis that effectively designed
recognitive networks will have superior binding
properties and directed recognition in aqueous
environments by properly tuning the non-
covalent pre-polymerization complexation
interactions between the gel functionality and
template biomolecule (increasing or decreasing
macromolecular chain hydrophobicity, [55]
including strong hydrogen bond donors and
acceptors, [56] or including strong ionic directed
recognition sites [57]).

4.1 Materials and Methods

Methacrylic acid (MAA), acrylic acid (AA),
acrylamide (Aam), dimethylsulfoxide (DMSO),
and D-glucose were purchased from Aldrich
(Milwaukee, WI). Poly(ethylene glycol) 200
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dimethacrylate (PEG200DMA) was obtained
from Polysciences, Inc. (Warrington, PA).
Irgacure® 184, 1-hydroxycyclohexyl phenyl
ketone, was purchased from Ciba Speciaty
Chemicals (Tarrytown, NY). Fluorescent D-
glucose analogue, 2-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)-2-deoxy-glucose (2-NBDG),
was purchased from Molecular Probes, Inc.

Generally, copolymer films of differing
composition of template, crosslinking monomer,
and functional monomer(s) were synthesized in
an appropriate amount of solvent via UV free-
radical polymerization in a nitrogen atmosphere.
Specific examples of D-glucose recognitive
polymers will be presented, mainly two
copolymers consisting of Aam-PEG200 DMA,
and AA-PEG200DMA. Monomers were
selected to match corresponding glucose binding
protein residues of aspartate, glutamate, and

asparagine (Figure 4).
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Figure 4: Gluco-recognitive Material Design. Monomers
(right, methacrylic acid, acrylic acid, and acrylamide) were

selected to match corresponding glucose binding protein
residues of aspartate, glutamate, and asparagine.

In atypica experiment involving Aam or AA as
functional monomer, D-glucose, Aam and/or AA,
and 2.0 mL of DM SO were mixed together. Then
PEG200DMA and 1.5 wt% Irgacure® 184 were
added to the mixture. Feed monomer compositions
of this type varied from 20 to 80mole% Aam per
mole monomers (or 50 to 85mole% AA) as well
as from 4 to 15mole% D-glucose. Control
polymers were made with exactly the same
composition except D-glucose was not added.

After preparation, the solution was placed in a
nitrogen atmosphere and nitrogen was bubbled



for 30 minutes. Polymerizations occurred between
glass microscope dides (75x50x1 mm, Fisher
Scientific, Pittsburgh, PA) using 0.5 mm, 0.7 mm,
or 0.035 mm Teflon® spacers in a nitrogen
atmosphereat aUV intensity of 10.0-15.0 mW/cm?
for 15 minutes (UltraCure 100, EFOS Inc., Ontario,
Canada). Polymers were placed in deionized
water for 24 hours, then carefully separated from
the dlides, and were cut into various diameter
discs using a cork borer. Discs were then placed
in 50 mL conical tubes and placed on arotating
mixer (25 RPM, 70 degree angle, Glas-Col,
Terre Haute, IN) and resuspended within
multiple 24 hour wash steps (2 washes in acetic
acid/deionized water (1:5 ratio); 8 washes in
deionized water) to remove template and excess
monomer. The resulting discs were then dried in
air at ambient conditions and placed in avacuum
oven (T=26'C, 28 mm Hg vacuum) until a
constant weight was obtained (less than 0.1 wt%
difference). The discs were then stored in a
dessicator until testing.

4.2 Recognition, Selectivity, and Dynamic

Swelling Studies
Inatypical binding study, aknown amount of the
template solution (e.g., D-glucose and D-
galactose in competitive binding studies) was
added to an aqueous solution containing aknown
amount of polymer discs within a50 mL conical
tube. Samples were placed on a rotating mixer
(70 degree angle; 25 RPM) and supernatant was
sampled at equilibrium. Blank solutions (i.e., no
discs or particles) also were placed in the
procedure to check for microbia degradation.
The time for equilibrium to occur in each system
was predetermined by separate kinetic binding
studies, where supernatant samples were taken at
different time points. Equilibrium and kinetic-
binding results were quantitatively calculated by
HPL C measurements of the resulting supernatant
(Phenomenex RPM monosaccharide column
(300 x 7.8 mm), DI water mobile phase,
0.6ml/min flow rate, temperature 80°C,
Shimadzu RID-10A refractive index detector).
Competitive binding results were visualized
using a fluorescent glucose anaogue, 2-NBDG
(Figure 5). The anadlogue was added to vials
containing a known amount of polymer
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Figure 5: D-Glucose - Template and Fluorescent Analogue.
Competitive binding results were visualized using a
fluorescent glucose analogue 2-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino) -2-deoxy-glucose (2-NBDG, Molecular
Probes, Inc.). In solution, glucose mutarotates between two
conformations: alpha (as shown, 30-35%) and beta (65-70%)
position of the carbon 1 hydroxyl group at equilibrium. D-
Galactose only differs by the carbon 4 hydroxyl position.

(maximum absorption 466 nm; maximum
emission 542 nm). A Nikon Labophot fluorescent
microscope with a FITC filter set was used and
images were acquired with an Optronics 470T
CCD camera and captured using MetaMorph
software from Universal Imaging. By analyzing a
large amount of pixels (N=10,000) within these
images, a histogram of intensity values was
obtained (Adobe Photoshop). Confocal analysis
was performed using a Bio-Rad MRC 1024
Confoca Microscope with an MRC 1024 system.
Images, z-sections, etc. were collected using
LaserSharp software and image analysis was
conducted using Confocal Assistant software.
The equilibrium swelling behavior of the
imprinted gels was studied by weighing dry
samples and placing them in a known volume of
solution with and without template. The gels
were weighed by removing the gels at specific
periods of time and blotting with filter paper to
remove excess surface solvent. The equilibrium
weight ratio can be calculated as the ratio of the
equilibrium weight of the swollen sample to the
weight of the dry sample.

4.3 Results And Discussion

For AA and Aam functional networks, a bound
ratio (amount D-glucose bound recognitive
network/control network) greater than one
indicates that glucose was memorized within the
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gel compared to a randomly polymerized
network (bound ratios in water were 3.4 and 5.0
for Aam-PEG200DMA and AA-PEG200DMA
networks, respectively). It is important to note
that the control polymer will bind some amount
of template (i.e., will contain some randomly
introduced, properly positioned functional
groups). For AA and Aam networks, the choice
of DMSO as solvent during polymerization
increased the bound ratio compared to aqueous
solvents during polymerization (DMSO is
aprotic and does not have the ahility to be a
hydrogen bond donor and interfere with complex
formation).

Figure 6 provides an aqueous equilibrium
binding analysis of glucose-imprinted Aam-
PEG200DMA copolymers prepared in DMSO.
The recognitive to non-imprinted (control) bound
ratio is 3.4, demonstrating the memorization of
glucose within the network. Also, the equilibrium
binding data was well represented by a linear
isotherm at low concentration ranges (i.e.,
<1 mg/ml D-glucose).

Typicaly, the difference between recognitive
and non-imprinted polymer binding values
increased as the cross-linking ratio (mole
crosslinking monomer/mole total monomers)
increased.

For improved analysis of fluorescent intensities,
thin polymer discs (diameter, 5.5 mm; thickness,
35um) were prepared. By analyzing fluorescent
intensity values from polymer discs of equal
thickness, a histogram of intensity values was
obtained, which provided quantitative analysis
of binding (Table I). This data contains
fluorescent profiles from competitive binding
analysis of Aam-PEG200DMA copolymers with
varying amounts of D-glucose added to a given
amount of fluorescent analogue (FITC filter
cube, 1/8 integration time, 4x objective). These
results were analyzed carefully by matching as
many parameters as possible during analysis
(excitation time, objective and field of view,
camera integration time, etc.). The results
demonstrate the effectiveness of fluorescent
tracing in relation to a competitive analogue
molecule. As glucose concentration is increased
and fluorescent analogue is held at constant
concentration, the fluorescent intensity of the gel
decreases. Thus, glucose competed and filled
binding sites once occupied by the fluorescent
analogue.

The highest glucose ratio (3,000xF,) drops the
fluorescent intensity to level consistent with
control polymer. A gel consisting of
PEG200DMA only (i.e., no functionality in feed)
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bound/ mL gel

o
T
E§ 0259 _-®
@ > -~
g g 02 y
o
8 o015
3 =0.55
Q ‘E’ 0.1 gomma:ﬁlngellng
a :
0.05 - !
0 . : : . i
0.000 0.200 0.400 0.600 0.800 1.000

D-Glucose Concentration (mg/mL

Figure 6: D-Glucose Binding |sothermin Water. Acrylamide-PEG200DMA Copolymers of 67% Crosslinking Ratio Prepared in DMSO
(T=24°C). Fluorescent D-Glucose Analogue Binding in Water. Acrylic Acid—-PEG200DMA Copolymers with 67% Crosslinking Ratio
Prepared in DMSO. A: Recognitive Polymer (1=208.84+/-6.48 (10,000 pixels)). B: Control Polymer (1=36.28+/-1.26 (10,000 pixels)).
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Table |. Competitive D-Glucose Substrate Binding in Water: Acrylamide-PEG200DMA Copolymers with 67% Crosslinking Ratio (prepared in

DMSO0).

Competitive Substrate

Recognitive Intensity Control Intensity

Fluorescent Analogue Only (Concentration = F)

F. Analogue and Glucose (100 x Fg)

F. Analogue and Glucose (3,000 x F)
F. Analogue and Galactose (100 x Fy)
F. Analogue and Galactose (3,000 x F)

Fluorescent Analogue Only (PEG only network)

223 +/-11.81 50.97 +/- 0.77
99.44 +/- 4.36 80.77 +/- 3.95
49.81 +/- 1.09 48.85 +/- 0.88

220 +/- 10.10 na

209.06 +/- 10.46 na
na 56.57 +/- 0.90

shows that there is a low level of interaction
between the PEG network and the fluorescent
analogue. Competitive binding studies between
D-glucose and 2-NBDG yielded conclusive
results that D-glucose is bound to this polymer
system and not the 2-NBDG fluorophore. AA
functionalized networks exhibited similar
behavior (Figure 6 A, B).

The selectivity of the Aam-PEG200DMA
polymers was determined by varying
concentrations of D-galactose added to a
constant concentration of D-glucose fluorescent
analogue (Table I). The results suggest
polymers selective to D-glucose since the
fluorescent intensity remained approximately
unchanged.

Figure 7 shows dynamic swelling data (without
template present) from Aam-PEG200DMA
copolymers. No significant differences occurred
when template was present. The imprinted gels
swelled at a faster rate than the non-imprinted
gels displaying non-Fickian swelling behavior
(i.e., anomalous transport since swelling process
is not dominated by the polymer viscoelastic
relaxation time or water diffusion) and
exhibiting a higher degree of equilibrium
swelling. As both systems adsorbed water, the
discs became increasingly opague, with the non-
imprinted gels displaying a higher degree of
translucence. The water swelling tests correlate
the properties of the network (homogeneity and
porosity) to the imprinting process. Due to the
presence of template, the imprinting process
resulted in @ more porous structure as exhibited
by these studies and confocal microscopy/FE-
SEM (Figure 7 A, B, C, D).

The formation of athree-dimensional network is
akinetically controlled process that depends on
the functionality, reactivity, and concentration of
the monomeric components. Traditionally,
crosslinking monomers with similar reactivities
to the chain building monomer are selected to
produce a homogeneous network with spatially
even crosslinking density. Differences in the
reactivity of the monomers can lead to structural
heterogeneity. With imprinting, the template
functional monomer complex influences the
polymerization conditions and the resulting
polymer network. The influence of the complex
formation on the resulting network has not been
explored and is currently being studied by our
group. Polymerization kinetic studies suggest
that the template molecule has more than a
dilution effect on the polymerization, and the
effect of the template is related strongly to the
rate of propagation.

5. Conclusions

The studies presented in this paper aid in further
understanding and optimizing template-
mediated polymerization processes for the
production of novel recognitive networks for
biologicaly significant molecules. Based on a
biomimetic approach, we have synthesized
novel imprinted gel structures for glucose.
Equally important in this endeavor is the
potential to produce recognitive networks for a
wide range of biomolecules providing hydrogen
bonding, hydrophobic, or ionic contributions
direct recognition. Thus, these techniques and
the resulting polymers can be tailored to
recognize a broad range of molecules in
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Figure 7: Dynamic Network Swelling Study in Water and Polymer Morphology via Confocal Microscopy Transmission /FE-SEM.
Acrylamide-PEG200DMA Copolymers with 67% Crosslinking Ratio Prepared in DMSO. A. Recognitive Network. B. Control Network.
C. Recognitive FE-SEM D. Control FE-SEM

aqueous environment. Currently, using similar
techniques, our group is producing and
optimizing recognitive networks for a variety of
drugs and biological molecules, including
proteins.

Developments of particular interest are expected
to be wide and far reaching and cover a broad
range of materials, such as intelligent
biomolecule-modulated drug and protein
delivery, nano-scale patterning (Figure 8) and
recognition of biologica molecules for

Figure 8: Recognitive Network Patterned on Silicon.

diagnostic and therapeutic devices, site or Acrylamide-PEG200DMA Copolymers with 67% Crosslinking
ligand-specific interaction with cells and tissues Ratio Prepared in DMSO.

for targeting applications and tissue engineering,

and biosensors.
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