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Human disease processes are often characterized by a deviation from the normal 

physiological concentration of critical biomarkers.  The detection of disease biomarkers 

requires the development of novel sensing methods which are sensitive, specific, efficient 

and low-cost.  To address this need, a novel conductive and recognitive hydrogel 

composite material has been developed.  This work investigated the fabrication methods, 

the chemical and physical composition, the sensing capabilities, and the biocompatibility 

of the proposed conductive and recognitive hydrogel composite materials.  The 

conductive polymer was found to respond by changing conductivity in the presence of 

biomolecules.  Specificity can then be incorporated into the system by integrating the 

conductive polymer with a molecularly imprinted hydrogel.  The demonstration of a 

conductive and recognitive hydrogel composite is a step towards the integration of these 

materials into close-loop sensing and drug delivery systems. 
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Chapter 1:  Introduction 

 

As medical care evolves, an idealized goal is treat disease with a closed-loop 

device which can detect a deviation from homeostasis and respond appropriately, such as 

by releasing a therapeutic drug (Figure 1.1).  This goal has inspired the field of 

implantable biosensors.  Biosensors are devices designed to bind to a biomolecule 

relevant to a particular disease, and then transduce the presence of the biomolecule into a 

reaction, often the release of a therapeutic agent.  Key criteria for the acceptance of an 

implantable biosensor include biocompatibility, low cost, fast response, sufficient 

sensitivity to provide early detection, and continuous monitoring capabilities [1].  The 

biosensor therefore must be fabricated of inexpensive materials.  Materials cost often 

reflects the complexity of synthesis, the scarcity of the material, or the environmental 

stability of the material.  Additionally, the implantable biosensor must eliminate sample 

preparation, the necessity of trained laboratory personnel to process the samples, and the 

need for expensive instrumentation to transduce the signal from the biosensor.   

The overall field of biomolecular sensors has had few notable successes.  The 

challenges to producing a successful biosensor are primarily driven by their costs and 

reliability [2].  The design of a biosensor often builds upon systems available in nature.  

For example, blood glucose levels are often measured with an electrochemical biosensor 

requiring the enzymatic reaction provided by the enzyme glucose oxidase.  The glucose 

oxidase will oxidize D-glucose and the change in concentration of either O2, H2O2, or D-

gluconic acid resulting in a pH change, can all be detected by electrochemical methods 

[3].  However, biomolecules of interest may not be involved in a known enzymatic redox 

reaction or be otherwise electrochemically active.  The biological elements themselves 
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can be very costly to produce in sufficient quantities for large-scale biosensor production.  

Biosensors may also be unstable, due to the incorporation of a biological element, leading 

to low quality results.  Additionally, multiplexed throughput biosensors, such as protein 

or DNA microarrays, require significant sample processing by trained personnel, adding 

to the cost of the test.  Finally, the detection equipment may be expensive to implement, 

such as fluorescent microscopy commonly used with optical transduction methods.  All 

of these issues prevent most biosensor platforms from being commonly used to detect 

disease in patients.   

In contrast to the small number of successful biosensors, the need for cost-

effective biosensing mechanisms continues to expand.  Proteomics research is revealing 

representative proteins and peptides that serve as indications of treatable disease.  Current 

protein detection technologies typically rely upon the development of a bioassay, often 

using an immunoassay system such as enzyme linked immunosorbant assay, (ELISA).  

Immunoassays require the existence of an antibody-antigen reaction, and must be 

performed by trained staff in a laboratory and assessed by a physician, which adds time, 

complexity, and expense to the test.  In addition, not all proteins can be detected using an 

antibody-antigen bioassay.  A reliable, sensitive and convenient biomarker test which can 

be performed quickly in a clinical setting would greatly reduce the costs of detection and 

allow the earlier detection of disease.   

As biomedical research advances, we are continuing to discover more details of 

the intricate homeostasis conditions required to maintain human bodily functions.  

Concentrations of functional biomolecules within the body need to be maintained within 

certain specifications, and alterations from these specifications may cause disease states.  

For example, regulation of blood glucose is primarily achieved by the production of 

insulin by the pancreas.  If the cells of the pancreas are damaged and unable to secrete 
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insulin, the patient develops type I diabetes, a chronic condition which requires regular 

monitoring and self-dosing of insulin.  A long-sought goal for the treatment of chronic 

disturbances to bodily homeostasis would be a closed-loop, implantable sensing and drug 

delivery device.  Major barriers to achieving this goal include the body’s foreign body 

response to non-native materials which have been implanted [4]; the difficulties in 

achieving long-term stability of an implanted sensor; and producing an appropriate drug-

delivery profile response based on the deviation from homeostasis .   

The recognition of biomolecules is inherent and critical to the operation of most 

biological systems.  For example, antibodies bind to antigens as part of the immune 

system to recognize potentially harmful invaders.  Because of this relationship, most 

biomolecular sensors rely upon a biological component as the recognition element, which 

can introduce cost and stability issues.   

As an alternative, a recognitive hydrogel which has been designed to mimic 

natural processes can be used as the recognition element.  Biocompatible hydrogels have 

been researched to address the challenges facing the development of a self-regulating 

drug delivery device [5].  These materials can be tailored to mitigate the inflammatory 

response and subsequent encapsulation of the device, and responsive hydrogels may be 

used as stable sensing components.  Efforts to design simple nanotechnologies which 

achieve complex drug delivery profiles have advanced [6], but a perhaps more realistic, 

intermediate goal, is to integrate knowledge of polymeric material biocompatibility with 

the control system by using biocompatible conductive polymers for transduction and 

activation within the device to create a closed-loop delivery system. Biomimetic 

polymeric materials integrated with conductive polymers (CPs) are proposed to address 

this need.  The combination of biocompatible hydrogels, which have been designed for 

optimal biocompatibility and are capable of achieving desirable drug delivery profiles, 
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with conductive polymers, which can maintain functional conductivity in ionic solutions, 

and which can be decorated with molecules for improved biocompatibility, would open 

the doors to addressing many of the challenges facing closed-loop drug delivery systems.   

The sensing mechanism of the system presented here is unique in that charged 

moieties of a target protein are expected to cause a change in the degree of doping of the 

conductive polymer, as shown in Figure 1.2.  The functional groups of the amino acids of 

the template protein can form non-covalent interactions with the polymer acid, which acts 

as a dopant for the conductive polymer.  The polymer acid would then be unavailable to 

form the same interactions with the conductive polymer, leading to a loss of the dopant 

charges of the conductive polymer and a decrease in conductivity.  Alternatively, the 

polymer acid and conductive polymer complex may be stabilized by the addition of the 

charged functional groups of the target protein.  These interactions are enabled by the 

close interaction between the imprinted polymer and the conductive polymer.  The 

material can be synthesized so that the doping of the conductive polymer is provided by 

the imprinted polymer itself.  Thus, in the presence of an imprinted molecule, it is 

expected that the charge delocalization of the conductive polymer chain, or the 

association between the dopant polymer and the conductive polymer chain, will be 

disrupted.  The interaction between the MIP, the biomolecule, and the conductive 

polymer could occur by either dedoping of the conductive polymer, by the biomolecule 

interfering with the dopant charge of the conductive polymer, or by the biomolecule 

acting to stabilize the polymer acid and conductive polymer complex.  The impact of this 

disruption will be detected by measuring the conductivity change.  The proposed 

mechanism may not be a reversible mechanism, or may not be reversible on a reasonable 

time-scale.   
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The anticipated interactions between the template molecule, the polymer acid, and 

the PANI are similar to those reported for fluorescent conjugated polyelectrolytes.  It has 

been shown that the presence of an ionic molecule can greatly quench the fluorescence of 

these polymers in solution [7, 8].  The amplification of the fluorescence quenching is due 

to the exciton delocalization along the polymer chain.  A similar effect is desired in the 

polymer acid doped PANI system under development.  Since the polymer acid doped 

PANI materials are not fluorescent, we expect the interaction to be due to the 

delocalization of the charges along the chain.  These concepts will be combined with a 

solid substrate device and the electrostatic interactions of the MIP to fabricate a novel 

sensing platform.  As an initial step towards the broader goal of a closed-loop sensing and 

delivery device, this research focuses on materials applicable towards disposable 

commercial applications.  Array-based micropatterning of imprinted and non-imprinted 

hydrogels on the same substrate have been demonstrated [9], enabling the fabrication of 

the sensor. 

Background relevant to this topic is presented in Chapter 2, and the objectives of 

this research are detailed in Chapter 3.  Chapter 4 explores the template synthesis process, 

and provides a novel fabrication method to generate polyaniline complexed with poly(2-

acrylamino-2-methylpropane sulfonic acid) (PANI-PAAMPSA) nanoscale films in a 

microfabricated format.  In Chapter 5, the sensing properties of the PANI-PAAMPSA 

material is characterized, and compared to that of PANI doped with a small molecule 

acid, hydrochloric acid.  The development and characterization of an alginate hydrogel 

specific for BSA is described in Chapter 6, and the incorporation of PANI-PAAMPSA 

into recognitive hydrogels is characterized in Chapter 7.  Chapter 8 presents the 

biocompatibility of PANI-PAAMPSA using 3T3 fibroblasts.  The generation of a novel 
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polymer acid template synthesized material with sensitivity for glucose is described in 

Chapter 9.  Finally, Chapter 10 presents the conclusions of the research.   
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1.1 FIGURES 
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Figure 1.1:  Closed-loop Implantable Drug Delivery System  

Diagram of a closed-loop implantable drug delivery system with an integrated biosensor 
and drug release device.   
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Figure 1.2:  Conductive and Recognitive Hydrogel Biomolecular Sensor 

Integrated biosensor comprised of a recognitive hydrogel and a responsive conductive 
polymer (PANI), showing the proposed interaction between a target biomolecule and the 
polymeric system. 

Hydrogel
PANI Biomolecule

Noncovalent Interaction 
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Chapter 2:  Background and Significance 

 

2.1 BIOMOLECULAR SENSORS  AND RECOGNITIVE DEVICES 

 

Biomolecular detection is a rapidly growing field with expanding applications.  At 

the simplest end of the scale, pH and ionic changes can be considered biologically 

relevant measurements.  Physiological processes may be influenced by alterations in the 

natural body pH, which can be detected by a straightforward electrochemical sensor 

which uses glass that is sensitive to hydrogen ions.   The most complex sensors measure 

macromolecules, such as proteins or DNA.  These sensors can aid in the detection of 

disease, in genetic screening, and they can be a critical component of basic scientific 

research.  Immunosensors or protein and DNA microarrays are typical examples of 

macromolecular sensors.  Generally, three elements are required for a complete sensor – 

a recognition element, a transducer, and a means of detection [1].  The recognition 

element is often a biomolecule which will interact with the analyte of interest.  The 

transduction and detection systems are often based on electrochemical reactions, optical 

activity, or mechanical changes.    

Biosensors are required to have a fast response time, environmental stability and 

high sensitivity and specificity.  The exact specifications for these criteria are dependent 

on the diagnosis application.  For example, a biosensor to be used for continuous glucose 

monitoring to direct the treatment of diabetic patients would require a response time on 

the order of minutes.  The required sensitivity and specificity can be determined by 

tracking physiological and pathophysiological trends in glucose levels.  Additionally, 

since glucose sensors require interfacing with the patient’s fluids, either interstitial or 
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venous blood, on an almost continual basis, the sensors must have environmental stability 

allowing their continuous usage for days.  Current biosensors are beginning to achieve 

these goals [2].  

 

2.2 CONDUCTIVE POLYMER BIOSENSORS   

 

The conductive properties of polyacetylene were first recognized in 1977 by Alan 

MacDiarmid, Hideki Shirakawa, and Alan Heeger [3].  This Nobel Prize-winning 

discovery has launched a research field encompassing “plastic” field-effect transistors for 

electronic paper, organic light emitting diodes, organic solar cells, and conjugated 

polymer sensors.  Conductive polymers are of interest for incorporation into biosensors 

due to their ease of synthesis, processability, and chemical derivation possibilities.   

Conjugated polymers are comprised of a polymer chain with alternating π-bonds.  

The π-bond orbitals of the polymer backbone will overlap, creating electron 

delocalization so that electrons can be transported along the polymer backbone.  In 

theory, this electronic delocalization is what causes charge mobility in the conductive 

polymer material.  The interactions between multiple molecules form metallic conduction 

bands in the material.  This theoretical band-conduction is shown in Figure 2.1.  

Conductive polymers act as a wide-band gap semiconductor in their native state, but can 

gain semiconducting or metallic conductive properties upon doping with small molecules 

[4].  Doping is created by the addition of electron donating or electron accepting 

compounds to the conjugated polymer chain, which produces free charge carriers in the 

material  [5].     

In practice, the long chain, amorphous conductive polymers addressed in this 

work transport charge by hopping.  The presence of mobile charge species deforms the 
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lattice to create polarons.  These localized charges must acquire sufficient thermal energy 

to overcome the transport barrier.  The mobility in this case is strongly electric field and 

temperature dependent, as described by the Mott model of hopping transport.   

PANI is a conductive polymer (CP) with interesting properties which may allow 

its incorporation into a hydrogel-based biosensor [6].  PANI will be conductive when a 

protonic acid is added to dope the emeraldine base oxidation state.  Polyaniline can exist 

in different stable redox states, often characterized by a change in color.  In the most 

conductive form, which is termed emeraldine salt, the nitrogen atoms of the backbone are 

50% oxidized.   Doping provides highly conductive properties in the form of delocalized 

charges along the chain backbone, as shown in Figure 2.2.  PANI will also change color 

and conductivity in the presence of a reductant or oxidant [7].   

CPs are synthesized either through chemical or electrochemical synthesis 

methods.  In chemical synthesis of PANI, the aniline monomer is reacted with an oxidant 

in an acidic solvent.  Typically small molecule acids such as hydrochloric acid (HCl) or 

sulfuric acid (H2SO4) are used in the reaction solution.    For electrochemical synthesis, a 

three-electrode setup with a working electrode for polymer deposition, a counter 

electrode, and a reference electrode are used.  PANI must be doped to achieve the 

electronic conducting state.  By exposing the emeraldine base to a strong acid, the imine 

sites of the PANI backbone become protonated, resulting in the emeraldine salt.   

Development of conducting polymer processing techniques amenable to large-

scale device manufacturing has been a particular focus of recent research [8-10]. 

Electrochemical synthesis results in deposition of the polymer onto the electrode surface, 

and the materials required to fabricate an effective electrode can limit the processing 

possibilities post-synthesis.  PANI which has been chemically synthesized may be spun-

coat, dip-coated, or drop-coated.  However, the conductive emeraldine salt of PANI, 
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when doped with small molecule acids, is insoluble in most solvents.  To circumvent this 

difficulty, typically PANI is processed in the emeraldine base form, which is soluble in 

N-methyl-2-pyrrolidone (NMP).   

Template synthesis of PANI on a polymer acid [11] can produce soluble PANI, 

greatly increasing the ease of processing.  The templating process involves incubation of 

the polymer acid with anilinium monomer, followed by polymerization of the anilinium 

through a redox reaction to form conductive polyaniline, as shown in Figure 2.3.  The 

polymer acid serves both as a dopant and a stabilizer for the PANI.  Due to the solubility 

of the polymer acid, the final material is considerably more dispersible in water than 

small molecule acid doped polyaniline.  Applying this technique using poly(2-

acrylamido-2-methylpropanesulfonic acid) as a template has resulted in a water-soluble 

and highly conductive polymer which can be processed by either spin-coating or drop 

coating [8-10].  Template-synthesized PANI has been studied for its applications in 

flexible or organic microelectronics [12], protective coatings, and sensors.   

A second conductive polymer commonly used in electronics or biomaterials 

applications is polypyrrole (PPy).  Polypyrrole has also been synthesized with a 

polymeric acid co-dopant [13].  However, PANI demonstrates improved thermal stability 

[14], humidity stability, and mechanical strength [15], and conductivity values for PANI 

are generally higher than those for PPy.   

The possibility of directly converting a chemical interaction into an electrical 

signal makes the application of conductive polymers a promising sensor transduction 

method.  The interaction of molecules with the conductive polymer substrate can change 

the dopant charge concentration, and therefore the conductive properties of the material.  

This effect has been demonstrated in both gaseous [16-18] and liquid phases [19, 20].    
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Conductive polymers, which can have high surface areas which generate high 

sensitivity, and which can be chemically modified for high selectivity, may be capable of 

replacing the inorganic gas sensors commonly available in the market [16, 21].  Gases 

can induce conductivity changes in polymers by either physical or chemical mechanisms 

[20].  A hydrogen gas sensor based on chemical reactions has been developed by 

analyzing the conductivity changes in polyaniline nanofibers upon exposure to the gas. 

The hydrogen is proposed to hydrogen bond to the charged amine nitrogen of the PANI. 

This hydrogen bonding may also change the conformation of the PANI to an extended 

coil, leading to increased charge transport [17].  Other gases capable of hydrogen binding 

via the same mechanism, such as alcohols, can also be sensed with PANI [22].  

Alternatively, PANI has been demonstrated to decrease in resistance in the presence of 

NO2 gas, believed to be due to the oxidation of PANI [23].  Another mechanism of 

interaction involves the chemisoption of ammonium ions from ammonia gas, which 

increases the resistance of the material by deprotonation of the PANI nitrogen atoms [18].  

Interestingly, PANI doped with HCl and blended with acrylic acid shows the opposite 

response to ammonia gas.  It is proposed in this case that ammonia molecules may 

associate with a hydrogen from the acrylic acid to form the ammonium ion, leaving the 

carboxylic acid ionized to dope the PANI chain, and increasing the crystallinity of the 

films [24].  For signal transfer, conductive polymer gas sensors often utilize interdigitated 

electrodes or field effect transistors to detect the physical property changes in the material 

upon exposure to the gas of interest [21].   

Conductive polymers are promising materials to incorporate into biomolecular 

sensors for the detection of analytes such as pH, DNA, antigens, lipids and 

polysaccharides.  Biomolecular sensors based on conductive polymers often utilize their 

ionic or pH sensitivity.   Efforts have been made to improve the biocompatibility of PPy 
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[25], and recent advances in manufacturability of CPs, such as the synthesis of nanowires 

[26], will lead to further enhancements in the sensitivity and applicability of CPs to 

biomolecular sensors.   

PANI and PPy have inherent sensitivity to pH through acid-base reactions which 

protonate or deprotonate the polymer backbone [27].  Because of the effect the oxidation 

state of the polymer chain has on the conductivity, the properties of conductive polymers 

will also be sensitive to redox reactions [28].  Biological receptors or enzymes can be 

embedded in the conductive polymer material, without being denaturated, to create 

sensors which combine the specificity of enzymatic reactions with the charge transport 

properties of the conductive polymers.  Immunosensors, which commonly utilize an 

enzyme for detection [29], can be fabricated from CP materials through immobilization 

of antibody and noncovalent binding of antigen.  CP-based sensors have been developed 

for the detection of ssDNA [30, 31].  Additionally, molecularly imprinted conductive 

polymers have been explored as an entirely synthetic biomolecular sensor [32, 33].      

Selection of an appropriate detection method is critical to the sensitivity of the 

biosensor.  Conductometric techniques use the change in conductivity of the material in 

response to charge or redox state changes as a chemoresistor.  Measurements can be 

acquired through 2 or 4 point probe techniques, or through a three electrode circuit.  

Either a DC or AC signal can be used to interrogate the conductive properties of the 

material.  Voltammetric and amperometric detection methods can also be used, but in 

general these methods are less selective [20].  Finally, the CP materials may be used as a 

sensing layer of a field-effect transistor (FET) [34] .   
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2.3 RECOGNITIVE HYDROGELS 

 

Hydrogels are crosslinked polymer networks with an affinity for water, and are 

often used in biomedical applications due to their biomimetic properties.  Hydrogels 

incorporated into biomolecular sensors can have significant advantages over those 

biosensors based on natural biological components.  A hydrogel is much less likely to 

degrade in comparison to biological elements, and is stable over a wider range of 

environmental conditions.  The materials and processing required to synthesize hydrogels 

are often inexpensive.  The inherent customizability of the hydrogels makes them a very 

attractive material to act as a recognition element in a synthetic biosensor.  Hydrogels 

may be fabricated into a variety of device sizes and geometries, making them ideal for 

integration into a sensing device.   Photolithography in combination with a photoinitiated 

reaction can produce devices which are microscaled  [35, 36].  Soft lithography or rubber 

stamping techniques have also been used to generate microscale patterns [37, 38].  

Techniques which can generate nanoscale devices have been demonstrated [39], and 

these techniques would allow for a large-scale array system which could sense multiple 

biomolecules in a complete diagnostic screening device. 

Recognitive hydrogels which swell in response to pH or temperature [40] have 

been utilized in a variety of sensing formats.  Hydrogels which are responsive to pH have 

charged pendant groups which change ionization with pH.  The change in ionization 

leads to a change in affinity for a solvent or a change in the repulsive or attractive forces 

between adjacent polymer chains, leading to a swelling or deswelling effect.  These 

properties are generally used for pH-based sensing devices, but more general chemically 

responsive materials which use the same principles have been proposed [41].  A more 

complex recognitive hydrogel has been synthesized to recognize nucleotides, based on 
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the same principles [42].  In this system, the addition of adenosine monophosphate to a 

hydrogel with an appropriate combination of anionic and cationic monomers will 

neutralize the charges and cause the material to shrink.  To create an analyte-specific 

recognitive hydrogel, enzymes can be incorporated into the hydrogel, which will produce 

compounds upon exposure to the analyte, which in turn affect the local pH and therefore 

the degree of swelling of the hydrogel [43].   

 

2.4 MOLECULARLY IMPRINTED POLYMERS 

 

2.4.1 Biomimetic Molecular Recognition 

 

 The development of synthetic networks for molecular recognition allows for the 

introduction of sophisticated closed-loop drug delivery systems.  Molecular recognition 

networks can be customized to create a particular interaction between the network 

components and a template biomolecule, mimicking natural molecular recognition [44, 

45].   

In nature, similar non-covalent interactions form the basis of molecular 

recognition.  Examples of natural molecular recognition include enzyme-substrate or 

antibody-antigen associations.  These same types of interactions can be incorporated in a 

polymer network to produce a material capable of imitating a natural biological 

recognition event, while holding many practical advantages.  Synthetic molecular 

recognition networks maintain high specificity for the template biomolecule, since the 

recognition is based upon the same non-covalent interactions that drive natural molecular 

recognition, while being easier to customize and integrate into a drug delivery device.   
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Ultimately, we envision synthetic molecular recognition materials as components 

of a completely integrated and implantable drug delivery device which can finely control 

patient dosage without the need for external input.  Steps which represent significant 

progress toward this long-term goal include demonstration of the specific response of the 

material to a template biomolecule of therapeutic interest, and integration of this response 

into an open-loop drug delivery device which could be used in a point of care setting.   

Our laboratory has developed novel approaches to address both of these needs by 

using biomimetic imprinting techniques with a conductive hydrogel composite, with 

potential applications as a responsive drug delivery system. 

Molecular recognition is a significant guiding force within all biological systems.  

Molecular recognition refers to the formation of non-covalent bonds, such as hydrogen 

bonds, hydrophobic forces, or electrostatic interactions, between two or more molecules, 

creating a specific interaction between the molecules.  The interaction is specific, in that a 

ligand with minor differences in chemical structure from another ligand shows no 

interaction or limited interaction with that ligand’s substrate.  In addition to 

complementary chemical patterns, the structural conformation of the interacting 

molecules can also affect the strength of interaction.  In the case of a stable molecular 

cavity, the structure of the cavity often matches that of the ligand.   

In nature, molecular recognition plays a vital role in most major biological 

processes.  For example, enzyme-substrate interactions are often guided by both non-

covalent bonds and structural conformations.  The specificity of an enzyme for its 

substrate is derived from these interactions, so that the molecular substrate fits in the 

enzyme like a lock-and-key.  Other examples of molecular recognition which are critical 

for biological function include antibody-antigen, receptor-ligand, sugar-lectin, and DNA-

protein interactions.  Both the molecular structure, for example, the alignment of the 
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atomic coordinates, and the thermodynamics of the binding interactions, such as the 

kinetics and equilibrium binding constants, are factors influencing the specific molecular 

recognition.   

Molecular recognition can be characterized by thermodynamic modeling, 

including the determination of the receptor-ligand binding affinity and the receptor 

selectivity.  The binding affinity, an assessment of the strength of the total intramolecular 

interactions, is often expressed as the equilibrium association/dissociation constant of a 

receptor-ligand interaction.  The equilibrium dissociation constant is a standard means of 

expressing the strength of the interaction and can be determined through consideration of 

the thermodynamic interactions.   

 

2.4.2 Imprinted Macromolecular Networks  

 

Macromolecular synthetic networks can be designed to recognize a specific 

template molecule using processes termed as configurational biomimetic imprinting and 

molecular imprinting.  In particular, molecularly imprinted networks provide an 

alternative to traditional antibody-antigen interactions [46].  These synthetic materials 

have several advantages over natural antibodies, including low cost, improved stability, 

and ability to design exact structures since the polymer composition can be adapted to 

imprint a variety of molecules.   

Molecularly imprinted polymers (MIPs) are artificial macromolecular networks 

developed to have a high binding affinity towards a template molecule.  As shown in 

Figure 2.4, the method involves prearrangement of functional monomers with the 

template molecule, the formation of non-covalent interactions during prearrangement, 

then crosslinking of the polymer to lock the cavities in place.  The template is then rinsed 
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from the polymer, and the material can then be used for selective recognition of the 

template.  MIPs were initially developed during the 1980s, [47-49], for chromatography 

or catalytic purposes.  MIPS are increasing used as components of sensors [50], and drug 

delivery systems [51].   

A variety of biomolecular targets have been reported as imprinted in synthetic 

networks, a comprehensive list of which has been compiled previously [52].  In recent 

work in our laboratory, MIPs have been developed for glucose [52-54], cholesterol [55], 

and lysozyme [56, 57].  A recognitive network which is selective for glucose and also pH 

responsive has been demonstrated as an example of combining recognitive properties 

with a responsive polymeric material [58].  Protein imprinting remains challenging due to 

both molecular size and complexity, but recent research suggests these challenges are 

being addressed by the development of techniques such as surface imprinting [59, 60], 

and epitope imprinting [61, 62].  Using these advanced techniques, protein binding 

affinities as high as 1.4x107 M-1 have been reported [62].  Additionally, biomimetic 

hydrogel materials have demonstrated selective binding for proteins such as cytochrome 

C [63] and hemoglobin [64].  Recent studies have analyzed the rebinding of imprinted 

hydrogels using the Langmuir adsorption equation and found absorption constants up to 

four times higher for lysozyme [65] and almost six times higher for bovine serum 

albumin [66].  These results demonstrate successful imprinting of large molecular weight 

proteins in an aqueous hydrogel environment. 

MIPs have several properties that make them interesting biomolecular substitutes 

for biosensors.  Biosensors have traditionally used natural molecular recognition systems, 

such as enzymes, to add specificity to a sensing platform.  However, biomolecules used 

in these systems are often environmentally unstable, may trigger an immune response if 

implanted, may be difficult to synthesize, and are difficult to attach and integrate into a 



 21

device platform.  Few biosensors have acquired widespread use due to the challenges 

related to the use of biomolecules in these sensors.  Synthetic polymer networks, 

however, are often environmentally stable (temperature, pH) [67], so devices based on 

MIPs are less likely require special storage conditions than a traditional biosensor.  

Polymer networks are easy to synthesize from components that are readily available and 

inexpensive, and integration into planar devices has been demonstrated.  The field of MIP 

sensors has been comprehensively reviewed [68, 69], and synthetic polymer molecular 

recognition devices have great potential to improve upon the situation of the common 

biosensor.  Once biosensors are affordable and reliable, the prospects of using biosensors 

in an open-loop drug delivery system, where the patient’s drug levels are easily 

monitored at the point of care becomes a realistic possibility.   

MIPs have properties which can be used for controlled drug release [70, 71].  A 

network which is imprinted for a particular drug can exhibit improved drug delivery 

profiles [51, 72], by providing extended release times and extended residency of the drug 

[73], and can also be used to increase drug loading within the network, or to select a 

specific enantiomer with higher therapeutic value.   

Integrating the recognition and release benefits of molecularly imprinted networks 

can result in new and exciting potential applications in integrated drug delivery systems.  

The network can act as a separations membrane, allowing selective and specific 

biosensing and subsequent drug release, based on closed-loop operating system 

principles.  These mechanisms can combine to generate intelligent release of the drug 

upon recognition of the template [71, 74].  In this type of system, the presence or absence 

of a template molecule would cause the release of appropriate therapeutic levels of drug.   
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2.4.3 Design of Biomolecular Recognitive Networks  

 

Biomolecular imprinted synthetic networks must be carefully designed to 

successfully produce a biomimetic system which recreates the non-covalent interactions 

that occur between a ligand and a receptor.  The hydrogen bonding, ionic, and 

hydrophobic interactions of all components of the final network must be considered 

carefully.  Designing for these elements maximizes the specificity and selectivity of the 

material.   

In a typical network synthesis, the critical design components include the 

monomer(s), crosslinker(s), solvent and initiator [75].  These components create a 

network with specific transport properties for a given equilibrium condition, determined 

by factors such as the pore size of the network, degree of crosslinking, and number 

average molecular weight between crosslinks.  In imprinting, these factors determine the 

transport properties of the template through the porous network and the mechanical 

integrity of the imprinted cavities.  The trade-off between the rigidity of the recognitive 

cavity, provided by syntheses with low solvent concentration and high crosslinking, and 

high diffusion of the template through the network to enable fast recognition, provided by 

syntheses with high solvent concentration and low crosslinking, must be determined.  The 

template and its interactions with the polymer components should also be considered, 

along with the standard polymerization variables.  Appropriate imprinting monomers 

should present functional moieties which will be complementary to the functional 

moieties of the template molecule.   

In typical biomolecule imprinting, this includes hydrogen bonding and 

electrostatic functionalities.  Selection of functional monomers may include consideration 

of the final backbone structure and pendant groups.  The template to functional monomer 
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mole ratio, and the crosslinker to functional monomer mole ratio will have optimum 

values that must be determined.  The polymerization solvent must be selected to enhance 

the non-covalent interactions between the functional monomers and the biomolecular 

template, or at least be selected so that interference between the solvent and non-covalent 

molecular recognition interactions is at a minimum.  The solvent should allow the 

template molecule to maintain an ideal conformation, and not risk biomolecular 

degradation or inactivation [44].  Additionally, the solvent in the polymerization reaction 

acts as a porogen.  Therefore, the amount of solvent determines the final form of the 

polymer (e.g. networked films or microparticles), and has an influence on the structural 

integrity of the final structure.  The type of initiation may also be a factor in the 

effectiveness of the imprint.  For example, thermal initiators, which can require a high 

temperature for activation, may result in thermal damage to the template molecule.  The 

initiation method and reaction conditions should be chosen so that they are favorable and 

stabilize the template molecule. 

A synthetic molecular recognition network can serve as a sensor, however the 

transduction of that recognition event within a closed-loop system is just as critical.  

Various approaches to transduce the molecular recognition have been demonstrated in 

combination with MIPs, including mechanical, optical, and conductimetric types of 

transduction.  Sensors for pH have been developed using pH recognitive hydrogels 

lithographically patterned onto microcantilevers [76, 77].  

The responsive swelling may also be detected using a quartz crystal microbalance 

[42, 78] or pressure sensors [41, 79].  The mechanical impact of swelling may, however, 

lead to delamination of the films from a mechanical sensing device [80].  Many materials 

used in mechanical transducers are not biocompatible and therefore not suitable for an 

intelligent drug delivery system.  Electrochemical sensors based on recognitive hydrogels 
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have been extensively investigated [50, 81, 82].  Finally, optical detection is often 

utilized due to its ease of implementation in a research laboratory [83].  For example, the 

selective recognition of D-glucose MIPs has been verified using a fluorescent analogue 

[53, 54].  Optical detection presents an obvious issue to the development of a closed-loop 

drug delivery device. 

Each transduction system has identifiable issues which may limit their usage.  A 

potentially ideal solution to the transduction challenges would be to integrate the 

recognition event into the material properties.  Conductive hydrogels which are also 

imprinted for a template molecule represent a significant advancement towards this goal.  

Conductive polymers are comprised of a polymer chain with alternating π-bonds.  They 

act as a wide-band gap semiconductor in their native state, but can gain semiconducting 

or metallic conductive properties upon doping with small molecules [4].  Doping is 

created by the addition of electron donating or electron accepting compounds to the 

conjugated polymer chain, which produces free charge carriers in the material [5].  

Conductive polymers are of interest due to their process ability, ease of synthesis, and 

chemical derivation possibilities.  These materials have been studied for their applications 

in flexible or organic microelectronics [12], protective coatings, and sensors.   

Hydrogel and conductive polymers composites have been developed primarily for 

sensing or synthetic actuator applications [84, 85].  In actuators, a biomimetic and 

biocompatible material can be achieved through the incorporation of the conductive 

polymer into a hydrogel. Conductive polymers and hydrogel composites have been 

incorporated in amperometic electrochemical sensors [86].  In these cases, the composite 

polymer is incorporated into an electrochemical sensor for an analyte based on an 

enzymatic reaction, to improve stability, response time and sensitivity of this standard 

electrochemical method of detection of an analyte.    
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2.4.4 Biomimetic Advanced Drug Delivery Systems and Devices 

 

Many types of advanced drug delivery systems can be created by combining the 

biomimetic molecular recognition properties with biomimetic hydrogel systems.  

Hydrogel-based advanced drug delivery systems are capable of providing an appropriate 

dosage and release profile upon recognition of a therapeutic or diagnostic biomolecule.  

Additionally, these systems can be biocompatible or biodegradable.  Responsive 

hydrogels are therefore an ideal material for the integration of biomimetic molecular 

recognition into drug delivery systems.   

The use of hydrogels for controlled release of drugs has been well established.  

Hydrogels are particularly suited to drug delivery applications because they can be 

tailored to produce release characteristics desired for a particular drug [87].  In the 

simplest case, drug release can occur through swelling and diffusion processes [88, 89].  

Hydrogels may also be designed to incorporate environmentally responsive pendant 

groups along the hydrogel chain backbone [90].  These environmentally responsive 

groups then have the ability to change the degree of swelling of the hydrogel carrier, and 

therefore change the diffusion and release profile of the drug.  This method has been 

successfully demonstrated for a variety of drugs, incorporating pH, ionic, or temperature 

change as the release trigger. 

Scientists are often inspired by natural processes to create lower-cost synthetic 

versions of nature, or custom designed features not available in nature.  Such systems are 

termed biomimetic, since they mimic an existing biological system.  Molecular 

recognition is no exception, and a variety of biomimetic approaches to molecular 

recognition have been developed.  One such technique is termed biomolecular 

imprinting.  In biomolecular imprinting, a cavity is formed in a polymer which has both a 
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shape and a chemical structure specific to a biomolecule template.  In our group, the 

biomolecular imprinting process using a biomimetic approach to select the non-covalent 

interactions has been termed configurational biomimetic imprinting (CBIP).  These 

techniques are being targeted for use in novel drug delivery systems [52, 58].   

Recently a biomimetic synthetic hydrogel network with recognition of D-glucose 

has been demonstrated [53].  D-glucose is involved in the regulation of insulin, and 

therefore would be a promising target for an integrated drug delivery device to treat 

diabetic patients.  Using strategies which included examining natural biomolecular 

recognition interactions for D-glucose, the functional monomer acrylamide (AAm) and 

crosslinker poly(ethylene glycol)-n-dimethacrylate (PEGnDMA) was selected for the 

imprinted network synthesis.  The use of an aprotic polar solvent, dimethylsulfoxide 

(DMSO), eliminated potential competing interactions between the target molecule and 

the reaction solvent.  The number average molecular weight of the PEG crosslinker and 

the mole ratio of crosslinker to total monomer were varied to determine the effect of pore 

size on the recognition properties of the network.  A fluorescent analogue of D-glucose 

was used to compare the recognition properties of the imprinted network in comparison 

to a control network, synthesized under the same conditions but in the absence of D-

glucose.  Using fluorescent microscopy to determine the fluorescent intensity of a given 

hydrogel upon exposure to a fluorescent D-glucose solution, the enhanced absorption and 

retention of D-glucose in the imprinted networks was demonstrated.  Additionally, the 

diffusion rates were analyzed for fit to Fickian diffusion, and the diffusion equations were 

then used to predict diffusion rate through micro and nanoscale films.  It was found that 

an optimized molecularly imprinted hydrogel for D-glucose would equilibrate on the 

order of seconds if micrometer thick, and on the order of milliseconds if nanometers 

thick.  Thermodynamic methods have been used to confirm the complexation of the 



 27

glucose with the hydrogel network [91].  Additionally, the micropatterning of these 

hydrogel networks has been demonstrated using the same UV initiated free-radical 

polymerization techniques [92].  These results demonstrate great promise for the 

incorporation of recognitive networks in a close-loop device capable of continuous 

treatment of a condition which requires regular monitoring, such as diabetes.   

An imprinted polymer which is selective for lysozyme has also been studied.  

Lysozyme is challenging target for imprinting since it is a large molecular weight protein 

with secondary and tertiary protein conformations which must be maintained for 

successful imprinting.  To accomplish this, a pH of ~7 was maintained in the reaction by 

using a Tris buffer as the polymerization solvent.  The functional monomers methacrylic 

acid (MAA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) were selected since 

they are likely to form non-covalent interactions with the template molecule.  The bulk of 

the polymer consisted of AAm with N,N’-methylenebisacrylamide (MBA) as the 

crosslinking agent.  A thermal free-radical initiator was used to polymerize the gels, 

which were subsequently analyzed via scanning electron microscopy (SEM), Fourier 

transform infrared spectroscopy (FTIR), and differential scanning calorimetry.  The 

polymers demonstrated striking morphology differences [44], and a 200% increase in 

absorption of the template molecule [56], between the imprinted and non-imprinted films.    

 

2.4.5 Recognitive, Conductive Systems 

 

Current work involves the incorporation of a conductive polymer to transduce the 

recognition event within the molecular imprinted polymers.  In this system, polyaniline 

(PANI) is used to transduce the biomolecular signal.  PANI is a conductive polymer with 

unique properties [6] which allow its incorporation into a hydrogel-based biosensor.  
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PANI is conductive when a protonic acid is added to dope the emeraldine base oxidation 

state.  Polyaniline can exist in different stable redox states, often characterized by a 

change in color.  The most conductive form, which is termed emeraldine salt, is 50% 

oxidized.  Doping provides highly conductive properties in the form of delocalized 

charges along the chain backbone.  PANI also changes color and conductivity in the 

presence of a reductant or oxidant [7].  

 In our systems, the conductive polymer dopant is provided by a polymer acid.  

The PANI is template-synthesized, meaning that the aniline monomer is polymerized in 

the presence of the polymer acid [9, 11].  This involves incubation of the polymer acid 

with aniline monomer, followed by polymerization of the aniline through a redox 

reaction to form conductive polyaniline.  The conformation of the final polymer creates 

polarons, localized charges which interact with the polymer lattice, and charge transport 

occurs through hopping.   The polymer acid serves both as a dopant and a stabilizer for 

the PANI.  Due to the solubility of the polymer acid, the final material is considerably 

more dispersible in water than small molecule acid doped polyaniline, making it 

amenable for incorporation into a hydrogel system.    

The sensing mechanism of our system is unique in that charged moieties of a 

target protein are expected to cause a change in the degree of doping of the conductive 

polymer.  The functional groups of the amino acids of the template can form non-

covalent interactions with the polymer acid.  The polymer acid would then be unavailable 

to form similar interactions with the conductive polymer, leading to a loss of the dopant 

charges of the conductive polymer and a decrease in conductivity.  Alternatively, the 

polymer acid and conductive polymer complex may be stabilized by the addition of the 

charged functional groups of the target protein.  These interactions are enabled by the 

close interaction between the imprinted polymer and the conductive polymer.  
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 The material can be synthesized so that the doping of the conductive polymer is 

provided by the imprinted polymer itself.  Thus, in the presence of an imprinted 

molecule, the charge delocalization on the conductive polymer chain, or the association 

between the dopant polymer and the conductive polymer chain, will be disrupted.  The 

interaction between the MIP, the biomolecule, and the conductive polymer can occur by 

either dedoping of the conductive polymer, by the biomolecule interfering with the 

dopant charge of the conductive polymer, or by the biomolecule acting to stabilize the 

polymer acid and conductive polymer complex.  An example of these types of non-

covalent interactions is depicted in Figure 2.5.  The impact of this disruption will be 

detected by measuring the conductivity change. 

                                                 
 Sections 2.4.1 through 2.4.5 reproduced with permission from the original source [93] 
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2.5 FIGURES 

 

Figure 2.1:  Energy Band Formation in Crystalline Conjugated Polymer.   

Atomic orbitals between molecules interact to produce either antibonding (lowest 
occupied molecular orbital, LUMO) or bonding (highest occupied molecular orbital, 
HOMO) orbitals.  As molecules are added to the model, a broad energy band dispersion 
develops due to the π orbital overlap.   
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Figure 2.2:  Delocalization of Charge Along PANI Backbone 

Theoretical delocalization which leads to conductive properties of material. 
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Figure 2.3:  Polymer Acid Doped Polyaniline. 
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Figure 2.4: Molecular Imprinting Methodology.  

(Complexation)  Functional monomers are placed in solution with an initiator and 
crosslinker.  A complex forms between the functional monomers and the 
template.(Polymerization) The solution is then polymerized via free-radical 
polymerization. (Extraction) The template can then be extracted to create a polymer with 
imprinted recognitive cavities. 
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Figure 2.5:  Conductive and Recognitive Polymer 

A molecular recognition network and conductive polymer recognition of a target 
biomolecule.  Upon exposure to a template biomolecule, the conformation of the 
hydrogel and conductive polymer change conformation, leading to a change in the 
conductivity of the polymer. 
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Chapter 3:  Objectives 

 

The objective of this research was to develop a novel class of materials comprised 

of a recognitive hydrogel and a conductive polymer (CP) network which interact with 

biomolecules to provide a biomolecular sensing mechanism.   These materials can be 

designed to recognize compounds which are responsible for deviations from a 

physiological homeostasis condition, and react appropriately to either treat a condition or 

signal that treatment is needed for the condition.    

This research sought to develop a new sensing mechanism for the detection of 

human proteins and peptides relevant to specific disease states.  To be useful for the 

detection of disease, a detection platform must be sensitive, specific, and low-cost.  These 

performance parameters are driving the development of new sensors which can meet 

clinical needs.  For example, sensitivity translates into earlier detection of a disease, and 

is therefore critical to improving survival rates from terminal diseases such as cancer.  It 

is well known that biological function is driven by the proteins expressed by a given 

tissue or cell.  Because of this relationship, extensive research has been undertaken to 

identify those specific biomolecules which indicate a disease state of a cell or group of 

cells [1].   The altered phenotype involved in this process is linked to the changing 

expression of proteins by the cells, and protein biomarkers can therefore provide a very 

early detection method for cancer [2].   

We proposed that the systems consisting of a recognitive hydrogel and a 

conductive polymer network can be used for selective biomolecular sensing.  To 

demonstrate the potential applications of such a system, this research focused on the 

development of a material capable of protein biosensing.   
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The recognitive hydrogel is responsible for imparting specificity to the device, 

which can be tailored depending on the composition of the hydrogel used.  An 

incorporated conductive polymer changes conductivity in the presence of an analyte to 

provide the necessary detection of the biomolecule.  The conductive polymer is also 

doped in such a way that the sensitivity can be adjusted to meet the needs of the final 

sensing device.   

Low-cost is ensured by utilizing synthetic materials with proven fabrication 

advantages over other types of sensor components.  Additionally, the proposed usage of 

the device would be simple and would not require expensive processes or equipment.  

The long-term goal is that a single drop of blood, unpurified, could be applied to the 

sensor and results would be available within minutes.  The resulting sensing material can 

be easily incorporated onto a platform consisting of a simple electronic readout chip, 

which would convert the conductivity of the material into a numerical value 

representative of the concentration of the compound present in the blood sample.  This 

concept eliminates time consuming and costly sample preparation and purification 

methods.  By considering sensitivity, specificity, and cost, this sensor design addresses 

many of the challenges facing the medical detection of disease today.   

The hypothesis guiding this research was that a material can be developed which 

incorporates molecular recognition and conductive polymer characteristics which would 

respond with a change in conductivity of the material in the presence of a biomolecular 

target.  Recognitive hydrogels which swell to actuate in the presence of a biomolecule 

have been demonstrated, but it is known that these systems can be response-time limited 

due to the diffusion characteristics of hydrogels.  The conductivity change in the 

proposed material is an inherently faster response than recognitive systems which rely 

upon swelling.  The advantage of this system versus other hydrogel-based sensors lies in 
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its ability to quickly transduce an event on a time scale significantly faster than that of a 

swelling response.   

To achieve these objectives, the specific aims were as follows: 

1)  To compare the properties of polyaniline (PANI) template synthesized with 

 polymer acids of varying acid dissociation constants;   

2)  To characterize the environmental stability of the polymer acid template-

 synthesized PANI materials, and to characterize their sensing response to 

 biomolecules; 

3)  To synthesize recognitive hydrogels which incorporate the polymer acid-

 template synthesized PANI and maintain measurable conductivity; 

5)  To demonstrate the protein sensing properties of a molecularly imprinted 

 PANI hydrogel, particularly with respect to sensitivity and selectivity; and  

6)  To demonstrate biocompatibility of the PANI synthesized with polymer acids.  
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Chapter 4:  Fabrication of Conductive Polymer Sensors 

 

4.1 INTRODUCTION 

 

The development and implementation of a novel, entirely synthetic sensor for 

proteins required the fabrication of a conductive polymer device.  Design began with the 

selection of the sensing material, the device format, and the transduction method.  

Organo-silane chemistry and polymer self-assembly techniques were applied in the 

fabrication of the device.   

 

4.1.1 Polymer Acid Template Synthesis 

 

To use a conductive polymer (CP) for protein biosensing without an enzymatic 

reporter, the CP must be stable in aqueous solution; in other words, the dopant charge 

must be maintained in aqueous solutions, which is not possible using small-molecule acid 

dopants.  In contrast, the polymer acid complexed with polyaniline (PANI) forms an 

intramolecular complexation which is stable in water.  For incorporation of a conductive 

polymer into a molecularly imprinted hydrogel, the CP must be soluble or highly 

dispersible, and phase-compatible with the monomers and polymers which will be 

incorporated in the imprinting process.   

Template-synthesis using a polymer acid has been demonstrated to be capable of 

generating dopant-stable, highly dispersible, and highly conductive polymers [1].  This 

technique allows for the synthesis of the CP, then subsequent mixing of that polymer into 
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the imprinting pre-polymer solution.  In the template synthesis process, the monomer 

aniline forms a charge complex with the anionically charged acid units of the polymer 

acid.  When the aniline is oxidatively polymerized, the prepared PANI may align with the 

polymer acid chain.  In this way, the polymer acid can provide the excess charge required 

for doping of the CP, improves the CP mechanical properties, and improves its 

dispensability.   

 

4.1.2 Self-Assembly Techniques 

 

Since it was of interest to characterize the conductive polymer in the absence of 

the hydrogel in order to determine its appropriateness for use as a biosensing element, the 

device fabrication required adhesion of the conductive polymer to a microfabricated 

substrate.  To accomplish this, a process was developed which used an aminosilane 

chemistry to functionalize the substrates, which were prior patterned with gold 

electrodes.  Polymer chains can then be grafted from the substrate during the PANI 

synthesis [2, 3], which is often referred as an in situ polymerization method [2].  The 

proposed mechanism of the reaction is shown in Figure 4.1.  With this method, the 

thickness of the film can be controlled by modifying the aniline concentration and the 

reaction time [4].  While this has been demonstrated with PANI doped with hydrochloric 

acid (HCl) [5], this has not previously been accomplished with a polymer acid template-

synthesized PANI.   
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4.2 MATERIALS AND METHODS 

 

4.2.1 Polymer Acid Template-Synthesized Polyaniline 

 

The polymer acids used for the template synthesis of PANI include poly(2-acryl-

amido-2-methyl-1-propanesulfonic acid) (PAAMPSA) and poly(methacrylic acid) 

(PMAA).  PAAMPSA was chosen for these experiments since it has been demonstrated 

to be a successful polymer acid dopant which can produce materials with high 

conductivity [6, 7].  PMAA is a polymer acid that has been utilized as a functional 

monomer for many biomolecular imprinting systems [8, 9].  The pKa of methacrylic acid 

is 4.58, which is considerably higher than the AAMPSA monomer used for the previous 

films, which has a pKa of approximately 2.5, so a lower doping level, and therefore a 

lower conductivity, is expected with the PMAA template synthesized materials. 

PANI was template synthesized with PAAMPSA using previously reported 

methods to generate PANI-PAAMPSA [7].  PAAMPSA, MW of 800 kDa, was used as 

the polymer acid template (Scientific Polymer Products Inc, Ontario, NY).  PAAMPSA, 

deionized water, and aniline monomer (Sigma-Aldrich Co, St. Louis, MO), formulated to 

have an acid to aniline mole ratio of 1:1, were stirred and purged with nitrogen for 30 

minutes.   The solution was placed on ice, and then an oxidizing agent, ammonium 

peroxydisulfate (APS, Sigma-Aldrich Co, St. Louis, MO), was added at an aniline to 

initiator mole ratio of 1:0.9.  The solution was stirred during the polymerization and kept 

on ice for at least 6 hours.  After 24 hours, the resulting product was precipitated with 

acetone and vacuum dried at 35°C overnight.   

PANI was also template-synthesized with PMAA of varying molecular weights to 

produce a conducting PANI-PMAA.  First PMAA was synthesized by combining 
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methacrylic acid monomer (Sigma-Aldrich Co, St. Louis, MO) and the initiator APS. The 

solution was purged with nitrogen for 30 minutes, and was allowed to polymerize for 5 

hours at 60°C.  Upon completion of the reaction, the product was dialyzed in deionized 

water (Spectra/Por®, Spectrum®Labs, Rancho Dominguez, CA), changing the water 

daily for seven days.  The dialyzed product was lyophilized (Freezone 4.5, Labconco, 

Kansas City, MO) to produce a dry polymer.  The initiator concentration was varied to 

produce a range of molecular weights of PMAA, as determined by gel permeation 

chromatography (GPC).  The GPC instrument consisted of a Waters 2695 separations 

module with four serially connected Ultrahydrogel columns (300 x 7.8 mm) at 40ºC, and 

a Waters 2414 refractive index detector (Waters Corp., Milford, MA).  The running 

buffer, at a flow rate of 1mL/min, consisted of a 4:1 v:v solution of 0.1 M aqueous 

sodium nitrate and acetonitrile.  Poly(ethylene oxide), (PEO, Fluka, Sigma-Aldrich Co, 

St. Louis, MO) standards were used to calculate the weight- and number-average 

molecular weights of PMAA.  The resulting PMAA PEO-equivalent number-average 

molecular weights ranged from 120 kDa to 470 kDa with polydispersity indexes (PDI) 

ranging from 1.3 to 1.8.  The dried PMAA was then used in the template synthesis of 

PANI, following the same procedure as for the synthesis of PANI-PAAMPSA, with the 

exception that the aniline to acid monomer molar ratio, the aniline to initiator molar ratio, 

and the number of MAA repeat units were varied to determine if the conductivity or 

solubility of the final material could be improved.  The conditions used for each synthesis 

are listed in Table 4.1.  For these reactions, the color of the solution began yellow, then 

brown, and finally grey-green over the course of 24 hours.   

Characterization of the polymer acid template synthesized PANI consisted of 

chemical structure analysis via Fourier transform infrared spectroscopy (FTIR), 

conductivity analysis by four point probe, and UV-VIS spectroscopy to investigate the 
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characteristic electronic absorption bands of the polymers.  Additionally, solubility 

studies were performed on the PANI-PMAA.   

To perform FTIR, dried samples were ground with a mortar and pestle, then 

sieved with a 177 µm sieve.  The particles below 177 µm in size were collected, and 2 

mg of the PANI-polymer acid was ground with 200 mg of oven-dried potassium bromide 

(KBr).  The powders were pressed into pellets and read from 4000 cm-1 to 500 cm-1 using 

FTIR spectroscopy (Infinity Gold, Thermo Scientific, Waltham, MA).   

To generate samples of PANI-polymer acid materials for conductivity 

measurements, the polymers were dissolved in deionized water up to 5 wt%.  From these 

solutions, films were either cast or spun-coat onto clean glass and air dried.  The dried 

films were either probed directly, or gold electrodes were created through electron-beam 

evaporation through a shadow mask onto the glass prior to casting the films.  PANI-

PMAA powders were also pressed into disks for conductivity measurements in order to 

compare materials which were not equally soluble in water.  Conductivity of the polymer 

acid template-synthesized PANI materials was measured on the films using a four-point 

probe method [10].  A probe station (PM 5, Karl Suss, Waterbury Center, VT) and a 

semiconductor parameter analyzer (4145B, Agilent, Palo Alto, CA) were set up to 

measure the voltage between the inner probes as current was swept on the outer probes.  

Conductivity of the films is calculated using Equation 4.1: 

  (4.1) 

 

where σ is the conductivity, ρ is resistivity, w is the width of the material (width of the 

electrode), l is the length between electrodes, t is the thickness, R is the resistance, I is the 

measured current and V is the measured voltage between the inner probes.  The thickness 
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of the films was measured using a profilometer (Dektak 6M, Veeco Instruments Inc, 

Woodbury, VT), or with calipers in the case of the PANI-PMAA disks.   

UV-VIS absorbance spectra of the PANI-PMAA were acquired with a UV-VIS 

spectrophotometer (Cary 5000, Varian Inc, Palo Alto, CA).  After creating the baseline, 

films which had been spun or drop coated were inserted into the sample holder, and the 

absorbance of each sample was recorded over the spectra from 200 nm to 1200 nm in 

steps of 1 nm.   

Dispersibility is a key criterion for incorporation into a hydrogel MIP using the 

proposed methods.  To determine relative dispersibilities of each polymer acid-doped 

PANIs prepared, a dispersion test was performed, adapted from previously published 

methods [11].  50 mg of the powder was added to 2 mL of deionized water, vortexed for 

10 seconds, and then assigned a numerical value from 1 to 10 indicating how well the 

complex went into solution (10 being the most dispersible).   

 

4.2.2 Self-Assembly of Conducting Polymer Nanofilm 

 

To adhere the PANI-polymer acid to a microfabricated substrate for integration 

into the sensing device, APTS was formed on the glass substrate and the PANI was 

polymerized in the presence of the substrate, using what is termed a dip coating or in situ 

process.  To form the silane layer, glass slides were first cleaned in solvent.  The slides 

were soaked for 5 minutes in acetone, followed by toluene, acetone again, followed by 

methanol.  The slides were then rinsed in deionized water ten times.  Next, the slides 

were cleaned with a Piranha solution.  Sulfuric acid was added to hydrogen peroxide in a 

2:1 ratio, and the slides were soaked in this solution for 30 minutes.  The slides were 

again rinsed with deionized water ten times.  Next, the slides were immersed in a solution 
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of 10 wt% APTS in acetone for 2 hours.  The slides were then rinsed in acetone, followed 

by methanol, and dried with a nitrogen gun.  The slides were then heated to 100ºC for at 

least 12 hours to ensure formation of covalent bonds between the glass and the γ-MPS 

[12].  The functionalized slides were stored at ambient conditions until use.   

To form the PANI-polymer acid nanofilm, polymerization solutions were 

prepared as described above.  Immediately after the addition of the initiator APS, the 

silane-treated substrates were immersed in the chilled polymerization solution.  After 24 

hrs, the solution was poured off, and the substrates were rinsed 10x in deionized water.  

In some experiments, the films were too thin for reliable current measurements.  In these 

cases, as noted below, the substrates were coated with PANI-PAAMPSA a second time, 

using the same in situ polymerization process.  The substrates were rinsed for 3 days in 

deionized water, changing water daily.  A sample of the last rinse was taken and the 

absorbance of the solution was analyzed with a UV-VIS microplate reader (Synergy HT, 

Biotek Instruments, Inc., Winooski, VT) to determine if detectable unreacted aniline or 

unadhered PANI continued to diffuse from the surface after rinsing.   

For comparison, in situ formed films of PANI were prepared using HCl as the 

dopant.  To form PANI-HCl films, 10.5 mL of 1N HCl was added to 102 mL of 

deionized water.  Aniline was added in a 1:1 acid to aniline mole ratio.  After the solution 

stirred for 1 hour, the solutions were chilled, and then 37.5 mL of the initiator solution 

was added in a 0.9:1 initiator to aniline mole ratio.  Functionalized substrates were 

immersed in the solutions, which were allowed to react for 24 hours before rinsing, as 

described for the PANI-polymer acid in situ films.   
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4.2.3 Conductivity and Material Properties 

 

The in situ films were analyzed with respect to crystallinity, chemical 

composition and atomic electronic state, chemical structure, conductivity, conductive 

electronic state, and morphology.   

The crystallinity of the materials were investigated using an x-ray diffractometer 

(PW1720, Phillips Electronic Instruments).  PANI-PAAMPSA films were prepared using 

the in situ process.  Samples were also drop coated onto glass substrates using 5 wt% 

solutions of PANI-PAAMPSA in deionized water, and allowed to dry.  Diffraction data 

was collected from 2θ = 0 to 50˚ using a nickel-filtered Cu Kα radiation source.   

To perform FTIR, the in situ films were scraped off the substrate with a razor 

blade, then 2 mg of the PANI-polymer acid or PANI-HCl material was ground with 200 

mg of oven-dried KBr.  The powders were pressed into pellets and read from 4000 cm-1 

to 500 cm-1 using FTIR spectroscopy (Infinity Gold, Thermo Scientific, Waltham, MA).   

For conductivity measurements, gold electrodes were thermally evaporated 

(Denton) using a shadow mask onto the glass prior to the silane functionalization.  The 

substrates were immersed in the PANI-polymer acid or PANI-HCl solutions as described 

above.  The electrodes were probed directly using a four-point probe method [10].  A 

probe station (PM 5, Karl Suss, Waterbury Center, VT) and a semiconductor parameter 

analyzer (4145B, Agilent, Palo Alto, CA) were set up to measure the voltage between the 

inner probes as current was swept on the outer probes.  The thickness of the films was 

measured using a profilometer (Dektak 6M, Veeco Instruments Inc, Woodbury, VT).   

UV-VIS absorbance spectra of the in situ films were acquired with a UV-VIS 

spectrophotometer (Cary 5000, Varian Inc, Palo Alto, CA).  After creating the baseline, 
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the synthesized films were inserted into the sample holder, and the absorbance of each 

sample was recorded over the spectra from 200 nm to 1200 nm in steps of 1 nm.   

Scanning electron microscopy (SEM, LEO 1530, Carl Zeiss SMT AG, Peabody, 

MA) was performed to visualize the morphology of the PANI-polymer acid and PANI-

HCl films.   

 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 Polymer Acid Template-Synthesized Polyaniline 

 

PANI template synthesized with PAAMPSA and with PMAA was characterized 

by FTIR.  The changes in the molecular interactions when the carboxylic acid of the 

PMAA (-COOH) and the sulfonic acid of the PAAMPSA (-SO3H) interact with the 

nitrogen atoms of the PANI should be evident in the IR spectra.  A detailed list of all 

characteristic peaks found in the IR spectra is given in Table 4.2. 

Known peaks are clearly identified in the PAAMPSA FTIR spectra, shown in 

Figure 4.3.  Since the sulfonic acid is predominately hydrated when at ambient 

conditions, the ionic sulfonate (-SO3
-H3

+O) dominates the PAAMPSA spectra, evidenced 

by a strong asymmetric stretching band of SO3 from 1250-1140 cm-1 and a narrower 

symmetric stretching band of SO3 at 1040 cm-1 [13].  A peak at 1660 cm-1 and the strong 

band at 3440 cm-1 are due to the OH stretch [14]. The presence of a primary amide (R-

C=O-N-R’) can be seen in the C=O stretching band from 1670-1630 cm-1 and amide 

stretching vibrations around 3100-3070 cm-1. Additionally, the C-N stretch and N-H  

deformation can be seen in the band at 1570-1515 cm-1 [13].   



 56

Many of the expected FTIR spectral peaks resulting from the presence of PANI in 

the polymer acid template synthesized materials overlap with the peaks of the polymer 

acids.  However, some key indicative bands can be identified, as shown in Figure 4.4.  At 

1607 cm-1, a peak is seen which is due to the aromatic ring –C=C- stretch [15].  The 

quinoid vibration band is seen at 1567 cm-1, while the benzenoid vibration band is seen at 

1482 cm-1.  Typically these bands are at 1600 cm-1 and 1500 cm-1, and a similar red-shift 

has been observed in acidic media as a result of the change to a polaron lattice structure 

[16].  Additionally, the benzene ring absorbs at 802 cm-1 [16, 17].  When PMAA is used 

at the polymeric acid template, as shown in Figure 4.5, carbonyl groups can be seen 

absorbing at 1700 cm-1 [17] , and the band between 3600 and 2300 cm-1 is indicative of 

the C-H of the polymer chain [18].  Evidence of the hydrogen bonding interaction 

between the polymer acid and the PANI are also seen in the spectra.  These expected 

interactions are shown in Figure 4.6.  Hydrogen bonding in polymer blends containing 

carboxylic acid dimers and hydroxyl to amide interactions has been analyzed [19, 20].  

From these analyses, we can make some correlations to the hydrogen bonding which is 

likely to be occurring in the PANI-polymer acid complexes.  The satellite bands seen 

around 2576 cm-1 and 1957 cm-1 indicate very strong hydrogen bonding in the PANI-

PAAMPSA complex, to the extent that the hydrogen is shared between the sulfonic acid 

and the nitrogen of the PANI.  The hydrogen bonding in the PANI-PMAA is of medium 

intensity, as indicated by the presence of a peak around 2804 cm-1.  Overall, the key 

bands indicative of the conductive form of PANI are stronger in the PANI-PAAMPSA 

materials in comparison to the PANI-PMAA material.   

The conductivity of the synthesized PANI-PMAA materials varied greatly with 

all three factors that were analyzed, as shown in Table 4.3.  In particular, a lower MAA to 

aniline molar ratio, a lower APS to aniline ratio, and a lower MAA repeat unit lead to a 
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more conductive material.  However, the highest conductivity obtained, 4 mS/cm, was 

still an order of magnitude below that of PANI-PAAMPSA, which has a conductivity of 

45 mS/cm as synthesized.   

The absorbance spectra of PANI-PMAA and PANI-PAAMPSA are shown in 

Figure 4.7.  The spectrum of PANI-PAAMPSA shows the characteristic π-π* transition at 

350 nm a polaron to π* transition at 420 nm, and a π to polaron transition at 800 nm  

[21].  The presence of these same peaks in the spectra of PANI-PMAA confirms that the 

emeraldine salt form of PANI has been synthesized in the presence of PMAA.  There is 

evidence of a polaron peak at 800 nm in the PANI-PMAA absorbance spectrum, but this 

peak is not as strong as in the PANI-PAAMPSA material in comparison to the benzenoid 

and quinoid absorbance peaks, evidence that the PMAA is not doping the PANI as 

strongly as PAAMPSA.  This is expected, since the dissociation of the carboxylic acid 

group of the PMAA will not be as high as that of the sulfonic acid group of the 

PAAMPSA, leading to a weaker association between the PMAA and the PANI.   

In summary, these experiments demonstrate the synthesis of a conducting PANI-

PMAA.  The PANI-PMAA is 1-3 orders of magnitude lower in conductivity than the 

PANI-PAAMPSA materials, whose conductivity was 0.45 S/cm. 

 

4.3.2 Self-Assembly of Conducting Polymer Nanofilm 

 

The process to fabricate substrates with adherent conductive polymer films 

resulted in a semi-transparent polymer layer on the substrate surface, as shown in Figure 

4.8.  While the conductive polymer will grow off of a negatively charged surface, the 

silane was key to the formation of a stable layer.  Without the silane, the films easily 

delaminated.  In the presence of PAAMPSA, the polymer film presented an emerald 
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green color indicative of emeraldine salt.  In the presence of HCl, the film rapidly 

dedoped when rinsed with deionized water during the post-processing, and became a 

blue-black color.   

 

4.3.3 Conductivity and Material Properties 

 

The XRD analysis revealed no underlying crystalline structure introduced by the 

silane functionalization and subsequent polymer growth, as shown in Figure 4.9.  This is 

in contrast to previous reports, using HCl as the dopant, which do show crystallinity [5].  

It is likely that the amorphous PAAMPSA is dominating the material properties of the 

film.   

FTIR spectra for in situ PANI-PAAMPSA films synthesized with and without a 

silane functionalized substrate are shown in Figure 4.10.  The presence of an amino-

functionalized silane makes no impact on chemical structure of the PANI-PAAMPSA.  

Comparing the spectra of the in situ PANI-PAAMPSA films with that of the powder 

PANI-PAAMPSA material, few differences are noted.  The spectra of the in situ films are 

dominated by the SO3 and amide bands due to the PAAMPSA, and the metallic polaron 

energy and benzene ring absorbance bands due to the PANI.  A notable difference is the 

absence of peaks around 2804 cm-1, 2500 cm-1, and 1957 cm-1, which may indicate that 

the hydrogen bonding seen in the PANI-PAAMPSA powder is between chains, rather 

than within associated chains, and the hydrogen bonds do not form when the polymers 

are forced to grow off of the substrate.  

The conductivity of drop cast PANI-PAAMPSA, and in situ films of PANI-

PAAMPSA with and without using a silane functionalized substrate are shown in Table 

4.5.  The drop cast PANI-PAAMPSA films are more conductive, however this may be 
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due to a higher density of chains resulting from using the drop cast method.  The 

conductivity of the PANI-PAAMPSA films synthesized with and without a silane 

functionalized surface is similar.  All films exhibit conductivity of the same order of 

magnitude, demonstrating the in situ synthesis method does not greatly change the 

conductivity of the PANI-PAAMPSA material.   

The UV-VIS absorbance spectra of the PANI-PAAMPSA films grown using the 

in situ method is compared to that of spun coat PANI-PAAMPSA in Figure 4.11.  The 

spectra of the in situ films shows a broad shoulder on the π to polaron transition at 800 

nm extending into the near IR, which indicates the dopant charges are more delocalized 

along the polymer chain [22].  This indicates a change to a less coiled molecular structure 

in the films grown of the functionalized substrate, in comparison to PANI-PAAMPSA 

synthesized as a powder [23].  Also, λmax of the π to polaron transition has shifted in the 

spectra of the in situ film of PANI-PAAMPSA in comparison to that of the spun-coat 

PANI-PAAMPSA.  This 32 nm red shift, from 773 nm to 805 nm, indicates the in situ 

films have a longer conjugation length between the PANI and PAAMPSA chain.  

However, the peak optical density of the π to polaron transition of the in situ PANI-

PAAMPSA film is lower relative to the π-π* transition at 350 nm, in comparison to the 

spectra spun coat PANI-PAAMPSA film.  This indicates that fewer polarons exist in the 

in situ PANI-PAAMPSA films in comparison to the spun-coat material, which would 

result from fewer dopant charges being available in the in situ films.  Some PAAMPSA 

may diffuse out of the film, or aniline molecules not associated with PAAMPSA in the 

pre-polymer solution may be disproportionately polymerized at the surface due to steric 

hindrance.  This observation supports the finding that the in situ PANI-PAAMPSA films 

have a slightly lower conductivity in comparison to the spun coat films, despite having an 

increased conjugation length and a more linear molecular structure, improving the 
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alignment and therefore increasing the hoping transport of the dopant charges in the in 

situ materials.   

The PANI-PAAMPSA and PANI-HCl in situ films present different morphology, 

as shown in the acquired SEM images in Figure 4.12.  The PANI-PAAMPSA films 

exhibit a more uniform, mesh-like structure.  The PANI-PAAMPSA films have a 

globular form, similar to PANI-PAAMPSA films synthesized by electrochemical 

methods [24].  This supports the concept that the polymer chains are adhered to the 

substrate and are grown from the surface, in a grafting-from approach.  These films are 

quite porous, which should result in a fast biosensor response time.  In contrast, the 

PANI-HCl films look flat and crystalline, with granules of conductive polymer on the 

surface.  PANI-HCl is highly insoluble in water, and therefore this may account for the 

structure difference.  As the polymer chain grows from the substrate, the HCl-doped 

PANI chain is less likely to extend into the solution.   

 

4.4 CONCLUSIONS 

 

Polyaniline template-synthesized using both PAAMPSA and PMAA has been 

demonstrated.  Since PMAA has a lower pKa, the conductive and solubility properties of 

the PANI-PMAA are less optimal than those of PANI-PAAMPSA, which makes PANI-

PAAMPSA the better candidate for incorporation into a pre-polymer solution for a 

molecularly imprinted hydrogel.  However, the flexibility of the template-synthesis 

process has been demonstrated and is likely applicable to many similar polymer acids for 

customization of the thermodynamic, mechanical, and conductive properties. 

The fabrication of a conductive polymer-based sensing device is an important step 

in the development of a functional sensing platform.  A functionalized silane self-
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assembled monolayer has been utilized to form the PANI-PAAMPSA as polymer brushes 

off of the substrate of the device.  The resulting material is covalently linked to the glass 

substrate, and therefore stably adhered to the substrate to allow for aqueous sensing.  The 

in situ material is very similar to the powder PANI-PAAMPSA, but careful 

characterization reveals some differences, likely related to the method of self-assembly 

and polymer chain formation.   
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4.5 FIGURES  

 

Figure 4.1:  Reaction of Aniline with APTS  

Mechanism of the reaction of aniline with APTS in the presence of the oxidant APS and 
the polymer acid PAAMPSA. 
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Table 4.1:  PANI-PMAA Synthesis Variables 

Parameter Value Range 

Polymer Acid to Aniline 

(mol/mol) 0.5:1 to 2:1 

Initiator to Aniline (mol/mol) 0.6:1 to 1.2:1 

Polymer Acid Repeat Unit 1 to 4500 
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Figure 4.2:  Four Point Probe Conductivity Measurements 
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Table 4.2:  FTIR Peak Assignments  

Peak assignment for polymer acid and PANI-polymer acid materials. 
Peak Assignment PAAMPSA PANI-PAAMPSA PANI-PMAA 

Asymmetric SO3 stretch 1250-1140 1250-1140  
 

Symmetric SO3 stretch 1040 1040  
OH bend of hydrated SO3 1660 1660  

OH stretch of hydrated SO3 3400 3400  
Amide I band (C=O 

stretch) 
1680-1630 1680-1630  

Out of plane C=O bend 520-430 520-430  
N-H stretch 3100-3070 3100-3070  

Amide II band (N-H bend 
and C-N stretch of 
secondary amide) 

1570-1515 1570-1515  

N-H wag of secondary 
amide 

809, 866 809, 866  

CH3 2990 2990  
CH3 1394 1394  

C-H bend 1460 1460  
C-H vibration 1480-1440 1480-1440  
CH3 vibrations 2980-2700 

(series of 
bands) 

2980-2700 (series 
of bands) 

 

C-H rocking vibration 772 772  
C-H stretch of polymer 

chain 
3150 3150 3150 

Metallic polaron energy 
band 

- Broad band above 
2000[16] 

- 

-C=C- ring stretch - 1607 - 
Quinoid vibration band - 1567 1561 

Benzenoid vibration band - 1482 - 
C-H bend of 1,4-

disubstituted benzene rings 
- 802  

Hydrogen bond satellite 
bands [19] 

 2576, 1957 2804 

Carbonyl stretch   1700 [20] 
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Figure 4.3:  PAAMPSA FTIR Spectrum.
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Figure 4.4:  PANI-PAAMPSA FTIR Spectrum
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Figure 4.5:  PANI-PMAA FTIR Spectrum
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Figure 4.6:  Hydrogen Bonding Between PANI-Polymer Acid 

Hydrogen bonding in a) PANI-PMAA and b) PANI-PAAMPSA. 
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Figure 4.7:  UV-VIS Absorbance Spectra of PANI-Polymer Acids 

PANI-PMAA spectrum is similar to that of PANI-PAAMPSA, with some characteristics 
which indicate higher crystallinity and less doping. 
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Table 4.3:  Conductivity of PANI-PMAA Materials  

Varying MAA to aniline and APS to aniline mole ratios, and MAA repeat units.   

MAA to 

aniline 

APS to 

aniline 

MAA repeat 

unit 

Conductivity 

(S/cm) 

2 0.6 1  

2 1.2 1 3.9x10-4 

2 1.2 4500  

0.5 1.2 4500 3.2x10-4 

2 0.6 4500  

0.5 1.2 1 4.510-3 

0.5 0.6 4500 2.1x10-6 

0.5 0.6 1 1.8 x10-7 

1.25 0.9 2250 8.7 x10-6 

1.25 0.9 2250 2.8 x10-5 

1.25 0.9 2250 5.8 x10-5 
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Table 4.4:  Dispersibility of PANI-PMAA Materials  

Varying MAA to aniline and APS to aniline mole ratios, and MAA repeat units.   
Trial MAA to 

Aniline 
(Mole Ratio) 

APS to 
Aniline 
(Mole 
Ratio) 

MAA 
Repeat 
Unit 

Dispersibility 

1 0.5 0.6 1 6 
2 1 0.9 2250 4 
3 0.5 1.2 4500 2 
4 0.5 0.6 4500 2 
5 0.5 1.2 1 5 
6 1 0.9 2250 1 
7 2 1.2 4500 1 
8 2 0.6 1 7 
9 2 1.2 1 5 
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Figure 4.8:  PANI-PAAMPSA Nanofilm Sensing Device
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Figure 4.9: XRD Patterns Resulting from PANI-PAAMPSA  

Films grown a) using a silane functional layer and b) without a silane functional layer. 

 a) 
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Figure 4.10:  FTIR spectra of PANI-PAAMPSA 

Spectra of a) in situ PANI-PAAMPSA material, using a functionalized silane surface, and 
b) in situ PANI-PAAMPSA material, using a non-functionalized surface. 
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Table 4.5:  Conductivity and Thickness of Fabricated PANI-PAAMPSA devices 

 (n=9) Conductivity (S/cm) Thickness (nm) 

  Average
Standard 
Deviation Average

Standard 
Deviation 

Drop 
Coat 0.79 0.012 16156 470 

2 layer in 
situ, 

without 
silane 0.39 0.035 522 189 

2 layer in 
situ, with 

silane 0.47 0.046 865 197 
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Figure 4.11:  UV-VIS Absorption Spectra of PANI-PAAMPSA 

In situ grown PANI-PAAMPSA film spectra indicates slightly higher conductivity in 
comparison to spun-coat PANI-PAAMPSA films. 
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Figure 4.12:  SEM images of PANI in situ films. 

Images of a) and b) PANI-PAAMPSA; c) and d) PANI-HCl. 

a b

c) d
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Chapter 5:  Characterization of Conductive Polymer Sensors 

 

5.1 INTRODUCTION 

 

It is possible to use polyaniline (PANI) to sense biomolecular interactions which 

are of a non-redox nature, such as acid-base interactions or non-covalent bonding such as 

electrostatic or hydrogen bonding, due to PANI’s protonic doping mechanism,.  PANI 

exhibits a protonic doping mechanism which induces conductivity in the material [1], 

which is different from the redox doping mechanism of many other conductive polymers 

[2].  The redox and protonic transitions of polyaniline are shown in Figure 5.1 [3].  The 

emeraldine salt of PANI has a characterized conductivity change in response to pH [4].  

As the pH is increased, dedoping of the polymer occurs, causing a transition from the 

emeraldine salt form (Figure 5.1d) to the emeraldine base form (Figure 5.1b) and the 

conductivity diminishes.  This conductivity change can be observed by spectroscopy or 

through measurement of the impedance of the material.   

For the template-synthesized materials under test, the solubility of the PANI-

PAAMPSA decreases with increasing pH, since the PANI and PAAMPSA dissociate, 

causing the PANI to become insoluble.  In contrast, decreasing the pH creates additional 

dopant charges in an insufficiently doped system, and increases the conductivity of the 

material and again changes the absorption spectra of the material.  For a highly doped 

material, conformational changes of the PANI complex can also lead to increases in 

conductivity and absorbance spectra shifts.  A change from a condensed form to an 

expanded coil conformation of the polymer can also modify the electronic state 

transitions of the system [5].   
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To test the pH range over which the protonic doping mechanism is active, a series 

of experiments were performed to measure the absorbance and solubility changes in the 

PANI-PAAMPSA material when varying the pH.   

Extending this concept to utilize PANI-PAAMPSA to recognize proteins is the 

eventual goal of this work, so studies were also performed using lysozyme and bovine 

serum albumin, both molecules which have been previously imprinted on hydrogels 

similar in composition to those which will be used in this research [6-9].  Lysozyme it is 

a large protein with a molecular weight of approximately 14kDa, and has an overall basic 

character, with an isoelectric point of ~10.4.  BSA has a molecular weight of 66kDa, and 

has an isoelectric point of 4.7.  Three-dimensional structural models of these two proteins 

are shown in Figure 5.2.   

The effect of ionic strength upon the conductivity of the material was also tested 

in a controlled pH environment, and finally the response time of the synthesized in situ 

PANI-PAAMPSA films was determined.   

 

5.2 MATERIALS AND METHODS 

 

5.2.1 pH Response of Template-Synthesized Polyaniline 

 

All chemicals were obtained from Fisher Scientific (Palo Alto, CA) unless 

otherwise noted.  The pH response of template-synthesized polyaniline was measured by 

dissolving PANI-PAAMPSA in pH controlled buffer solutions.  The solutions were 

characterized with a UV-VIS microplate reader (Synergy HT, Biotek Instruments, Inc., 

Winooski, VT).  For all experiments, a 10 mM 3,3-dimethylglutaric acid (DMGA, 



 83

Sigma-Aldrich Co, St. Louis, MO) and sodium hydroxide buffer was prepared, with 

sodium chloride added to maintain a constant ionic strength.  A small amount of a 

solution of 1% PANI-PAAMPSA was added to each buffer, to obtain a final amount of 

0.0167% PANI-PAAMPSA in the buffer.  From this solution, 100 µL was transferred 

into a clear polystyrene plate and the microplate reader was used to measure the 

absorbance of the solutions from 300 nm to 900 nm in 1nm steps.  At time intervals of 5, 

15, 30, 60 minutes and 2, 4, 24 hours, aliquots of 100 µL were taken from the sample 

solution and measured on the plate reader.   Additionally, the impact of the change in 

solubility can be seen through particle size and zeta potential as analyzed using a 

Brookhaven ZetaPlus instrument (Brookhaven Instruments Corp.) operating with a 635 

nm diode laser source.  Dynamic light scattering DLS was used to calculate particle size 

as the pH was varied.  Ten runs were performed on each sample.  

To analyze the pH response of template-synthesized polyaniline in situ materials, 

films were synthesized following the procedures described in Section 4.2.2.  To generate 

thicker films to more accurately measure the conductivity with the available 

instrumentation, silane-functionalized substrates with gold electrodes were exposed to the 

polyaniline reaction solution twice.  The conductivity was measured with the four-point 

probe technique using the procedure described in Section 4.2.3, and the UV-VIS 

absorbance spectra were acquired using the procedure also described in Section 4.2.3.  

The conductivity of the PANI-PAAMPSA samples was measured prior to exposure to a 

buffer solution.  Since the PANI-HCl films are non-conductive in their as-synthesized 

and rinsed state, the conductivity of these films was not measured prior to exposure to a 

buffer solution.  A universal buffer was prepared by making one stock solution of 0.2 M 

boric acid and 0.05 M citric acid, and a second stock solution of 0.1 M trisodium 

orthophosphate.  The two stock solutions were titrated to generate buffers with the 
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desired pHs ranging from 2.0 to 11.0.  Films were soaked in each pH buffer solution for 3 

days, then briefly dried and the conductivity and UV-VIS spectra were acquired.  The 

conductivity of each PANI-PAAMPSA sample measured after pH exposure was 

normalized by the initial starting conductivity of that sample.  Thicknesses were 

measured using a profilometer, as described in Section 4.2.3.   

 

5.2.2 Biomolecular Response of PANI-PAAMPSA in situ Films 

 

A solution of 0.05 M PBS pH 7.4 was prepared as described in Section 5.2.1, with 

the ionic strength controlled to 150 mM with NaCl.  From this buffer, solutions with 10 

mg/mL lysozyme and 10 mg/mL bovine serum albumin (BSA) were prepared.  PANI-

PAAMPSA in situ films were soaked in the buffered protein solutions overnight, the 

films were briefly dried and the conductivity was then measured using the four-point 

probe method described previously.  UV-VIS absorbance spectra of the samples were 

also acquired.   

 

5.2.3 Influence of Ionic Strength on Conductivity of Template-Synthesized 
Polyaniline 

 

All chemicals were obtained from Fisher Scientific (Palo Alto, CA) unless 

otherwise noted.  The influence of ionic strength on the PANI-PAAMPSA in situ films 

was determined by exposing the films to a buffer at pH 5 with varying ionic 

concentration.  Solutions of 0.05 M sodium phosphate monobasic and 0.05 M sodium 

phosphate dodecahydrate dibasic were prepared, then titrated to create a phosphate 

buffered solution (PBS) with a pH of 5.  Using the pH 5 PBS, buffers with ionic strengths 
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of 0 mM, 50 mM, and 100 mM of NaCl were prepared.  In situ PANI-PAAMPSA films 

were soaked in each solution overnight, and then the films were dried prior to the 

measurement of the conductivity by four-point probe and the UV-VIS absorbance spectra 

measurement.   

 

5.2.4 Response time of PANI-PAAMPSA in situ Films 

 

To demonstrate the fast response time of the conductive polymer, 50 nm thick 

PANI-PAAMPSA films were synthesized, and then exposed to 0.05 M PBS with 150 

mM NaCl at a pH of 8.9 while the conductivity of the films was monitored over time.  

For comparison, films were also exposed to a pH of 4.6, and a deionized water solution 

with 150 mM NaCl.  Probe tips were isolated from the buffer solution using a Teflon 

spacer adhered to the sample with double-stick tape, and 200 µL of the buffer solution 

was pipetted into the well formed by the spacer.  To avoid chemical oxidation or 

reduction, the probe voltage was sampled at 100 mV, instead of being varied.  Sample 

intervals of 30 s were introduced to avoid double layer charging effects.  Data was fit to a 

logistic regression to evaluate the response time.   

 

5.3 RESULTS AND DISCUSSION 

 

5.3.1 pH Response of Template-Synthesized Polyaniline 

 

The UV-VIS spectra of the PANI-PAAMPSA powder shows the expected 

transition from emeraldine salt to emeraldine base as the pH is increased [10].  The UV-
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VIS spectra of the PANI-PAAMPSA powder, in response to a change in pH, is shown in 

Figure 5.3.  At a pH of 5.4 and below, the spectra indicates the material is in the 

emeraldine salt state, evidenced by the presence of π to polaron and polaron to π* 

transitions at 800 nm and 420 nm, respectively.  At a pH of 7.2, much of the polymer 

resembles an emeraldine base, though some evidence of a peak at 420 nm still exists.  

The average particle size as determined by DLS is shown in Figure 5.4.  The particle size 

increases with pH, verifying that the PANI-PAAMPSA particles are likely aggregating as 

the pH of the solution is increased.   

The measured conductivity and UV-VIS spectra of the PANI-PAAMPSA films 

demonstrate that the films remain conductive at least to a pH of 7.5.  The conductive 

response of the in situ grown PANI-PAAMPSA and PANI-HCl films is shown in Figure 

5.5.  Above a pH 5, the PANI-HCl films conduct minimal current, while the PANI-

PAAMPSA films conduct measurable current up to a pH of 7.5.  The conductivity of the 

PANI-PAAMPSA films is an order of magnitude greater than the conductivity of the 

PANI-HCl films at a pH of 2.  Additionally, Figure 5.6, which shows the UV-VIS 

absorption spectra of the PANI-HCl and PANI-PAAMPSA films at different pHs, also 

demonstrates that the PANI-PAAMPSA films have a larger pH responsive range.  The π 

to polaron absorption peak around 800 nm disappears at a pH of 7.5 in the spectra of the 

PANI-HCl films; the same peak is diminished, but still present in the PANI-PAAMPSA 

films.  In support of this finding, recent studies have reported that PANI-PAAMPSA 

powder maintains redox capabilities at pHs well above physiological conditions, in 

contrast to PANI doped with HCl [10].  Images of the color change in the PANI-

PAAMPSA films is shown in Figure 5.7. 

PAAMPSA contributes as a dopant, but interestingly at a pH below its pKa, the 

conductivity of the PAAMPSA doped material is higher than that of the HCl doped 
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material.  This indicates an additional contribution of the PAAMPSA to the conductivity 

of the polymer, beyond just as a dopant.  It was seen in Chapter 4 that the PAAMPSA 

causes the PANI to form fibrillular structures on the substrate surface.  These fibers 

indicate additional ordering of the polymer material and additional surface volume, 

enhancing the conductivity measured.  Recent studies have found that the current is 

primarily conducted along the surface of the PANI-PAAMPSA film [11].  If this is also 

true for PANI-HCl, the increase in surface area of the PANI-PAAMPSA film may 

explain the increase in current, and therefore measured conductivity of the PANI-

PAAMPSA materials.    

 

5.3.2 Biosensing with PANI-PAAMPSA in situ Films 

 

The MIP template proteins were found to have an influence upon the absorbance 

spectrum and conductivity of the PANI-PAAMPSA.  The conductivity and UV-VIS 

spectroscopy results of the incubation of PANI-PAAMPSA with lysozyme and BSA are 

shown in Figure 5.8 and Figure 5.9, respectively.   As can be seen from the UV-VIS and 

conductivity results, the electronic state of the PANI-PAAMPSA films in the presence of 

BSA and lysozyme changes significantly.  The incubation of the PANI-PAAMPSA with 

BSA significantly increased the conductivity of the PANI-PAAMPSA film from around 

0.1 S/cm to 0.8 S/cm.  Additionally, the π to polaron peak red-shifts progressively with 

the addition of lysozyme and BSA.  Since BSA has a pKa of 4.7, negatively charged sites 

dominate the protein molecular structure when at a pH of 7.4.  It is possible that the 

dominance of amino acids with acidic (negatively charged) functional groups allows 

BSA to function as additional dopant molecules.   
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We have consistently used a 800 kDa PAAMPSA throughout these experiments, 

but it is known that the large molecular weight PAAMPSA does not fully dope the PANI, 

since upon exposure to HCl vapor, the conductivity increased approximately 20% [12].  

In the presence of BSA, the conductivity increases 7x, so it is clear that an acid-base 

interaction cannot completely explain these results.  Additionally, the overall charge of 

lysozyme should be basic at a pH of 7.4; however, incubation of the PANI-PAAMPSA 

films with lysozyme also increases the conductivity of the films.  

It is proposed that a hydrogen bonding mechanism is responsible for the observed 

changes in conductivity.  Previously, it was demonstrated that hydrogen bonding is likely 

to occur between water, the PANI, and a protonated sulfonic acid [13].  At the 

experimental pH of 7.4 described here, a significant portion of the sulfonic acids 

functional moieties of the PAAMPSA will be protonated.  The addition of a protein may 

disturb the hydrogen bonding complex between the PAAMPSA and the PANI, and lead 

to more acid-base interactions between the sulfonic acid and the PANI, leading to a 

higher conductivity.  This is accompanied by a conformational change, which have 

previously been induced the presence of molecules and has been shown to cause a 

significant change in conductivity of PANI [14].  The conductivity change in the PANI-

PAAMPSA materials can be directly attributed to the change in the polaron band through 

the establishment of a linear relationship between the peak wavelength and the 

conductivity, as shown in Figure 5.10.  The red-shift in the polaron peak absorbance 

wavelength as the conductivity increases may indicate a decrease in entanglement of the 

PANI-PAAMPSA chains [15].  Therefore a change in the hydrogen bonding between the 

PAAMPSA and PANI, induced by the presence of the protein, or a change to an extended 

coil conformation from a compact or entangled conformation, may therefore explain the 

increase in the conductivity.  This measurable change can be used to indicate the 
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presence of absence of a template molecule when incorporated into an MIP film and 

conductive polymer composite.    

 

5.3.3 Influence of Ionic Strength on Conductivity of Template-Synthesized 
Polyaniline 

 

Ionic strength does not significantly impact the conductivity of the in situ 

polymerized PANI-PAAMPSA films.  As shown in Figure 5.11, the conductivity of the 

films is not impacted by the ionic strength of the solution.  The UV-VIS absorbance 

spectra shown Figure 5.12 are not impacted by the ionic strength of the buffer.  These 

results indicate that the ionic strength of the solution does not significantly affect the 

conductivity of the PANI-PAAMPSA in situ films.  The effect of additional ionic 

screening of the PANI-PAAMPSA molecule therefore does not appear to affect the acid-

base transitions of the material.  Since electrostatic interactions would be reduced by the 

ionic screening effect, this data indicates that it is unlikely that electrostatic interactions 

affect the conductivity of the PANI-PAAMPSA material.    

 

5.3.4 Response time of PANI-PAAMPSA in situ Films 

 

The resulting curves were fit to an exponential, and the average time constant was 

found to be 7.5 minutes, as shown in Figure 5.13.  These results demonstrate this system 

will be capable of responding to an analyte on the timescale of minutes, which is 

appropriate for most diagnostic tests.   
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5.4 CONCLUSIONS 

 

The demonstrated results indicate the ability of the template-synthesized PANI-

PAAMPSA to act as a biomolecular sensor.  The interaction between PANI and its 

environment can be quite complex, consisting of redox reactions, acid-base interactions, 

and non-covalent interactions which may change the conformational structure.  In the 

case of macromolecular interactions, it appears that the non-covalent interactions 

generate the largest effect on the conductivity of the material.  However, ionic strength 

does not generate a significant change in the conductivity, so the non-covalent interaction 

must be of the character of hydrogen bonding or hydrophobic interactions.  We will 

utilize this effect to produce a MIP incorporating PANI-PAAMPSA as a macromolecular 

sensor. 
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5.5 FIGURES 
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Figure 5.1:  Chemical Transistions of PANI 

Oxidation-reduction (vertical) and acid-base (horizontal) transitions of polyaniline.  
Structures are named a) pernigraniline base, b) emeraldine base, c) leucoemeraldine base, 
and d) emeraldine salt.   
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Figure 5.2:  Protein Molecular Structures 

Space fill 3D structures of a) lysozyme and b) serum albumin showing the surface charge 
distribution.  The structure of bovine serum albumin is undetermined, human serum 
albumin is shown.   

b)a) 
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Figure 5.3:  pH Dependence of UV-VIS Absorbance Spectra of PANI-PAAMPSA 
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Figure 5.4:  Particle Size of PANI-PAAMPSA as a Function of Buffer pH. 
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Figure 5.5:  Conductive Response of PANI in situ Films to pH 
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Figure 5.6:  pH Dependence of UV-VIS absorption spectra of PANI in situ Films 

UV-VIS spectra of a) PANI-HCl and b) PANI-PAAMPSA thin films.  The π to polaron 
absorption peak around 800 nm disappears at a pH of 7.5 in the spectra of the PANI-HCl 
films; the same peak is diminished, but still present in the PANI-PAAMPSA films.   

a) 

b) 
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Figure 5.7:  Color Change in PANI-PAAMPSA  

PANI-PAAMPSA in situ polymerized films upon exposure to increasing pH. 

Increasing 
pH 
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Figure 5.8:  Conductivity of PANI-PAAMPSA Exposed to Protein 

Conductivity change in PANI-PAAMPSA upon exposure to 10mg/mL of template 
protein (n=3). 
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Figure 5.9:  UV-VIS Spectra of PANI-PAAMPSA Exposed to Protein   

UV-VIS spectroscopy of PANI-PAAMPSA films upon exposure to lysozyme and BSA. 
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Figure 5.10:  Correlation of UV-VIS Spectra to Conductivity 

Relationship between π to polaron energy state transition and the conductivity measured 
via 4 point probe, change induced by presence of lysozyme and BSA. 



 101

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120

[NaCl] (mM)

C
o

n
d

u
ct

iv
it

y 
(S

/c
m

)

 

Figure 5.11:  Conductivity of PANI-PAAMPSA Varying Ionic Strength  

Conductivity of PANI-PAAMPSA in situ films upon exposure to buffers with varying 
ionic strength (n=3). 
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Figure 5.12:  UV-VIS Spectra of PANI-PAAMPSA Varying Ionic Strength 

UV-VIS absorbance spectra of PANI-PAAMPSA in situ films upon exposure to buffers 
with varying ionic strength. 
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Figure 5.13:  Response Time of PANI-PAAMPSA in situ Films 
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Chapter 6:  Molecular Imprinting and Recognition Using Hydrogels

 

6.1 INTRODUCTION 

 

Alginate is a linear, non-branched polysaccharide that can be ionically crosslinked 

into physical hydrogel networks [1].  Alginate is a natural material, harvested from brown 

algae, then processed to varying grades depending on the purity required for a given 

application.  This natural biomaterial has found widespread use as a food additive, in 

pharmaceutical formulations, in wound healing, and in tissue engineering [2].   

The chemical structure of sodium alginate, shown in Figure 6.1, consists of 1,4’-

linked β-D-mannuronic acid and α-L guluronic acid residues, in varying amounts 

arranged in blocks along the chain backbone.  Physical networks are formed by the 

exchange of sodium ions associated with the guluronic acid residues with divalent cations 

in the crosslinking solutions.  The guluronic residues stack to form a characteristic egg-

box structure.  Dimerization of the alginate chains occurs through the divalent cations, as 

illustrated in Figure 6.2, causing junctions between many chains to create a network 

structure [3].   

Alginates have several advantages which enable their use as biomaterials.  The 

crosslinking conditions are mild, not requiring heat, oxidants, or organic solvents [3].  

These mild conditions permit the incorporation of macromolecules such as proteins, and 

even cells [4], into the network, without modification of the biological activity of the 

proteins or cells.  Alginates are generally considered biocompatible and non-

immunogenic due to their chemical composition [2].  The formation of matrix blocks, 

large bead, and microbeads is easily accomplished, and the materials allow for some 
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control of the pore size, degradation rate, and mechanical properties, for example by 

using an alginate with specific ratios of mannuronic acid to guluronic acid. 

Alginate networks incorporating proteins have been studied as controlled-release 

drug delivery systems [3, 5].  Small molecules diffuse freely through the material, since it 

contains up to 95% water, but the diffusion of larger molecules may be affected by the 

material porosity, the erosion of the material and non-covalent interactions between the 

proteins and the sodium alginate.   

 

6.1.1 Alginate MIPs 

 

Macromolecular imprinting of sodium alginate has been demonstrated using BSA 

as a template molecule.  To achieve the imprinting effect, a solution of sodium alginate 

and BSA was prepared at a pH of 4.2.  The low pH, below the pI of BSA, creates a 

positively charged, hydrophilic molecule, which should interact with the anionic sodium 

alginate.  The solution was dropped into a solution of CaCl2 to generate ionically 

crosslinked microspheres.  BSA was removed from the microspheres by rinsing in a Tris-

HCl solution at a pH of 7.5, since raising the pH above the pI of BSA will cause a 

repulsion effect between the negatively charged BSA and the negatively charged sodium 

alginate and break the ionic interactions.  The recognition of the microspheres was 

assessed by incubating the microspheres with a solution of BSA and monitoring the 

absorption of BSA, compared to the absorption of microspheres created without using 

BSA.  Approximately 5 nmol more BSA was absorbed per gram of imprinted 

microspheres than the nonimprinted microspheres.  A significant amount of non-specific 

absorption was also observed, in that the non-imprinted microspheres absorbed 

approximately 29 nmol of BSA per gram of polymer. [6]   
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Subsequent work added hydroxyethyl cellulose to improve the mechanical 

properties of the microspheres [6], implemented an emulsion technique to generate 

surface imprinted alginate microspheres [7], used calcium phosphate to crosslink the 

alginate [8], and added polyacrylate to the polymer [9] to further improve mechanical 

stability and thereby increase the imprinting of BSA.  The highest equilibrium absorption 

capacity (Qe) obtained was approximately 150 nmol/g of polymer for the MIP, in 

comparison to approximately 40 nmol of BSA per gram of polymer under the same 

conditions [9].   

In the alginate imprinted system, we anticipate that the carboxyl group of the 

alginate can non-covalently bind to the template molecule functional groups.  In the case 

of BSA, ionic interactions may occur between the alginate and either lysine, arginine, 

aspartic acid, glutamic acid, and histidine; of these, lysine is the most abundant in BSA, 

and the proposed interaction is shown in Figure 6.3.  Alginate may also form hydrogen 

bonds with a template molecule.  Considering BSA, hydrogen bonds may form between 

alginate and glutamine, aspargine, tyrosine, serine, threonine, glycine, and cysteine; of 

these, glutamine is the most abundant in BSA, and the proposed interaction is shown in 

Figure 6.4.   

 

6.2 METHODS AND MATERIALS 

 

6.2.1 Gelation of Alginate MIP 

 

Molecularly imprinted alginate hydrogel films were prepared by crosslinking 

sodium alginate in the presence of the template protein, bovine serum albumin (BSA).  
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Deionized (DI) water was titrated to a pH of 4.2 with HCl (Fisher Scientific, Palo Alto, 

CA).  To form the imprinting solution, 200 mg of BSA (Sigma-Aldrich Co, St. Louis, 

MO) was dissolved in 20 mL of DI pH 4.2.  Next, 0.4 g of sodium alginate (Sigma-

Aldrich Co, St. Louis, MO) was added and stirred until dissolved.  To form the control 

solution, 0.8 g of sodium alginate was added to 40 mL of DI pH 4.2 and stirred until 

dissolved.  Solutions were stored at 4˚C until use.   

To crosslink films, 1.5 g of the alginate solutions was dispensed into a petri dish 

with a 2” diameter.  The solution was leveled, and then 5 mL of an aqueous 2% calcium 

chloride (CaCl) (Fisher Scientific, Palo Alto, CA) solution was pipetted over the alginate.  

The alginate was allowed to crosslink for 4 minutes.  

 

6.2.2 Release of Template from Alginate MIP 

 

After crosslinking, the films were rinsed and the release of BSA from the alginate 

rinse solutions was monitored.  First the films were rinsed in a 0.05M Tris-HCl pH 7.4 

solution with 1% CaCl, which was changed hourly for 3 hours, and then the films were 

rinsed in deionized water.  The water was changed daily until a sample of the rinse 

solution had an absorbance <0.003 OD, as measured at 280 nm on a Lambda 10 UV-VIS 

spectrophotometer (Perkin Elmer, Waltham, MA).  A calibration curve developed from a 

serial dilution of a 1 mg/mL solution of BSA was used to calculate the amount of BSA in 

each rinse solutions.  
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6.2.3 Recognition of Alginate MIP 

 

Recognition studies were performed by incubating crosslinked and rinsed alginate 

films with BSA solutions.  A 1 mg/mL solution of BSA in deionized water was prepared, 

and 50 mL of the solution was added to a 50 mL polypropylene centrifuge tube with the 

alginate film.  The samples were placed on a rotary mixer and the solution was sampled 

daily to read the absorbance of the solution at 280 nm using a UV-VIS spectrophotometer 

(Lambda 10, Perkin Elmer, Waltham, MA) until equilibration was reached.  To calculate 

the absorption of BSA at equilibrium, Equation 7-1 was used: 

    (7-1) 

 

where Qe is the equilibrium absorption, Co is the initial protein concentration, Ceq is the 

final concentration of protein at equilibrium, V is the volume of the protein solution, and 

W is the weight of the polymer incubated in the solution.  Imprinting efficiency, IE, can 

then be defined as shown in Equation 7-2: 

   (7-2) 

 

To investigate the dynamic absorption of BSA, the Equation 7-3 was used: 

(7-3) 

 

where Qt is the absorbance at time t, Ct is the protein solution concentration at time t, V is 

the volume at time t, Csi is the solution concentration initially, and Vsi is the volume of 

the initial solution.   

W

VCC
Q eqo

e

)( 


100% 
sisi

tt
t VC

VC
Q

NIP

MIP

Q

Q
IE 



 111

 The interaction between an imprinted polymer and the template molecule can be 

compared to an antigen-antibody binding interaction.  This association and dissociation 

of the complex can be symbolized as:   

      (7-4) 

  

where [P] is the concentration of unbound antibody, [L] is the concentration of unbound 

ligand, [PL] is the concentration of protein and ligand which are bound, kf is the forward 

reaction rate and kr is the reverse reaction rate of association.  A standard metric for the 

assessment of the strength of this interaction is the dissociation constant, or KD.  One can 

also define the equilibrium binding constant, Keq, as shown in Equation 7-5: 

          (7-5) 

 

The dissociation constant can be used to compare the strength of the interaction 

between the polymer film and the template molecule with traditional antibody-antigen 

interactions.  In our case, [P] becomes the concentration of possible binding sites in the 

polymer film, [L] is the concentration of template in solution, and [PL] is the 

concentration of template absorbed and presumably bound in the polymer film, all 

observed at equilibrium.   

Fick’s law of diffusion in one dimension (Equation 7-6) can be applied to study 

the diffusion of molecules through alginate films [10, 11].   

             (7-6) 

 

where φ is the flux of particles in the x-direction, c is the spatial gradient of particle 

concentration, t is time, and D is the diffusion coefficient.  Due to the conservation of 

particles, the continuity equation can be defined for a rectangular volume element: 

][][][ PLLP
f

r

k

k


]][[

][1

LP

PL

Kk

k
K

Dr

f
eq 

x

txc
Dtx





),(

),(



 112

          (7-7) 

 

Differentiation of Equation 7-6 and combining with Equation 7-7 will give Equation 7-8, 

Fick’s second law of diffusion:   

          (7-8) 

 

Assuming perfect sink conditions, uniform initial molecule concentration and assuming 

constant diffusivities, an approximate solution of Fick’s second law of diffusion for thin 

films at short times is given by Equation 7-9 [11] : 

  (7-9) 

 

where Mt and M∞ are the absolute cumulative amount of solute in the polymer at time t 

and infinite time, respectively, k’ is a constant and δ is the film thickness.   

 

6.2.4 Specificity of Alginate MIP 

 

Proteins with varying molecular weights and isoelectric points (pI), shown in 

Table 6.1, were selected for determining the specificity of the alginate MIP for BSA (all 

proteins obtained from Sigma-Aldrich Co, St. Louis, MO).  Ovalbumin (OVA) is a 

protein found in abundance in egg white, with a pI similar to BSA but with a lower 

molecular weight.  It is expected that OVA would bind non-specifically to any cavities 

formed in the BSA imprinted films.  Hemoglobin (Hb) is the oxygen-transporting protein 

found in red blood cells.  The bovine hemoglobin selected for these experiments has a 

molecular weight similar to BSA, but with a higher pI.  In water, Hb should be close to 
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neutral in charge.  Human serum albumin (HSA) has a similar molecular weight and 

isoelectric point, but a different structure from that of BSA.   

Alginate hydrogels used in the selectivity experiments were prepared as described 

in section 8.2.1 and 8.2.2.  Films were then incubated in 1 mg/mL solutions of the 

competitor proteins selected.  Daily, the absorbance of the solution was measured.  The 

absorbance of the OVA solutions were read on the Lambda 10 UV-VIS 

spectrophotometer in a cuvette at 280 nm.  The absorbance of the Hb solutions was read 

on the same spectrophotometer at 405 nm.  The absorbance of the HSA samples was read 

using a microplate reader (Synergy HT, Biotek, Winooski, VT) at a wavelength of 280 

nm.  

To analyze the selectivity of the alginate hydrogels for the templated protein, the 

selectivity, α, was calculated using Equation 7-10: 

           (7-10) 

 

where the equilibrium affinity constant is calculated using Equation 7-5.    

  

6.3 RESULTS AND DISCUSSION 

 

6.3.1 Gelation of Alginate MIP 

 

Upon exposure to the divalent CaCl2 solution, a semi-opaque, mechanically 

stable film quickly formed.  This film could be transferred with tweezers to the Tris 

buffer rinse solution upon completion of the crosslinking.  The thickness of the resulting 

films was approximately 1 mm.   
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6.3.2 Release of Template from Alginate MIP 

 

The release of BSA from the rinse solutions is shown in Figure 6.5.  Consistently, 

approximately 10 mg of BSA was detected in the rinse solutions; 15 mg of BSA was in 

the polymer solution prior to crosslinking.  A significant portion of the BSA is likely 

removed during the crosslinking process, since this induces significant deswelling of the 

gel.  As the solvent is expelled from the polymer when it crosslinks, the template 

molecule is also pushed out of the film.   

 

6.3.3 Recognition of Alginate MIP 

 

Four recognition experiments were averaged to determine the equilibrium binding 

affinities.  The calculated values for Qe (in units of mg per g of polymer) are shown in 

Table 6.2.  The amount of BSA absorbed was 6.4 mg/g of polymer, or 100 nmol/g of 

polymer which compares favorably to previously reported values of approximately 5 

nmol/g of polymer [6].  Using the equation for the dissociation constant, the Keq of the 

BSA imprinted alginate polymer was found to be 6mM.  This is several orders of 

magnitude above the dissociation constants found for small molecule imprinted polymers 

[12], and above the reported binding affinity of an epitope approach to BSA imprinting 

[13], which indicates a weaker interaction between the polymer matrix and the protein.  

However, these results are similar to the results of other work imprinting BSA in aqueous 

media, where adsorption capacities on the order of 5 mg/g of polymer [14], and surface 

imprinted microbeads with adsorption capacities on the order of 860 nmol/g [15].  

The diffusion coefficient was calculated by fitting the average of the four 

recognition binding experiments to Equation 7-9.   Using this method, D = 1.4x10-7 
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cm2/s.  This is of the same order of magnitude as the diffusion coefficient of hemoglobin 

in water (6.9x10-7 cm2/s) [16], indicating that the porosity of the alginate hydrogel is high 

enough that the diffusion of large molecules through the films is not significantly 

impeded.  Additionally, since the films were already swollen when the recognition 

experiments were begun, we would not anticipate that the relaxation of the polymer 

would affect the solute transport, and we would expect the diffusion to be Fickian, as 

previously demonstrated for MIP films [17].   

 

6.3.4 Specificity of Alginate MIP 

 

The results of the specificity experiments reveal that the imprinting efficiency of 

the BSA imprinted alginate films are significantly lower for the selected proteins than for 

the BSA itself, meaning that the amount protein absorbed by the MIP is similar to the 

amount of protein absorbed by the NIP for OVA, Hb, and HSA, as given in Table 6.3.  

The selectivity of the films, as calculated using Equation 7-7, is insufficient for OVA and 

Hb.  In the case of OVA, precipitation of the polymer occurred during the course of the 

experiment, making the standard specificity calculation inaccurate – a significant amount 

of the protein was simply precipitated out of solution, rather than absorbed into the 

alginate imprinted film.  The imprinting efficiency results demonstrate this more clearly, 

in that the MIP does not absorb more OVA than the NIP.  In the case of Hb, it is likely 

that the predominance of positively charged residues on the protein, at the pH under test, 

allows the Hb to non-specifically bind to the anionically charged alginate.  This 

experiment demonstrates that though the molecular imprinting appears to be a real effect, 

the application of the films in their current form is limited due to significant non-specific 

binding of positively charged species in physiological conditions.      
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6.4 CONCLUSIONS 

 

In summary, we have found that the binding of BSA to the synthesized alginate 

films is comparable, and in some cases improved, over large macromolecular imprinted 

results previously cited in literature [6, 9, 18].  Diffusion occurs quickly through these 

materials due to their high water content.  Though in these experiments equilibration was 

reached after 7 days, this is due to the considerable thickness of the films.  If the films 

were reduced in thickness from 1mm to 1µm, the time scale should be reduced from days 

to seconds.  Reduction of the film thickness can be achieved through spin-coating and 

other micro and nanofabrication techniques.   

The selectivity of the films, however, does highlight one hazard of MIP 

technology.  Though the imprinted versus non-imprinted films absorb the comparison 

proteins equally, some proteins will exhibit high degrees of non-specific binding to the 

alginate films.  This is due to the ionic interactions between a positively charged 

molecule and the negatively charged alginate – despite the presence of binding cavities 

preferential for BSA, the bulk alginate attracts a considerable amount of Hb, which has a 

higher pI.  In addition to a careful design of the functional interactions, it is clear from 

these results there must also be some consideration for avoidance of non-specific binding, 

perhaps by incorporation of PEG, which would add water to shield the bulk polymer 

from non-specific binding.  Little attention has been paid to this issue in literature, 

possibly since often these materials will be used for chromatography applications where 

the composition of the solution is more controlled, than with biomedical applications 

where the physiological environment is quite complex.     
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Figure 6.1:  Alginate Chemical Structure. 
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Figure 6.2:  Coordination of Alginate Chains with Divalent Calcium.   

Oxygen atoms believed to act in the coordination are shown in red [3]. 
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Figure 6.3:  Ionic Interactions Between BSA and Alginate 

Proposed ionic bond between lysine (an abundant amino acid in BSA), and alginate.   
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Figure 6.4:  Hydrogen Bonding Between BSA and Alginate   

Proposed hydrogen bonding between glutamine (an abundant amino acid in BSA) and 
alginate.   
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Table 6.1 Proteins for Selectivity Studies 

Molecular weights and isoelectric points of proteins used in the selectivity studies. 
Protein Molecular Weight pI Hydrodynamic 

Radius (Å) 
BSA 66,000 4.9 120 

Ovalbumin 45,000 4.7 27.4 [19] 
Human Serum 

Albumin 
69,000 4.8 34.5 [19] 

Hemoglobin 68,000 6.8 55 
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Figure 6.5:  Imprinted Alginate Film Rinse Results 

BSA released from imprinted alginate film during 0.05M Tris-HCl pH 7.5 with 1% CaCl 
rinse (hours 1,2 and 3) and during deionized water rinse (remaining timepoints) (n=3).  
Error bars represent +/- one standard deviation.  Exponential fit to data is shown. 
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Table 6.2:  Recognition of Imprinted Alginate Films 

Qe of alginate films imprinted for BSA (MIP) and non-imprinted (NIP), average of four 
recognition experiments (n=3 for each experiment). 

Sample Qe (mg/g polymer) Imprinting Efficiency 
(IE) 

MIP 6.4 64 
NIP 0.1 - 
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Table 6.3:  Selectivity Comparison 

Protein α IE 
OVA 1.6x10-6 1.1 
Hb 1.4x10-7 1.0 
HSA -1.0x10-5 1.1 
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Figure 6.6:  Recognition of Imprinted Alginate Films 

Absorption of BSA into imprinted alginate films (n=4).  Error bars delineate +/- one 
standard deviation.   
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Chapter 7:  Conductive Polymer and Recognitive Hydrogel Composites 

 

7.1 INTRODUCTION 

 

Sensing methods utilized with the various types of recognitive hydrogels have 

primarily been mechanical, electrochemical, conductimetric, or optical.  Sensors for pH 

have been developed using pH recognitive hydrogels lithographically patterned onto 

microcantilevers.  The pH dependant swelling of the hydrogel causes the microcantilever 

to deflect in a highly precise and sensitive manner.  A sensitivity of 0.01 pH units was 

demonstrated using these systems [1, 2].  The responsive swelling may also be detected 

using a quartz crystal microbalance [3, 4] or pressure sensors [5, 6].  The mechanical 

impact of swelling may however lead to delamination of the films from a mechanical 

sensing device [7].  Electrochemical sensors based on recognitive hydrogels have been 

extensively investigated [8-10].  Most MIP electrochemical sensors are amperometric, 

and measure the concentration of an electroactive template molecule via its products, or 

the molecule changes the hydrogel in a way that the sensor response changes [10].  

Interdigitated electrodes may also be used to detect a change in ion mobility, as affected 

by the degree of swelling [11].  A MIP sensor based on conductivity changes was 

reported for the detection of benzyltriphenylphosphonium ions [12].  In that system, the 

conductivity changes were due to an increased concentration of the template ions and 

chloride counterions, as detected by a platinum electrode.  Finally, optical detection is 

often utilized due to its ease of implementation in a research laboratory [13].  For 

example, the selective recognition of D-glucose MIPs has been verified using a 
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fluorescent analogue [14].  Each of these transduction systems has identifiable issues 

which may limit their usage. 

The incorporation of conductive polymers into hydrogels has been demonstrated 

in the fields of tissue engineering [15], drug delivery [16-18], and biosensing [19].  It is 

possible to change the degree of swelling of a hydrogel using electrical stimulation [20].  

When conductive polymers are incorporated into hydrogels, the materials produced can 

transform physically or chemically in response to electrical stimulation [21].  Based on 

these concepts, the development of CP-hydrogel composites which are responsive to 

environmental change have been pursued.   

Artificial muscle actuators may be constructed by combining conductive 

polymers with shape-responsive hydrogels [21-23].  In neural engineering, a hydrogel 

may provide the benefit of matching the tissue mechanical properties and producing a 

more stable construct, in combination with the utility of the conductive polymer as a 

signal transporter [15, 24].  CP-hydrogel composites can form stable and sensitive 

enzyme-based electrochemical sensors [19, 25].  The hydrogel increases the 

biocompatibility of the sensor material, and therefore leads to improved stability of the 

enzyme, while the conductive polymer acts as electrical or molecular wiring for the 

enzymes [26].  Additionally, CP-hydrogel composites have been explored as controlled-

release drug delivery systems [17, 27].  When the dopant anion is a therapeutic drug, 

electric stimulation can be applied to control the release of the drug [28] . 

The main challenge to the incorporation of a conductive polymer in a hydrogel 

remains that conductive polymers are highly insoluble in most common solvents.  Two 

methods to overcome this challenge have been pursued.   

First, the CP monomer often is soluble, which allows it to be incorporated into a 

pre-formed hydrogel as a semi-IPN.  Hydrogel films or particles can be soaked in a 



 130

solution of aniline or pyrrole, then an initiator can be added for solutions-based 

polymerization, or current can be applied for electrochemical oxidation and 

polymerization.  Typically, these materials are synthesized using a semi-IPN method.  

Since the CP monomer often is water-soluble, hydrogel films or particles can be soaked 

in a solution of aniline or pyrrole, then an initiator can be added for solutions-based 

polymerization, or current can be applied for electrochemical oxidation and 

polymerization.  The semi-IPN method presents challenges when considering the 

synthesis of a molecularly imprinted CP-hydrogel composite.  Since the formed hydrogel 

is soaked in an aqueous solution after polymerization, it is likely that a template molecule 

would diffuse out of the matrix, allowing the subsequent CP polymerization to occlude 

the recognitive cavities.   

Alternatively, a soluble form of the conductive polymer can be blended with the 

hydrogel components prior to crosslinking.  Soluble forms of the CP typically have a 

significant loss in conductivity in comparison to the native form.  In our work, the water-

soluble PANI-PAAMPSA is highly conductive, and can therefore be incorporated into a 

highly conductive hydrogel material.  PANI-PAAMPSA was incorporated into an acryl 

ate hydrogel and into an alginate hydrogel and the conductivity was measured.  The 

conductive response of CP-hydrogel materials to pH and to BSA was also demonstrated.  

Finally, imprinting of BSA using the PANI-PAAMPSA alginate hydrogel was attempted.   



 131

7.2 MATERIALS AND METHODS 

 

7.2.1 Synthesis of Conductive Polyacrylamide Hydrogels 

 

To study the incorporation of PANI-PAAMPSA into a hydrogel material, a 

solution of PANI-PAAMPSA in DI was stirred for seven days.  To that solution, 

acrylamide (AAm,) monomer was combined with 10 mol% poly(ethylene glycol)-1000-

dimethacrylate (PEG-1000-DMA, Polysciences, Inc., Warrington, PA) for crosslinking; 

these components are shown in Figure 7.1.  The free-radical initiator, Irgacure 184 

(Sigma-Aldrich Co, St. Louis, MO), was added at 1% of the total monomer moles.  The 

final hydrogel composition matched that reported to produce optimal binding conditions 

for an Angiotensin II molecularly imprinted polymer [29].  The original polymer used 

dimethylsulfoxide as the polymerization solvent, but PANI-PAAMPSA was found to be 

less soluble in DMSO than in water.  Alternatively, using a 1:1 w:w ratio of ethanol and 

water as the polymerization solvent produced a homogenous prepolymer solution.    

The prepolymer solutions were used to generate films of varying thicknesses, 

using either spacers or spin coating processes to dictate the thickness of the film.  Spacers 

ranging from 200µm to 50µm were used in a slide “sandwich”.  The second side of the 

slide sandwich consisted of a glass slide cleaned and treated with Sigmacote (Sigma-

Aldrich Co, St. Louis, MO).  The prepolymer solutions were injected into the slide fixture 

and then exposed to 16.5mW of UV (BlueWave 200, Dynamax, Torrington, CT) for 20 

minutes.  A Sigmacote treated glass slide was removed from the polymer film, and the 

film was soaked in deionized water to remove any unreacted monomer or untrapped 

PANI-PAAMPSA.  The rinse water was changed daily for seven days.   
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Some films were adhered to a glass substrate for ease of handling during 

conductivity and thickness measurements.  To form an adhered film, glass slides were 

treated with 3-(methacryloxypropyl) trimethoxysilane (γ-MPS, Polysciences Inc., 

Warrington, PA) following a previously published method [1].  This silane hydrolyzes to 

the glass substrate, and provides a double bond to allow incorporation into the hydrogel 

film and adhesion between the inorganic and organic substrates.  To form this silane 

layer, glass slides were first cleaned in solvent.  The slides were soaked in acetone, 

followed by toluene, acetone again, then methanol, 5 minutes for each soak.  The slides 

were then rinsed in deionized water ten times.  Next, the slides were cleaned with a 

Piranha solution.  Sulfuric acid was added to hydrogel peroxide in a 2:1 ratio, and the 

slides were soaked in this solution for 30 minutes.  The slides were again rinsed with 

deionized water ten times.  Next, the slides were immersed in a solution of 10 wt% γ-

MPS in acetone for 2 hours.  The slides were then rinsed in acetone, followed by 

methanol, and dried with a nitrogen gun.  Additionally, the slides were baked at 100ºC 

for at least 12 hours to ensure formation of covalent bonds between the glass and the γ-

MPS [30].  The slides were stored at ambient conditions until use.   

 

7.2.2 Characterization of Conductive Polyacrylamide Hydrogels 

 

Conductivity of the resulting hydrogel-conductive polymer composites was 

measured using the four-point probe method [2] using a probe station (PM 5, Karl Suss, 

Waterbury Center, VT) and an 4145B Semiconductor Parameter Analyzer (Agilent, Palo 

Alto, CA). A Dektak 6M profilometer (Veeco Instruments Inc, Woodbury, VT) was used 

to measure the thickness of the film.  The UV-VIS absorbance spectra was collected with 

a Cary 5000 spectrophotometer (Varian Inc, Palo Alto, CA).  Scanning electron 
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microscopy (SEM) images of the films were taken using a LEO 1530 microscope (Carl 

Zeiss SMT AG, Peabody, MA).    

 

7.2.3 pH Response of Conductive Polyacrylamide Hydrogels 

 

CP-hydrogels were incubated overnight in Tris-HCl, pH 7.4 with a controlled 

ionic strength of 150 mM NaCl.  The conductivity of the hydrogel was measured using a 

four point probe technique, as described in Section 8.2.2, and compared to the 

conductivity of hydrogels incubated in DI water. 

 

7.2.4 Gelation of Conductive Alginate Hydrogels 

 

Conductive alginate hydrogel films were generated by crosslinking sodium 

alginate in the presence of PANI-PAAMPSA.  PANI-PAAMPSA was dissolved in 

deionized water at 5 wt%, and stirred for at least 10 days.  Next, 0.4 g of sodium alginate 

(Sigma-Aldrich Co, St. Louis, MO) was added and stirred until dissolved, typically 2 

days.  Solutions were stored at 4˚C until use.   

To crosslink films, 3 g of the alginate solutions was dispensed into a petri dish 

with a 2” diameter.  The solution was leveled, and then 5 mL of an aqueous 2% calcium 

chloride (CaCl) (Fisher Scientific, Palo Alto, CA) solution was pipetted over the alginate.  

The alginate was allowed to crosslink for 8 minutes.  

After crosslinking, the films were rinsed in a 0.05M Tris-HCl pH 7.4 solution 

with 1% CaCl, which was changed hourly for 3 hours, and then the films were rinsed in 

deionized water.  The water was changed daily for 7 days.   
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The synthesized films were dried at ambient conditions, and then the conductivity 

was measured using the four point probe method, described in detail in Section 8.3.2.   

 

7.2.5 Biomolecular Response of Alginate Hydrogels 

 

CP-Alginate films were incubated in a solution of BSA to determine their 

conductive response.  Each film was placed into a conical centrifuge tube containing 50 

mL of a 1 mg/mL aqueous BSA solution and placed on a rotator.  After 5 days, the films 

were removed from the solution, dried at ambient conditions, and the conductivity of the 

films was measured using the four point probe method, described in detail in Section 

8.3.2.  As controls, CP-alginate films were soaked in DI water, then dried and measured 

on the four point probe during the same experiment.   

 

7.2.6 Imprinting of CP-Alginate Composites   

 

Molecularly imprinted alginate hydrogel films were generated by crosslinking a 

solution of PANI-PAAMPSA and sodium alginate in the presence of the template 

protein, bovine serum albumin (BSA).  PANI-PAAMPSA was dissolved in DI water at 5 

wt%.    To form the imprinting solution, 200 mg of BSA (Sigma-Aldrich Co, St. Louis, 

MO) was dissolved in 20 mL of the 5% PANI-PAAMPSA solution.  Next, 0.4 g of 

sodium alginate (Sigma-Aldrich Co, St. Louis, MO) was added and stirred until 

dissolved.  To form the control solution, 0.8 g of sodium alginate was added to 40 mL of 

a 5 wt% solution of PANI-PAAMPSA and stirred until dissolved.  Solutions were stored 

at 4˚C until use.   
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To crosslink films, 3 g of the alginate solutions was dispensed into a petri dish 

with a 2” diameter.  The solution was leveled, and then 5 mL of an aqueous 2% calcium 

chloride (CaCl) (Fisher Scientific, Palo Alto, CA) solution was pipetted over the alginate.  

The CP-alginate was allowed to crosslink for 8 minutes.  

After crosslinking, the films were rinsed and the release of BSA from the alginate 

rinse solutions was monitored.  First the films were rinsed in a 0.05M Tris-HCl pH 7.4 

solution with 1% CaCl, which was changed hourly for 3 hours, and then the films were 

rinsed in deionized water.  The water was changed daily for seven days.  The absorbance 

spectra of the rinse solutions was read from 1100 nm to 200 nm on a Lambda 10 UV-VIS 

spectrophotometer (Perkin Elmer, Waltham, MA).  A calibration curve developed from a 

serial dilution of a 1 mg/mL solution of BSA was used to calculate the amount of BSA in 

each rinse solutions.  A calibration curve of the PANI-PAAMPSA was also developed.  

The spectra of each solution was acquired using the Lambda 10 UV-VIS 

spectrophotometer, over the wavelength range from 1100 nm to 200 nm.   

Recognition studies were performed by incubating crosslinked and rinsed CP-

alginate films with BSA solutions.  A 1 mg/mL solution of BSA in deionized water was 

prepared, and 50 mL of the solution was added to a 50 mL polypropylene centrifuge tube 

with the CP-alginate films.  The samples were placed on a rotary mixer and the solution 

was sampled daily to read the absorbance spectra of the solution from 1100 nm to 200 nm 

using the UV-VIS spectrophotometer.   

Since some PANI-PAAMPSA continued to be released from the alginate films 

after rinsing, the PANI-PAAMPSA calibration curve was used to subtract the absorbance 

at 280 nm due to the presence of PANI-PAAMPSA in the recognition solution.  The 

absorbance at the peak at 798 nm was used as a reference; a linear fit to the absorbance 

values vs. wt% PANI-PAAMPSA was used to calculate the wt% of PANI-PAAMPSA in 
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the recognition solution.  Next, a linear fit of the absorbance vs. wt% of PANI-

PAAMPSA at 280 nm was used to calculate the absorbance of the PANI-PAAMPSA in 

the recognition solution at 280 nm.  This absorbance was then subtracted from the 

measured absorbance at 280 nm to determine the absorbance at 280 nm due to the BSA.  

The BSA calibration fit was used to determine the amount of BSA in the recognition 

solution based on the calculated absorbance at 280 nm due to the BSA.  Equation 7-1 was 

then used to calculate absorption of BSA in the polymer.   

Imprinted films, incubated in 1mg/mL solutions of BSA, were also dried in 

ambient conditions and the conductivity was measured using the four point probe 

technique previously described.   

 

7.3 RESULTS AND DISCUSSION 

 

7.3.1 Synthesis of Conductive Polyacrylamide Hydrogels 

 

The resulting AAm-co-PEG1000DMA hydrogels incorporating PANI-

PAAMPSA appear homogeneous and maintain an emerald green color, as shown in 

Figure 7.2.  The film remained firmly adhered to the γ-MPS treated glass substrate 

through the washing and rinsing procedures.   

 

7.3.2 Characterization of Conductive Polyacrylamide Hydrogels 

 

As the wt% of PANI-PAAMPSA is increased, the conductivity of the film also 

increases, as shown in Figure 7.3.  The conductivity of the hydrogel films is in the range 
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of mS/cm, which should be sufficient for a biomolecular sensor.  Additionally, the UV-

VIS spectra of the conductive hydrogel matches that of PANI-PAAMPSA alone (Figure 

7.4), demonstrating that the hydrogel monomer components do not affect the stability of 

the PANI and PAAMPSA complex.   

The SEM image in Figure 7.5 demonstrates the homogeneity of the films.  

Interestingly, the PANI-PAAMPSA can be clearly seen as the bright areas of the polymer 

film (the film was not coated with any conducting metallic layer).  The polymer chains 

appear solvated in the pre-polymer solution, and aggregation does not occur.  PANI-

PAAMPSA appears to be distributed homogeneously throughout the polymer matrix.   

 

7.3.3 pH Response of Conductive Acrylamide Hydrogels 

 

The PANI-PAAMPSA incorporated into the acrylamide hydrogels retains its pH 

responsive nature.  As shown in Figure 7.6, the conductivity of the films decreases by 

two orders of magnitude when the films are incubated in a controlled buffer at a pH of 

7.4.  This demonstrates that the PANI-PAAMPSA incorporated in the hydrogels 

maintains its sensing capabilities.   

 

7.3.4 Gelation of Conductive Alginate Hydrogels 

 

Crosslinking of the alginate was significantly impeded by the presence of the 

PANI-PAAMPSA.  The time to crosslink was increased to 8 minutes, but films remained 

insufficiently crosslinked in some cases, and a considerable amount of the PANI-

PAAMPSA would diffuse from the polymer during the rinse steps.   
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7.3.5 Biomolecular Response of Alginate Hydrogels 

 

As shown in Table 7.1, the conductivity of the alginate hydrogel incorporating 

PANI-PAAMPSA increases by an order of magnitude upon incubation with a 1 mg/mL 

solution of BSA.  This correlates well with the increase in conductivity of the PANI-

PAAMPSA thin films upon exposure to BSA, described in Chapter 5.   It is likely that a 

similar mechanism is involved.  Since the PANI-PAAMPSA doping is incomplete as-

synthesized, the anionic functional residues of BSA increase the doping of the PANI-

PAAMPSA and lead to a measurable increase in the conductivity of the material.  That 

this effect is present in the CP-alginate composite film is important for the development 

of these materials into a protein biomolecular sensor.   

 

7.3.6 Imprinting of CP-Alginate Composites   

 

The recognition of the CP-alginate imprinted film is shown in Figure 7.7.  While 

the MIP film does absorb some BSA, the data in Table 7.2 shows that the MIP did not 

have any specific recognition capability in comparison to the NIP.  It is possible that the 

background absorbance of the PANI-PAAMPSA at 280 nm is adding significant error to 

the measurement, causing the UV-VIS absorption to not be an appropriate technique to 

determine the imprinting efficiency of the MIP.  The measured conductivities are shown 

in Table 7.3.  Clearly, there is no observable difference in the conductivity between the 

imprinted and non-imprinted films.  Since there is a significant amount of BSA absorbed 

in both the non-imprinted and imprinted films, it is reasonable to expect that the 

conductivities of both films would be similar.  However, this indicates the current design 
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is not optimal for the incorporation of a conductive polymer, due to the significant non-

specific absorption of BSA.   

 

7.4 CONCLUSIONS 

 

A solutions-based method of incorporating a conductive polymer with a hydrogel 

material by blending a unique water-dispersible PANI with our prepolymer.  The 

subsequent polymerization crosslinks the monomers and entraps the PANI into the 

hydrogel network.   The hydrogel synthesis methods take advantage of the solutions 

processability of the polymer acid templated PANI.  Since this form of PANI is 

dispersible in water, a water-based hydrogel can be synthesized.  The polymer acid 

templated PANI is quite versatile and can be incorporated into hydrogels of varying 

composition, including an polyacrylate hydrogel, and a biomimetic alginate hydrogel.  

Though the polymerization and crosslinking mechanism is entirely different between the 

two hydrogel types, the incorporation of the conductive polymer was straightforward due 

to its high water solubility.   

Importantly, the PANI-PAAMPSA maintains its conductivity when incorporated 

into the hydrogels.  This was verified by four point probe measurements and UVVIS 

spectroscopy.  Additionally, the PANI-PAAMPSA retains its environmental sensing 

capabilities, as demonstrated by measuring the conductivity after exposure to pH 

solutions and to the template biomolecule. 

However, it was found during imprinting that the limitations of the current 

imprinting techniques prevent the successful selective recognition of the template 

molecule.  A significant amount of non-specific binding occurs, evidenced through the 

significant amount of BSA that is absorbed into the non-imprinted polymer.  The 
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presence of this template molecule in the non-imprinted film poses an issue for the 

integration of the conductive polymer into a biosensing device.  The imprinted hydrogel 

needs to be significantly more selective to approach the selectivity necessary for the 

proposed design.     
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7.5         FIGURES  

 

 

Figure 7.1:  Structures of Hydrogel Components 

Chemical structure of the components of the acrylamide hydrogel; PANI-PAAMPSA was 
mixed with the prepolymer solution to form a conductive hydrogel. 
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Figure 7.2:  Conductive Polymer and Hydrogel Composite Device 

Photograph of an Aam-PEG1000DMA hydrogel incorporating PANI-PAAMPSA, 
adhered with γ-MPS to the glass substrate.   
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Figure 7.3:  Measured Conductivity of Hydrogel 

Increasing conductivity of hydrogel with increasing wt% of PANI-PAAMPSA in pre-
polymer solution. 
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Figure 7.4:  UV-VIS Spectra of Conductive Hydrogel 

Identical UV-VIS peak wavelengths for PANI-PAAMPSA spun-coat onto glass vs. 
PANI-PAAMPSA incorporated in hydrogel, demonstrating hydrogel components do not 
affect dopant state or conformation of PANI-PAAMPSA. 
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Figure 7.5:  SEM of Conductive Hydrogel 

SEM image of hydrogel demonstrating incorporation of 23% PANI-PAAMPSA. 
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Figure 7.6:  pH Dependence of Conductive Hydrogel 

Conductivity of the CP-hydrogel composite film decreases upon exposure to pH 7.4 
(n=3). 
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Table 7.1:  Conductivity of Conductive Alginate Film 

Conductivity of CP-Alginate film upon exposure to BSA, showing that the conductivity 
of the film increases an order of magnitude upon incubation with BSA. 

Sample (n=3) Conductivity + 1 
standard deviation 

(mS/cm) 
CP-Alginate Film, 

not exposed to BSA 
4.0 + 2 

CP-Alginate Film, 
exposed to 1 mg/mL 

BSA 

40.8 + 18 
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Figure 7.7:  Recognition of Conductive Alginate Hydrogel 

Absorption of BSA by CP-alginate MIP.  The error bars represent +/- one standard 
deviation.  The sample to sample variation was quite high, likely due to the presence of 
PANI-PAAMPSA background which added to the experimental error.  (n=3)   
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Table 7.2:  Recognition of Conductive Alginate Hydrogel 

Qe of CP-alginate films imprinted for BSA (MIP) and non-imprinted (NIP) (n=3). 
Sample Qe + one standard 

deviation  
(mg/g polymer) 

MIP 0.77 + 2.1 
NIP 2.20 + 4.1 
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Table 7.3:  Conductivity of Imprinted Alginate Hydrogels 

Conductivity of CP-alginate films imprinted for BSA (MIP) and non-imprinted (NIP) 
(n=1).   

Sample σ  
(mS/cm) 

MIP 48 
NIP 41 
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Chapter 8:  Biocompatibility of Conductive Polymers1 

 

8.1 INTRODUCTION 

 

Since the discovery of their electrical properties in the 1960’s, research interest in 

conductive polymers has steadily increased.  A search of the literature indicates that over 

the last ten years, the number of publications in this field has increased over 3 times.  The 

properties of conductive polymers present a unique combination typically found in 

inorganic materials and those of organic materials.  Specifically, conductive polymer 

materials can be synthesized which have electrical properties similar to inorganic 

materials in the semiconducting or metallic regimes [1].  However, they are organic 

polymeric materials and therefore have the potential advantage of being easier to 

integrate into a functional device than inorganic solid-state materials.  Typically 

conductive polymers are applied towards thin-film electronics [2], photovoltaics [3, 4], 

corrosive protection [5], tissue engineering [6] and sensing [7].  More recently, 

conductive polymers have been studied to provide an interface between living tissues and 

electronics.   

Recent research in the biomedical field has demonstrated many potential medical 

applications for conductive polymer materials.  While the vast majority of conductive 

polymer research focuses on microelectronic and optoelectronic applications, 

increasingly, researchers are applying the knowledge gained in these areas toward 

biomedical applications.  In particular, tissue engineering [8-10],  neural probes [11, 12], 

biosensing [7], drug delivery [13-15], bioactuators [16, 17], and implantable medical 
                                                 
1 This chapter in its entirety has been accepted for publication in J. Biomater. Sci., Polym. Ed.  
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devices may have much to gain from the development of conductive polymers.  In the 

tissue engineering field, it was discovered that electrical stimulation could induce specific 

cellular responses [10]. Subsequently, many studies have been published on the 

biocompatibility of conductive polymer materials with different cell types [10, 18-20]  

Others are interested in using conductive polymers as artificial neural systems, for 

example as neural bridges to connect an injured nerve cord [21].  The majority of these 

studies have used either polypyrrole (PPy) or poly(3,4-ethylenedioxythiophene) 

(PEDOT).  The implementation of conductive polymers in biosensors, for drug delivery, 

and as bioactuators could eventually lead to the development of implantable devices and 

the necessity of having biocompatible conductive polymers for these applications. 

Challenges to the implementation of conductive polymers in biomaterials include 

their biocompatibility, maintenance of conductivity, and ease of integration with other 

materials.  Currently, much of the biomedical research relies upon the electrochemical 

synthesis of conductive polymers, since unmodified conductive polymers are highly 

insoluble in biologically compatible solvents.  However, electrochemical synthesis is 

unlikely to be a viable processing method for larger-scale manufacture of tissue 

engineering constructs or biomedical devices due to significant processing and scale up 

issues.  Solutions-processable materials can be fabricated into final devices via spin-

coating, extrusion, and printing methods.  Materials synthesized electrochemically are not 

likely to be solutions-processable, and would be difficult to efficiently remove from the 

synthesis substrate in a manner that would provide large-scale material for device 

fabrication.  A larger synthesis scale is possible with chemically polymerized material, in 

comparison to electrochemically polymerized material.  Additionally, electrochemically 

synthesized materials can only be synthesized on a conductive substrate, while solutions-

processable materials can be synthesized on non-conductive substrates [22]. 



 156

Polyaniline (PANI) has potential advantages over PPy and PEDOT, the 

conductive polymers conventionally used in biomaterials applications.  PANI has a 

unique 3 state switching capability, from a first non-conductive state, to a conductive 

state, to a second non-conductive state [23].  PANI has been demonstrated to have 

improved electronic and thermal stability [24, 25], and improved mechanical properties 

[26] compared to PPy.  However, the biological applications of (PANI) have not been 

extensively explored, potentially because early literature implicated a carcinogen, 

benzoquinone [27, 28], as a potential degradation byproduct of PANI, however 

subsequent reports, which include actual degradation data, do not demonstrate production 

of this carcinogen [25, 29].   

The use of a water-soluble PANI, which has been template-synthesized on a 

polymer acid [30], would eliminate the processing challenges associated with 

electrochemically synthesized conductive polymers [31].  The complex formed during 

this process has improved processing characteristics while maintaining high conductivity.  

The polymer acid is highly soluble in water and provides the dopant charge of the PANI, 

which leads to its electronic charge transport properties resulting in a conductive 

material.  Since the PANI and polymer acid complex can be dispersed in water, the 

material can be easily incorporated into many biocompatible polymeric tissue scaffolds 

or implantable devices.  To investigate the use of this material for implantable biomedical 

device applications, we have performed cellular biocompatibility studies with NIH 3T3 

mouse fibroblasts.  Fibroblasts are involved in the encapsulation and wound healing 

process, and therefore some degree of fibroblast adhesion is necessary to integrate 

implanted materials [32].  Previous studies have used fibroblasts to look at the 

regeneration of damaged tissues after implantation of a polypyrrole and poly(d,l-lactide) 
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composite [33], and to look at cell compatibility and uptake of polypyrrole particles for 

drug delivery or diagnostic purposes [34].   

Several studies have addressed the issue of biocompatibility of PANI with cardiac 

myoblasts [19, 35].  Various polymer modification techniques to improve 

biocompatibility, including blending conductive polymers with biocompatible polymers 

[35, 36], have been explored.  The chosen template synthesis method for PANI presents 

many opportunities to modify the physical and chemical properties of the final complex, 

and several polyelectrolyte dopants such as poly(styrenesulfonic acid), poly(acrylic acid) 

and poly(methacrylic acid) have been successfully implemented using this technique 

[30].  This synthesis method leads to a highly conductive PANI material which is water 

soluble, amorphous and easier to process than unmodified conductive polymers.  

Additionally, properties such as improved hydophilicity, improved environmental 

stability, and improved mechanical properties may lead to enhanced biocompatibility of 

the final material.  For these studies, PANI has been synthesized in the presence of 

poly(2-acrylamidomethylpropane sulfonic acid) (PAAMPSA), to form a complex termed 

PANI-PAAMPSA [37].  The sulfonic acid of the PAAMPSA dopant is negatively 

charged and may aid in protein deposition and cellular growth, leading to enhanced 

biocompatibility of the PANI-PAAMPSA complex in comparison to PANI alone. 

In this work, the compatibility of 3T3 fibroblasts in culture on a thin film PANI-

PAAMPSA substrate is demonstrated.   To study the impact of the conductive polymer 

complex upon the 3T3 fibroblasts, in situ films of PANI-PAAMPSA have been 

synthesized by exposing a clean glass substrate to the PANI-PAAMPSA reaction 

solution, which results in the deposition of a very thin layer of the polymer.  Cationic 

aniline molecules formed during the initiation of the polymerization are preferentially 

adsorbed to the negatively charged glass surface, leading to polymer chain adsorption and 
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growth from the surface of the glass.  The resulting film structure is maintained 

throughout the cellular studies and does not dissolve into the media.   

 

8.2 METHODS AND MATERIALS 

 

8.2.1 Fibroblast Cell Culture 

 

Experiments were carried out using NIH 3T3 mouse fibroblasts cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) with 10% calf bovine serum and 4.5 g/L 

glucose (Mediatech, Inc., Manassas, Virginia, USA). Cells were grown at 37ºC, 5% CO2 

and 95% relative humidity.  During typical cell culture, media was exchanged twice 

weekly, and cells were passaged when approximately 80% confluent.   

 

8.2.2 PANI-PAAMPSA in situ film synthesis 

 

PANI-PAAMPSA films were created in situ using modified published procedures 

[37, 38]. Aniline (Sigma-Aldrich Co., St. Louis, MO), and ammonium persulfate (APS) 

(Sigma-Aldrich Co., St. Louis, MO) were used as received.  PAAMPSA (Scientific 

Polymer Products, Inc., Ontario, NY), was lyophilized to obtain a dry power.   

PAAMPSA was dissolved in deionized water at 700mM, and then to this solution an 

equal molar ratio of aniline monomer was added.  After allowing the PAAMPSA and 

aniline to complex for an hour, the solution was poured into a glass slide fixture 

containing clean glass coverslips (22mm x 22mm).  A solution of APS, at a 0.9:1 ratio of 

initiator to monomer, was added to initiate the polymerization.  After reacting for 24 
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hours, the films were rinsed in 25mL of deionized water with the water was changed 

daily for seven days, to ensure that no unreacted monomers were present in the films as 

verified by UV-VIS spectroscopy using a Biotek Synergy HT microplate reader (Biotek, 

Winooski, Vermont, USA). PANI-PAAMPSA films were then sterilized by exposure to 

UV light for 60 minutes. 

 

8.2.3 Cytotoxicity of PANI-PAAMPSA on 3T3 Fibroblasts 

 

Cytotoxicity of PANI-PAAMPSA films was assessed at 2 and 7 days after cell 

seeding using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS).  Sterilized PANI-PAAMPSA films and glass 

coverslip controls were placed in 6 well tissue culture plates. NIH 3T3 fibroblasts were 

seeded on top of the films at a density of 5000 cells/ cm2, for a 2 day assay, and at a 

density of 1000 cells/ cm2 for a 7 day assay.  The cells were placed into a cell incubator at 

37ºC and 5% CO2.  At 5, 24 and 48 hours after cell seeding, microscopy images were 

acquired to monitor cell proliferation and changes in morphology.  After the specified 

incubation period, an assay using MTS was performed to assess cell viability (CellTiter 

96® AQueous One Solution Cell Proliferation Assay, Promega, Madison, Wisconsin, 

USA) [39].  This assay uses a tetrazolium compound that is reduced by cells to a colored 

formazan product. The formazan product is soluble in cell culture media and the quantity 

produced is measured by the absorbance at 490 nm.  To perform the assay, first the media 

was removed from each well and replaced with 1mL of 1x MTS solution. The MTS 

solution was allowed to react for 1.5 hours in the cell culture incubator. Then 200uL of 

each well was transferred to a 96 well plate and the absorbance was measured at 490 nm 

using a Biotek Synergy HT microplate reader.  
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8.2.4 Proliferation of 3T3 Fibroblasts on PANI-PAAMPSA Films 

 

AlamarBlue® (AbD Serotec, Kidlington, UK) was used to monitor cell 

proliferation [40, 41].  A linear relationship between cell number and the assay 

measurement has previously been established, and our cell seeding density is within this 

linear range [40].  Sterilized PANI-PAAMPSA films and glass coverslips were placed in 

a 6 well tissue culture plate, and then seeded with NIH 3T3 fibroblasts at a density of 

1000 cells/ cm2.  A third plate, which did not contain polymer films or glass coverslips, 

was also seeded with NIH 3T3 fibroblasts.  10% alamarBlue® was added to the cell 

culture media.  Six wells of DMEM with 10% alamarBlue®, without fibroblasts, were 

used as negative controls.  At 24 hour intervals over 7 days, 100 µL samples were taken 

and the absorbance at 570 nm and 600 nm was measured with a Biotek Synergy HT 

microplate reader.  The percent reduction in alamarBlue® was calculated using Equation 

8.1, 
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Where εOX is the molar extinction coefficient of oxidized alamarBlue®, εRED is 

the molar extinction coefficient of reduced alamarBlue® , A is the absorbance of the test 

well, A’ is the mean absorbance of the negative control wells, λ1 is 570 nm and λ2 is 600 

nm.  To quantify the cell proliferation differences between the substrates, the 7 day 

percent reduction data were fit to exponential curves, and the doubling rates were 

calculated.   
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8.2.5 Quantification of 3T3 Fibroblasts on PANI-PAAMPSA Films 

 

 PicoGreen® was used to quantify the number of cells present on each 

substrate at 2 and 7 day time points.   PANI-PAAMPSA and glass coverslips were 

sterilized by exposure to UV for 60 minutes and placed into 6 well tissue culture plates.  

NIH 3T3 fibroblasts were seeded on top of the films at a density of 5000 cells/ cm2, for 

the 2 day assay, and at a density of 1000 cells/ cm2 for a 7 day assay.  To quantify the 

cellular DNA, wells were exposed to trypsin to release the fibroblasts from the substrates.  

Each sample cell suspension was passed three times through a 27 gauge needle to lyse the 

cells.  The double-stranded DNA (dsDNA) concentration was then determined using a 

Quant-iTTM PicoGreen® dsDNA kit (Invitrogen, San Diego, California, USA).  

PicoGreen® is a fluorescent nucleic acid stain used to quantify dsDNA.  A standard 

curve from 1 μg/mL to 1 ng/mL was prepared with lambda DNA stock diluted in Tris-

EDTA (TE) buffer.  Each standard was mixed 1:1 with a working solution of 

PicoGreen® (200x dilution of the PicoGreen® reagent in TE), and 100 μL was pipetted 

into a 96 well plate.  The fluorescence of the standards at an excitation of 485 nm and an 

emission of 528 nm was read with a Biotek Synergy HT microplate reader.  Samples of 

cells growth on the test substrates and controls were mixed 1:1 with the working solution 

of PicoGreen®, and the fluorescence of the samples was determined in the same manner 

as with the standards.   

 

8.2.6 Conductivity of PANI-PAAMPSA Upon Exposure to Cell Cultures 

 

To verify the conductivity of the PANI-PAAMPSA in situ films, both before and 

after exposure to cell cultures, glass slides were first cut to dimensions to fit the 6 well 
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cell culture plates, cleaned, then gold electrodes were deposited onto the glass substrates 

using a Denton II thermal evaporator and a shadow mask technique.  PANI-PAAMPSA 

in situ films were polymerized on the surface of the substrates using the methods 

described above.  Conductivity of the films was measured using a four point probe 

technique prior to exposure to the cells.  Voltage was applied using an Agilent 4145B 

semiconductor parameter analyzer to two outer electrodes, while current was measured 

between two inner electrodes.  The thickness of the films was measured using a Dektak II 

profilometer, and the conductance was then calculated.  The films were sterilized using 

UV light, and placed in the cell culture plates.  3T3 fibroblasts in DMEM were seeded at 

a density of 1000 cells/ cm2, and the cells were allowed to grow for seven days.  The 

cultures were exposed to UV light for 30 minutes to kill the fibroblasts, and then the 

films were rinsed 3x in DI water to remove any excess media.  The conductivity 

measurement of the PANI-PAAMPSA films was repeated, as described above, after 

exposure to cells and media for seven days.   

 

8.2.7 Statistical Analysis 

 

For the cytotoxicity and proliferation assay, replicates of six were prepared for 

each sample.  The means and standard deviations were calculated and reported.  The 

statistical significance of measured values was assessed using a one way ANOVA test, 

with subsequent multiple comparisons testing.   
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8.3 RESULTS AND DISCUSSION 

 

8.3.1 PANI-PAAMPSA in situ film synthesis 

 

The in situ film processing developed for the PANI-PAAMPSA complex resulted 

in films with significant adsorption and adhesion to the glass substrates, enabling the 

experimental probing of the nature of the interactions between the 3T3 fibroblasts and the 

PANI-PAAMPSA.  The synthesized in situ PANI-PAAMPSA film thickness was 

approximately 120 nm as measured by profilometry, and the films covered ~75% of the 

total glass substrate area.   The films were bright emerald green in color, as expected of a 

conductive PANI emeraldine salt.  No excess monomer or PANI-PAAMPSA could be 

detected in the seventh rinse solution by UV-VIS spectroscopy, indicating the films were 

sufficiently rinsed.  The PANI-PAAMPSA in situ films are highly conductive, with a 

measured conductivity of 1.7 S/cm, which is slightly higher than previously published 

PANI-PAAMPSA powders which were dissolved and spun coat onto a similar substrate.  

This indicates that in this in situ film complex, the dopant charge is provided by the 

PAAMPSA, as demonstrated for the powder material [37].  Therefore, we believe that the 

composition of our in situ films is very similar to the powdered material, which has been 

well characterized.  Though we tested our materials in a fixed format for ease of 

experimentation, the results likely represent the cellular compatibility of the powder 

material, which has a large range of possible processing options for incorporation into a 

biomedical device or tissue construct.   
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8.3.2 Cytotoxicity and Proliferation of 3T3 Fibroblasts on PANI-PAAMPSA films 

 

Through proliferation tests and metabolic assays, the cellular response to PANI-

PAAMPSA was studied.  The cellular viability results measured via the MTS assay are 

shown in Figure 8.1.  The MTS absorbance resulting from the compound reduction was 

not significantly different 2 days after seeding when comparing the PANI-PAAMPSA 

films to glass cover slips, while a significant difference can be seen between the PANI-

PAAMPSA and the tissue culture plates (p<0.05).  Seven days after cell seeding, a 

significant difference is seen between the PANI-PAAMPSA and glass cover slips 

(p<0.05) and between PANI-PAAMPSA and the tissue culture plates (p<0.001).  In both 

experiments, the MTS absorbance of the cells cultured on PANI-PAAMPSA is 

significantly different than the bleach-treated negative controls (p<0.001).  These results 

indicate that while the PANI-PAAMPSA films do impact the viability of 3T3 fibroblasts 

in comparison to tissue culture plates, the cell viability is still significant.     

Microscopy images acquired during cell proliferation are shown in  

Figure 8.2.  Morphology of the cells is maintained, and similar cell extension and 

shape between all three substrates tested indicates that the PANI-PAAMPSA films do not 

induce visible changes in the shape of the 3T3 fibroblasts, and that the PANI-PAAMPSA 

films are able to support a significant proliferation of 3T3 fibroblasts.   

The cellular proliferation as indicated by alamarBlue® reduction is shown in 

Figure 8.3.  After 1 and 2 days, the reduction of alamarBlue® from cells seeded on the 

PANI-PAAMPSA films is not statistically different than cells seeded on glass cover slips 

or tissue culture plates.  After three days, the alamarBlue® reduction of cells seeded on 

the PANI-PAAMPSA films is significantly different from tissue culture plates (p<0.05).  
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This trend continues, and after five days of growth, the alamarBlue® reduction resulting 

from cells seeded on the glass cover slips begins to exceed the cellular proliferation on 

the PANI-PAAMPSA films (p<0.05).  The proliferation does seem to be impacted 

somewhat by the PANI-PAAMPSA film, but substantial cell growth is demonstrated and 

cellular proliferation lags the glass cover slips by less than a day.  Over the seven day 

time period, cell proliferation and growth was maintained on the PANI-PAAMPSA films 

at a rate comparable to cell proliferation on glass cover slips.  It was calculated by 

exponential fitting that the doubling rate of cells on the PANI-PAAMPSA films was 1.7 

hrs, while on glass it was 2.1 hrs, and on tissue culture plate it was 2.6 hrs.   

Quantification of dsDNA was performed at 2 days and 7 days after seeding using 

the PicoGreen® assay, as shown in Figure 8.4.  Two days after cell seeding, the quantity 

of dsDNA from cells seeded on the PANI-PAAMPSA films was significantly different 

than from cells seeded on the glass cover slips and on the tissue culture plates (p<0.05).  

Seven days after seeding, the quantity of dsDNA from cells seeded on the PANI-

PAAMPSA films was again significantly different than from cells seeded on the glass 

cover slips and on the tissue culture plates (p<0.05).  Interestingly, seven days after 

seeding, the quantity of dsDNA on the tissue culture plates was lower than the quantity 

on the PANI-PAAMPSA films.  In both cases, the quantity of dsDNA obtained from cells 

cultured on PANI-PAAMPSA films was very significantly higher than the bleach treated 

negative controls (p<0.001).  These experiments support the cell viability and 

proliferation results seen with the MTS and alamarBlue® assays, in that there appears to 

be an initial decrease in the number of cells after seeding on the PANI-PAAMPSA films, 

but over the following days, cell viability and growth is maintained at a significant rate.   
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8.3.3 Conductivity of PANI-PAAMPSA Upon Exposure to Cell Cultures 

 

Upon exposure of the PANI-PAAMPSA films to the cell culture, a large decrease 

in conductivity is recorded.  The measured conductivity of the PANI-PAAMPSA in situ 

films prior to exposure to the cell culture and media was found to be 1.7 S/cm.  After 

exposure to the cell culture and media, the measured conductivity of the films was 0.16 

S/cm.  This represents an 87% decrease in conductivity, with a standard deviation of 

15%.  However, this change is comparable to the expected conductivity change upon 

exposure of the PANI-PAAMPSA films to a pH of 7.4 (unpublished data), since the 

increased pH will cause some sulfonic acid groups to de-dope the PANI polymer chain.  

This process also impacts the conductivity of small molecule acid doped PANI and PPy.  

For comparison, a recent study which analyzes the effect of incubation of PPy in 

phosphate buffered solution (PBS) at pH 7.4, shows that PPy doped with polystyrene 

sulfonate (PSS) retained only 0.2% of it’s original conductance, corresponding to a 

decrease from approximately 5 S/cm to 0.01 S/cm, while Cl doped PPy retained only 

0.1% of its original conductance, corresponding to a decrease from approximately 3 S/cm 

to 0.003 S/cm [42].   It is significant that the conductivity of the PANI-PAAMPSA films 

after exposure to the DMEM and cell growth is still relatively high, and still in a 

semiconducting regime, similar to many conductive polymers previously demonstrated in 

biomaterials.   It has been suggested that conductivity in the mS/cm range is sufficient 

and optimal for electrostimulation of cells [43].  Conventional conductive polymers 

which are doped with small molecule acids would likely not maintain their conductivity 

to this degree in a similarly buffered solution, since the small molecule acids are prone to 

leaching out of the films.  Unlike small molecule dopants, the polymer acid of PANI-

PAAMPSA remains entrapped in the film and results in a higher degree of association.   
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8.4 CONCLUSIONS 

 

The presented studies demonstrate the cellular compatibility of 3T3 fibroblasts 

with PANI-PAAMPSA.  There are several important implications of this research.  First, 

this represents one of the first forays towards demonstrating biocompatibility of PANI 

materials, since very limited research in this area has been published previously.  While 

the biomedical applications of PPy and PEDOT have been more extensively researched, 

PANI may have advantageous properties for specific applications in tissue engineering, 

including improved thermal and electrical stability under physiological environmental 

conditions.  Second, a particular formulation of PANI, which demonstrates high 

solubility in water in its powdered form, while maintaining high conductivity, was tested.  

Many biocompatible tissue constructs are polymers, which are typically solutions-

processed.  Therefore it is critical, for integration of the conductive polymer with the 

tissue construct, that the conductive polymer to be integrated also be solutions-

processable.  Since most conductive polymers are highly insoluble, this represents a 

second advantage of this system.  Finally, the PANI formulation allows the complexation 

of many potential polyelectrolytes.  This feature enables the development of customizable 

tissue constructs which contain PANI both integrated and interacting with the tissue 

construct, and offers a route by which to further improve the biocompatibility and initiate 

selective interactions between the conductive polymer and tissues [44].   
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Figure 8.1:  Cytotoxicity of PANI-PAAMPSA in situ Films 

Absorbance of MTS after a) 2 days and b) 7 days of cell growth.  Average absorbance 
values and standard deviations are shown for the cells cultured on the PANI-PAAMPSA 
(P-P) in situ film, bare glass, and those grown on standard tissue culture plate (n=6).  (*) 
indicates p<0.05, and (***) indicates p<0.001, when compared to values obtained from 
cells cultured on the PANI-PAAMPSA films. 
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Figure 8.2:  Proliferation of 3T3 fibroblasts on the PANI-PAAMPSA in situ film 

Microscopy images of the 3T3 fibroblasts on the PANI-PAAMPSA in situ film, bare 
glass, and tissue culture plate are shown.  Images were acquired at the time intervals 
indicated.
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Figure 8.3:  Cellular Proliferation on PANI-PAAMPSA in situ Films   

Average and standard deviations of the alamarBlue® reduction from 3T3 fibroblasts 
cultured on PANI-PAAMPSA films, glass cover slips, and tissue culture plates (n=6).  
(*) indicates p<0.05, and (***) indicates p<0.001, when compared to values obtained 
from cells cultured on the PANI-PAAMPSA films. 
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Figure 8.4:  Quantification of 3T3 Growth on PANI-PAAMPSA 

Quantified dsDNA assayed using PicoGreen® after a) 2 days and b) 7 days incubation.  
Average and standard deviations of extracted dsDNA from 3T3 fibroblasts cultured on 
PANI-PAAMPSA films, glass cover slips, and tissue culture plates (n=6).  (*) indicates 
p<0.05, and (***) indicates p<0.001, when compared to values obtained from cells 
cultured on the PANI-PAAMPSA films. 
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Chapter 9:  Conductive Polymers as Glucose Responsive Materials 

 

9.1 INTRODUCTION 

 

The development of a conductive polymer material incorporating a phenylboronic 

acid functional moiety which is sensitive to glucose, would provide an entirely synthetic 

material for glucose sensing, eliminating the need for glucose oxidase as an enzymatic 

mediator.  This novel glucose sensing material could be applied towards real-time 

monitoring of glucose levels in a diabetic patient.  Combining a conductive polymer with 

a glucose sensitive phenylboronic acid represents a step towards a uniquely integrated, 

entirely synthetic and label-free glucose sensor.   

Monitoring a patient’s blood glucose levels is an established diagnostic tool to 

determine a diabetic patient’s need for medical treatment.   Patients are often self-treated, 

for example by administering insulin, based upon their blood glucose results.  Therefore, 

the ability to produce real-time measurements with minimal delay between the sample 

and result is critical.  An ideal system, and one that is currently being marketed, involves 

continuous monitoring of the patient’s interstial fluid [1].  The integration of invasive and 

non-biomimetic materials, such as needles, continues to be a challenge to the success of 

these products.  The development of a polymeric material capable of real-time glucose 

monitoring which is biomimetic and biocompatible may allow the design of alternate 

device systems which can avoid some of the pitfalls of the current models.   

Phenylboronic acid (PBA) has been used in recognitive hydrogels as a mechanism 

for response to glucose [2-4].  PBA can form covalent complexes with the diol functional 

groups of the glucose.  The “sensing” mechanism of PBA results from the shift in the 
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equilibrium between a neutral and a charged form of PBA upon the addition of glucose.  

This shift in equilibrium can result in a change in the net charge of the system.   In the 

novel material investigated here, the charge shift may interact with a conductive polymer-

polyelectrolyte complex which would result in a change in the material impedance.   

To determine feasibility of such a system, polyaniline (PANI) was template 

synthesized using a novel co-polymer synthesized from 2-acrylamido-2-methyl propane 

sulfonic acid (AAMPSA) and 3-acrylamidophenylboronic acid (AAPBA), in such a way 

that it was adhered to a gold surface.  The fabricated devices were studied to determine if 

incubation of the material with glucose resulted in a measurable change in surface 

potential and impedance.  The pH response of the materials was also studied using 

surface potential and impedance measurements. 
 

9.2 MATERIALS AND METHODS 
 

All chemicals and reagents were purchased from Wako Pure Chemical Industries 

(Osaka, Japan) unless otherwise noted.  To synthesize poly(2-acrylamido-2-

methylpropane sulfonic acid) (PAAMPSA), a 1M solution of AAMPSA was prepared in 

water.  The solution was purged with nitrogen prior to initiation.  The free radial 

polymerization of AAMPSA was initiated using potassium persulfate at a monomer to 

initiator molar ratio of 1 to 0.0002, at 75ºC.  The solution was reacted overnight.  The 

resulting polymer was dialyzed (Spectra/Por® dialysis membrane, Spectrum 

Laboratories, Inc., Rancho Dominguez, CA) with a molecular weight cut off of 1000, in 

purified water for three days, changing water twice daily.  The polymer was then 

lyophilized.   
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A copolymer of P(AAMPSA-co-AAPBA) was synthesized, varying the molar 

ratios of AAMPSA to AAPBA between 1:0.01 to 1:0.05.  For this reaction, the AAMPSA 

monomer was first dissolved in purified water, and the AAPBA was dissolved in 10mM 

sodium hydroxide.  The monomer molarity was held constant at 1M.  The reaction was 

purged with nitrogen, prior to initiation using 2,2'-azobis-isobutyronitrile (AIBN) at 

60ºC.  The reaction was allowed to proceed for 15 hours.  The polymers were dialyzed 

for seven days and lyophilized using the same procedure followed for the PAAMPSA 

purification.   

The resulting polyelectrolytes (PAAMPSA and P(AAMPSA-co-AAPBA)) were 

used to template-synthesize PANI-PAAMPSA and PANI-P(AAMPSA-co-AAPBA) 

following steps modified from previously published procedures [5].  The molar ratio of 

AAMPSA monomer units to aniline was held constant at 1:1, while the aniline to APS 

molar ratio was 1:0.9, and the total molarity of AAMPSA monomer units was 0.7M.  The 

polyelectrolyte was dissolved in deionized water, then aniline was added and allowed to 

incubate for 1 hour.  The solution was chilled on ice, then a solution of ammonium 

persulfate (APS) was added and mixed.  The reaction proceeded on ice overnight. 

The compositions of the copolymers were analyzed using 1H NMR.  The 

polymers were dissolved in deuterium oxide with added tetramethylsilane, and the 

spectra was recorded (EX-400, JEOL, Tokyo, Japan).   

To synthesize PANI-PAAMPSA and PANI-P)AAMPSA-co-AAPBA) films on 

gold surfaces, the surfaces of the devices were first treated with 11-amino-undecane thiol 

hydrochloride to form a SAM on the gold surface.  The polyelectrolyte and aniline 

solution prepared above was applied to the gold surface, and the devices were chilled on 

ice prior to the addition of APS.  At the completion of the reaction, the devices were 

rinsed throughly with deionized water and sonicated for 10 minutes.  A green film 
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remained on the surface of the device even after rinsing and sonicating.  The films were 

soaked in deionized water until the surface potential experiments were begun. 

The change in threshold voltage of the fabricated PANI-polyelectrolyte films in 

response to pH and glucose concentration was measured using the fabricated devices as 

an extended gate field effect transistor (FET).  PBS was used to vary the pH from 4.8 to 

9.0.  To test the response of the extended gate FET to glucose, a 20mM 2-(n-

cyclohexylamino)ethane sulfonic acid (CHES) buffer with physiolgical ionic strength and 

a pH of 9.0 was used.  The glucose concentration was gradually increased from 0 to 

10mg/mL.  The threshold voltage was measured with an Agilent 4155C Semiconductor 

Analyzer (Agilent, Palo Alto, CA). 

Impedance of the films was recorded using an Agilent 4294A Impedance 

Analyzer (Agilent, Palo Alto, CA).  The frequency was swept from 4 Hz to 110 MHz, 

and the oscillation amplitude was 5mV.  The capacitance and conductance changes of the 

films upon exposure to pH changes and increasing amounts of glucose were measured.  
 

9.3 RESULTS AND DISCUSSION 

   

The synthesis and lyophilization of the copolymers of P(AAMPSA-co-AAPBA) 

generated white powders.  The 1H NMR spectra of AAMPSA, PAAMPSA, and 

P(AAMPSA-co-AAPBA) are shown in Figure 9.1 and Figure 9.2.  Peaks d and c of 

Figure 9.1 are not present in the 1H NMR spectra of the polymer shown in Figure 9.2, 

indicating the polymer has been sufficiently purified through dialysis and no residual 

monomer is present.  To calculate the content of phenyl boronic acid in the copolymer, 

the peaks present between 6.8-8.0 ppm were integrated, scaled by the number of 

contributing hydrogens present in the molecular structure, and compared to the 
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integration area under the peak between 2.7 and 3.7 ppm.  Since the first set of peaks 

represents the 6 hydrogens of the phenyl boronic acid, while the second peak is due to the 

2 alkyl hydrogens of the AAMPSA, a comparison of the integrated peak areas indicates 

that approximately 0.4% of the copolymer is composed of the AAPBA monomer unit.  

This is considerably lower than the feed molar ratio of AAMPSA to AAPBA of 1:0.05 

was used in the synthesis.  Based on this data, the incorporation of AAPBA in the 

polymer was lower than anticipated.  This could be due to solubility or reactivity 

differences between the two monomers.   

Green films were formed on devices when either the PAAMPSA or the 

P(AAMPSA-co-AAPBA) was used as the template molecule for synthesis.  A fabricated 

device is shown in Figure 9.3.  The green color is indicative of an emeraldine salt form of 

PANI, which is electrically conductive. 

The threshold voltage of the extended gate FET coated with the PANI-

PAAMPSA films in response to increasing pH is shown in Figure 9.4.  The change in the 

threshold voltage per pH unit is 36 mV, which is close to Nernstian behavior, which 

produces a slope of 59 mV.  For comparison, a gold surface which had not been modified 

with PANI-PAAMPSA was also monitored and the threshold voltage remained relatively 

constant with variation in pH.  As the pH is increased, it is expected that the sulfonic acid 

groups of the PAAMPSA re-associate, gradually removing the dopant charge on the 

PANI, and causing an overall increase in the positive charge on the surface of the gold.  

This increase in the surface potential leads to a higher threshold voltage.   

The surface potential of the PANI-polyelectrolyte films in response to glucose 

was monitored.  Films with varying molar ratios of AAMPSA to AAPBA were fabricated 

and incubated in pH 9 CHES buffer with 150mM NaCl overnight.  Glucose was added 

gradually, at the times and amounts indicated in Figure 9.5.   An overall increase in 
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surface potential with time can be seen in all films.  The films containing some amount of 

AAPBA show a slight increase in surface potential upon addition of glucose, when 

compared to the film which consisted only of PANI-PAAMPSA.  Visually, the PANI-

P(AAMPSA-co-AAPBA) films which were blue-green in color after incubation in the pH 

9 buffer appeared pink-purple after addition of glucose.  The films which did not contain 

AAPBA remained blue-green in color.  The phenyl ring is known to change absorbance 

spectra upon exposure to glucose, so the color change indicates there may be a response 

to glucose, but other factors may impede the surface potential measurement of that 

response.  For example, if the films are too thick or not porous enough to allow for 

diffusion of glucose through the film, the surface potential measurable by the 

experimental setup may not indicate a change.  In other words, if the accumulated 

charges are too far from the gold electrode surface, they may not be detected by the 

surface potential measurement. 

The impedance of PANI-PAAMPSA films as the pH was increased from 4.6 to 

9.4 is shown in Figure 9.6.  A decrease in the broad-spectrum conductance can be seen as 

the pH increases.  This occurs as the sulfonic acid of the PAAMPSA reassociates with 

increasing pH, removing the dopant charges from the PANI and decreasing the material 

conductivity.   

The conductance of the PANI-PAAMPSA films upon exposure to glucose is 

shown in Figure 9.7.  There appears to be a decrease in conductance of the film as the 

glucose concentration is increased.   

Figure 9.8 shows that the PANI-P(AAMPSA-co-AAPBA) exhibited a similar 

decrease in conductance as the glucose concentration is increased.  The measured AC 

capacitance of the two films types in response to increasing amounts of glucose are 

shown in Figure 9.10 and Figure 9.11.  As expected, the capacitance at the lowest 
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frequency is quite high, but a regular shift in the AC capacitance response is also seen 

with increasing glucose concentration.   

To compare the impedance shifts of the two film types, the conductance at 330 

MHz and the capacitance at 4 Hz as a function of glucose concentration are shown in 

Figure 9.9 and Figure 9.12, respectively.  Several observations can be made.  First, both 

types of films, those with and without the PBA functional moiety, show a decrease in 

conductance (increase in capacitance) upon increasing the concentration of glucose.  

However, the films with PBA show a larger decrease in conductance (increase in 

capacitance) when compared to those without PBA.  The films which include PBA begin 

to decrease in conductance when the glucose concentration was around 0.5mg/mL (the 

smallest increment of glucose tested), while the PANI-PAAMPSA alone films decreased 

in conductance when the glucose concentration was around 1mg/mL.  Both films appear 

to plateau in conductivity and capacitance when the added glucose equaled 2mg/mL.  

This data may indicate that there is a range at which these two materials could be used to 

discriminate samples with glucose from those without.   
 

9.4 CONCLUSIONS 

 

The data presented here demonstrates the synthesis of a novel material, 

P(AAMPSA-co-AAPBA), which is subsequently used as a polyelectrolyte dopant for the 

conductive polymer PANI.  An extended gate FET, when coated with PANI-PAAMPSA, 

demonstrates a linear, close to Nernstian-like response to pH in the pH 5 to 9.5 range.  

Surface potential measurements using a PANI-P(AAMPSA-co-AAPBA) coated extended 

gate FET show no significant response to glucose, however the impedance data indicates 
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that the film does show an increase in the discrimination of glucose, when compared to 

PANI-PAAMPSA films alone.   
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Figure 9.1:  1H NMR Spectra of AAMPSA in Deuterium Oxide. 
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Figure 9.2:  1H NMR spectra of Polymer Acids 

1H NMR spectra of (a) PAAMPSA and (b) P(AAMPSA-co-AAPBA) in deuterium oxide. 
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Figure 9.3:  Extended Gate FET Device  

Extended gate FET device with synthesized film of PANI-PAAMPSA. 
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Figure 9.4:  pH Response of PANI-PAAMPSA FET 

Threshold voltage of extended gate PANI-PAAMPSA FET device as a function of pH. 
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Figure 9.5:  Surface Potential of PANI-Polymer Acid Films 

Real-time surface potential measurements of PANI-P(AAMPSA-co-AAPBA) films.  The 
legend indicates the molar ratio of AAMPSA to AAPBA used in the synthesis of the 
copolymer polyelectrolyte.  The surface potential was monitored as additions of glucose 
were made, at the times indicated by the arrows and the given amounts. 
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Figure 9.6:  Impedance of PANI-PAAMPSA Films In Response to pH 

Frequency dependent impedance of PANI-PAAMPSA films with changing pH.  Plots 
represent the average of 2 samples, and some noise spikes were removed from the data 
set. 
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Figure 9.7:  Impedance of PANI-PAAMPSA In Response to Glucose 

Impedance of PANI-PAAMPSA film with increasing glucose concentration (n=1). 
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Figure 9.8:  Impedance of PANI- P(AAMPSA-co-AAPBA) In Response to Glucose 

Impedance of PANI-P(AAMPSA-co-AAPBA) films with increasing glucose 
concentration (n=3). 
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Figure 9.9:  Impedance of PANI-Polymer Acid in Response to Glucose 

Measured impedance of PANI-PAAMPSA and PANI-P(AAMPSA-co-AAPBA) films in 
response to increasing glucose concentrations.
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Figure 9.10: Capacitance of PANI-PAAMPSA:  Response to Glucose 

AC capacitance of PANI-PAAMPSA in response to increasing glucose concentrations. 
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Figure 9.11:  Capacitance of PANI- P(AAMPSA-co-AAPBA):  Response to Glucose 

AC capacitance of PANI-P(AAMPSA-co-AAPBA) in response to increasing glucose 
concentrations. 
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Figure 9.12:  Capacitance of PANI-Polymer Acid in Response to Glucose 

Measured capacitance of PANI-PAAMPSA and PANI-P(AAMPSA-co-AAPBA) films at 
4Hz in response to increasing glucose concentrations. 
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Chapter 10:  Conclusions 

 

Inspired by the concept of a closed-loop drug delivery device, this research set out 

to explore the feasibility of creating novel materials capable of recognizing and 

responding to the presence of a biomolecule.  To accomplish this, a polymer acid 

template-synthesized conductive PANI was characterized, integrated into a 

microfabricated substrate, and then blended into a hydrogel matrix.   

Biomolecular sensing is critical for the detection of disease states or for the 

detection of a deviation from homeostasis.  Despite the efforts of many researchers, the 

glucose sensor developed for diabetic patients remains the only successful implantable 

sensor, and even this device has many limitations.   

We envision the use of conductive polymer and hydrogel composites to overcome 

many of the biocompatibility, biomimetic, and stability issues which plague implantable 

biosensors.  Conductive polymers are of interest because they are synthetic materials with 

mechanical properties which are more similar to bodily tissues in comparison to 

inorganic materials, and because conductive polymers can be chemically modified to 

both improve their biocompatibility and to create chemical sensing capabilities.  

Combining conductive polymers with biomimetic recognitive hydrogels has led to the 

creation of novel functional biomaterials.  In concept, a molecularly imprinted hydrogel, 

specific for a template protein of interest, can be combined with a conductive polymer, 

which responds to the presence or absence of the template protein by changing the 

conductivity of the material.   

The goal of this research was to create novel conductive polymer and hydrogel 

composite materials which were responsive to an imprinted target molecule.  First, the 



 198

conductive polymer and polymer acid complex was characterized by modifying the 

doping method (Chapter 4), developing methods to synthesize a nanoscale thickness of 

the conductive polymer into a microfabricated format (Chapter 4) and determining the 

sensing capabilities of the conductive polymer using multiple electrical analytical 

methods, including electrodes with a four point probe (Chapter 5), and an extended gate 

FET with a surface potential analyzer (Chapter 6).  To integrate the conductive polymer 

into a recognitive hydrogel, first the recognitive capabilities of the hydrogel were 

established (Chapter 7), then the conductive polymer was incorporated into hydrogel 

materials and the sensing capabilities of the composite were explored (Chapter 8).  

Finally, the biocompatibility of the polymer acid template-synthesized conductive 

polymer was determined (Chapter 9).   

 

10.1 POLYMER ACID TEMPLATE SYNTHESIS AND IN SITU FILM FORMATION 

 

The polymer acid template-synthesis process can be used to modify the 

conductivity, solubility, and sensitivity of the conductive polymer.  By modifying the 

strength of the dopant polymer acid and conductive polymer interaction, or changing the 

functional groups of the dopant polymer acid, varying sensing functionalities can be 

introduced.  This work demonstrates the synthesis of conductive PANI-PMAA, PANI-

PAAMPSA, and PANI-P(AAMPSA-co-AAPBA) materials.  The PANI-PAAMPSA was 

pursued for incorporation into the recognitive hydrogels due to its improved solubility 

and conductivity in comparison to PANI-PMAA.   However, adding small amounts of a 

functional monomer, such as AAPBA which complexes with glucose, can change the 

properties and sensing capabilities, as detected through a change in the conductivity of 

the PANI.   
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As a step towards incorporating the CP-polymer acid into a microfabricated 

device, an in situ synthesis method was developed.  By functionalizing a substrate, which 

has thermally evaporated gold electrodes, with a silane, we have been able to synthesize 

PANI-PAAMPSA as polymer brushes off of the device surface.  By covalently linking 

the CP to the glass substrate, we have stably adhered the sensing layer to the substrate.  

This in situ material is similar to the powder PANI-PAAMPSA which has been 

previously characterized [1-3].   

 

10.2 POLYMER ACID TEMPLATE-SYNTHESIZED PANI AS A BIOSENSOR 

 

The interaction between the polymer acid and the conductive polymer provides a 

mechanism for chemical sensing.  PANI is capable of sensing pH due to the dependence 

of the density of dopant charges on the quantity of ionic hydrogens in solution [4], and 

we demonstrate here that PANI-PAAMPSA has an extended conductivity range in 

comparison to PANI doped with the standard HCl using conductivity measurements 

acquired using a four point probe technique.  The interaction between the PANI and the 

PAAMPSA was further explored by growing polymer brushes off the surface of an 

extended gate FET.  By monitoring the surface potential as a function of pH, an almost 

Nernstian response was recorded.  The pH sensing capabilities of the nanofilm are very 

sensitive, and using the appropriate signal transduction method can reveal the close 

relationship between the charge of the polymer acid and the conductivity of the material.  

Recent research also demonstrates that the redox mechanism of the PANI-PAAMPSA is 

active over an extended pH range [5].  These findings are important for the incorporation 

of a conductive polymer into a biomolecular sensor which needs to be active at 

physiological pH.   
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Biomolecular sensing is a unique feature of the PANI-PAAMPSA material.  In 

the presence of the proteins tested, lysozyme and BSA, the conductivity of the material 

increases.  Several explanations for this change can be proposed, including a change from 

the coiled to uncoiled form of PANI [6], or that the anionic functional moities of the 

proteins act as a counter-ion for a co-dopant [7].  Additionally, we would expect non-

covalent hydrogen bonding or hydrophobic interactions could act to stabilize the PANI-

PAAMPSA complex.  When the PANI is synthesized using a P(AAMPSA-co-AAPBA) 

as a template, the resulting material demonstrates a decrease in the impedance, and an 

increase in the capacitance, in comparison to PANI-PAAMPSA films, when exposed to 

solutions of glucose.  A small amount of AAPBA, when complexed with glucose, 

appears to stabilize the interaction between the PAAMPSA and PANI polymer chains.  In 

summary, multiple physical and chemical interactions can produce the observed increase 

in conductivity upon exposure of the PANI-PAAMPSA to BSA and lysozyme, and 

PANI-P(AAMPSA-co-AAPBA) to glucose.   

 

10.3 PROTEIN IMPRINTING WITH SODIUM ALGINATE HYDROGELS 

 

An imprinted sodium alginate hydrogel was synthesized which has a high affinity 

for the template molecule, BSA.  The imprinted polymer absorbed 6.4 mg of BSA per 

gram of polymer, while the non-imprinted absorbed 0.8 mg of BSA per gram of polymer.  

The equilibrium affinity, Keq, was calculated to be 6mM, which compares favorably to 

prior research [8, 9], though it is still orders of magnitude below standard affinities for 

antibody-antigen or epitope-antigen associations [8].   

The selectivity experimental results demonstrate the limitations of the current 

imprinting systems.  Often MIPs are tested in solutions with controlled compositions, but 
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physiologically these systems are likely to encounter a vast number of molecules with a 

variety of sizes, surface charges, and hydrophobicities.  The issue of non-specific binding 

has not been fully addressed in this MIP, or in any other systems described in literature, 

and this will significantly limit the applications of the MIPs.   

 

10.4 CONDUCTIVE HYDROGELS 

 

This research has demonstrated the successful incorporation of the PANI-

PAAMPSA into an acrylamide hydrogel and an alginate hydrogel.  This was aided by the 

unusual aqueous solubility of the PANI-PAAMPSA.  The hydrogels were significantly 

conductive, indicating the PANI-PAAMPSA is distributed throughout the film, rather 

than incorporated in phase separated areas of the polymer.  Additionally, it was 

demonstrated that the strength of the PANI-PAAMPSA complex does not change upon 

incubation with monomer, or polymerization via UV photocrosslinking.  This allows the 

PANI-PAAMPSA complex to still function as a pH sensor and to change conductivity in 

the presence of the same proteins tested with the PANI-PAAMPSA in situ films.   

 

10.5 PANI-PAAMPSA BIOCOMPATIBILITY 

 

Envisioning an implantable, closed-loop sensing and drug delivery device, the 

biocompatibility of the material is critical.  It was also found that the PANI-PAAMPSA 

material supported the proliferation and growth of 3T3 fibroblasts.   
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In summary, this work presents many possibilities for novel biomaterials, based 

on the overall concept that conductive polymers, appropriately synthesized, may find use 

as recognitive and responsive polymer devices.   
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Appendix A:  Synthetic Molecularly Imprinted Polymers 

 

A.1  INTRODUCTION 

  

Molecularly imprinted polymers were initially reported for use in chromatography 

in the literature by O’Shannessy et al [1].  Since then, the majority of MIP development 

continues in the chromatography field, but with increasing usage as components of 

sensors [2], and drug delivery systems [3].  In particular, MIPs could be used as an 

alternative to traditional antibody-antigen interactions [4].  They have several advantages 

over natural antibodies, including low cost, improved stability, and tailorability since the 

polymer composition can be adapted to imprint a variety of molecules.   

Synthetic polymeric materials are often inexpensive, easy to synthesize, and 

characterized by uniform properties.  By using synthetic monomers to form imprinted 

polymeric materials, we can utilize the advantages of synthetic materials to form artificial 

antibodies.  In particular, ionic monomers which can be crosslinked into hydrogel 

matrixes were pursued as MIPs.  We are interested in using hydrogels since they mimic 

the physiological environment and can be synthesized using gentle, aqueous conditions, 

enhancing the conformational stability of the protein targets.  In general, these hydrogels 

should be highly crosslinked to minimize swelling, and therefore minimize the distortion 

of imprinted cavities.  Poly(ethylene glycol) may be added to reduce protein non-specific 

binding, in combination with ionically charged monomers which will form electrostatic 

interactions with the template molecule, or hydrogen bond-forming functional moities.   

In our laboratory, MIPs have been developed for glucose [5], lysozyme [6], and 

the peptide Angiotensin II [7].  In each case, functional monomers were selected to 
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interact with residues of either the biomolecular binding protein or the protein target 

itself.  Careful consideration of the functional molecules to provide interactions with the 

target molecule, the crosslinking percentage, and the reaction solvent led to imprinted 

systems for all targets.   

The design of a polymer system to imprint D-glucose found that methacrylic acid, 

acrylic acid, and acrylamide would mimic the glucose binding protein residues glutamate, 

aspartate, and asparagine, respectively.  An aprotic solvent, dimethylsulfoxide (DMSO) 

was used to eliminate solvent-template interactions which could impede the imprinting.  

Poly(ethylene glycol)-n-dimethacrylate (PEGnDMA) in varying molecular weights was 

used as the crosslinker.  The highest differential binding (MIP vs. NIP) was seen with 

crosslinking of 67% with a PEG repeat unit of 1; lower crosslinking percentages and 

longer crosslinkers resulted in minimal differential binding. [8]   

An imprinted polymer for Angiotensin II consisted of acrylamide, methacrylic 

acid (MAA), poly(ethylene glycol)-400-monomethacrylate (PEG400MA), 

PEG1000DMA, and DMSO as the aprotic solvent.  The resulting imprinted networks 

absorbed 28% more Angiotensin II than the nonimprinted control networks, and showed 

a 32% increase in absorption in comparison to competitive peptides [7].   

A polymer specifically imprinted for lysozyme was developed which 

demonstrated a 200% increase in recognition in comparison to the non-imprinted control.  

Acrylamide was used as the substrate of the polymer since it exhibits minimal non-

specific binding.  Lysozyme contains glutamic acid and aspartic acid which will be 

negatively charged at a neutral pH, and lysine, histidine and arginine which will be 

positively charged at a neutral pH.  The functional monomers MAA and 2-

(dimethylamino)ethyl methacrylate (DMAEMA) were chosen to electrostatically bind to 

the positively and negatively charged amino acids, respectively.  The polymerization was 
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carried out in a buffer around pH 7, apparently without the consequence of solvent 

hindrance interfering with the recognition capability. [9]  

The approach of this work was to replicate the binding seen with protein 

imprinting, by using the recipes developed previously to recognize Angiotensin II and 

lysozyme.   

 

A.2  METHODS AND MATERIALS 

 

A.2.1  Molecularly Imprinted Polymer for Angiotensin II 

 

The methods to synthesize an MIP for Angiotensin II have been previously 

reported [7, 10].   The chemical structures of the components of the polymer are shown in 

Figure A.1.  Initially a mixture of poly(ethylene glycol) 400 monomethacrylate 

(PEG400MMA, Polysciences, Warrington, PA), and acrylamide (AAm, Sigma-Aldrich 

Co, St. Louis, MO), in dimethylsulfoxide (DMSO) was prepared, with the monomers in a 

1:1 molar feed ratio.  Angiotensin II was added at a 1:8 ratio of template to functional 

monomer, and the solution was allowed to sit for 20 minutes in order for an association to 

form. This was followed by the addition of poly(ethylene glycol) 1000 dimethacrylate 

(PEG1000DMA, Polysciences, Warrington, PA) at 10 mol% as the crosslinker, and 

Irgacure 184 (CIBA-GEIGY Hawthorne, NY) as the free-radical UV initiator.  Once all 

materials are dissolved, the solution was purged with nitrogen for 20 minutes to eliminate 

the free-radical scavenging oxygen.  The solution was then pipetted between two glass 

plates separated by a 700 µm Teflon spacer, and allowed to cure in a nitrogen-filled box 
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using 16 mW/cm2 of UV exposure for 20 minutes to form the polymer.  A second non-

imprinted polymer (NIP) was made without Angiotensin II as a control.  

To remove the templated biomolecule, the polymers were rinsed.  Polymers were 

soaked in acetonitrile with 5% acetic acid, exchanging and collecting the solution for 

each of seven days.  Since acetonitrile is highly absorbant in the UV wavelength range, 

the previously reported procedure was modified.  A rotavap system was used to evaporate 

the solutions to remove the acetonitrile and leave the Angiotensin II that was rinsed out 

of the polymer.  The recovered peptide was diluted with deionized water and analyzed by 

HPLC (Waters 2695, Milford, MA).     

The recognition study was performed by cutting the MIP and NIP into small disks 

and then drying them in a vacuum oven.  The disks were weighed and then placed into 1 

mL of a solution of 1mg/mL Angiotensin II in DMSO.  The absorbance of the solutions 

containing the disks was measured at 0, 1, 2 and 3 hours using a Synergy HT UV-

absorbance microplate reader (Biotek, Winooski, VT) at a wavelength of 280 nm.  A 

serial dilution of the 1 mg/mL in DMSO was measured at both 280 nm and 215 nm so 

that the concentration of Angiotensin II could be calculated from the measured 

absorbance values. 

 

A.2.2  Molecularly Imprinted Polymer for Lysozyme 

 

The formulation for an imprinted polymer for lysozyme was adapted from 

previously reported procedures [9, 11], modified to incorporated a UV free-radical 

initiator as opposed to a thermal initiator.  The chemical structures of the components of 

the polymer are shown in Figure A.2.  All chemicals were obtained from Sigma-Aldrich, 

St. Louis, MO, unless otherwise noted.  A pre-polymer solution was made by dissolving 
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methacrylic acid (MAA) and 2-dimethylaminoethyl methacrylate (DMAEMA) in 20 mM 

TRIS buffer, and the pH of the solution was adjusted to ~7.0 with 5.0 N NaOH. 

Lysozyme was added to the solution and stirred gently.  When dissolved, AAm and the 

crosslinker methylenebisacrylamide (MBA) was added and stirred gently.  Amounts were 

calculated from molar values given in a previously published report (Table 4.1) [9]; the 

formulation criteria are given in Table A.1.  The solution was allowed to complex for 70 

minutes.  The solution was purged with nitrogen for 30 minutes, and then pipetted 

between glass slides separated with a Teflon spacer.  UV   initiated   free   radical   

polymerization occurred,  using a Bluewave UV pointsource (Dymax, Torrington, CT) at 

15.5 mW for 30 minutes.  When polymerization was complete, the polymer was rinsed 

with 300mL of 0.02 M pH 7.4 TRIS buffer.  The rinse solution was changed daily, first 

for 3 days with 0.02 M pH 7.4 TRIS buffer, then 2 days with 0.02 M pH 7.4 TRIS buffer 

with 0.5 M NaCl, followed by four rinses with 0.02 M pH 7.4 TRIS buffer.   The polymer 

films were dried in a vacuum oven for at least 3 days, crushed with a mortar and pestle, 

and sieved to less than 150 µm.  A control polymer was synthesized using identical 

methods, omitting the lysozyme.  

For recognition studies, approximately 30 mg of the sieved polymer was added to 

10 mL of 100 mM TRIS buffer at a pH of 7.4, and placed on a rotary mixer.  After 10 

minutes for equilibration, 10mL of 100 mM TRIS at a pH of 7.4 was added which 

contained 0.3 mg of lysozyme per mL.  At specific time intervals, samples were taken 

from the vials and the absorbance was read at 280 nm using the microplate reader.     

To reduce observed non-specific binding, several recognitive hydrogels were 

synthesized varying the presence and amounts of the monomers and crosslinkers shown 

in Figure A.2, to determine which components could be used in a hydrogel that would 

absorb lysozyme when imprinted, but would not absorb lysozyme in a non-imprinted 
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polymer.  To determine the amount of lysozyme non-specifically bound to a particular 

polymer formulation, the polymer was dried in a vacuum oven and then crushed and 

sieved to less than 150 μm.  10 mg polymer was weighed out and mixed with 9 mL 0.02 

M TRIS buffer solution at a pH of 7.4.  1 mL of 1 mg/mL lysozyme solution was added 

and the samples were placed on a rotary stirrer.  After 24 hours, 500 μL was removed and 

centrifuged, then 100 μL of the supernatant was removed, pipetted into a 96 well UV 

transparent plate and measured at 280 nm using the microplate reader. 

To verify the results, a second protocol was adopted to attempt to imprint 

lysozyme based off a published procedure [12].  The components of the second system 

were identical to those used in the first attempt, but we returned to thermal initiation 

using ammonium persulfate (APS) and TEMED and used a different rinse protocol since 

it appeared the lysozyme was not being sufficiently rinsed from the films.  Polymers were 

synthesized by combining AAm, MBA, lysozyme, APS and TEMED in a solution of 

water, using a crosslinker to monomer molar ratio of 0.05, 1.67 wt% initiator with respect 

to monomer weight, 92 wt% solvent, and 1 wt% of lysozyme.  Polymers were purged for 

20 minutes with nitrogen, and the thermal free-radical initiation occurred at room 

temperature.   

To wash the resulting gels, first the gels were pressed through a 90 µm sieve.  A 

5% sodium dodecylsulfate (SDS) in acetonitrile (AcOH) solution was prepared.  By 

repeat centrifugation at 3000 RPM for 5 minutes, followed by decanting of the 

supernatant, and addition of the next rinse solution, the polymer gels were rinsed with 

deionized water five times, then with SDS:AcOH five times.  The absorbance of each 

rinse was measured at 280 nm on the microplate reader.  The polymers were then allowed 

to equilibrate in deionized water overnight. 
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The recognition procedure used a 0.3 mg/mL solution of lysozyme in deionized 

water.  The equilibrated gels were centrifuged and the supernatant was discarded.  10 mL 

of the lysozyme solution was pipetted into the centrifuge tubes with the gel, and they 

were allowed to incubate for 10 minutes.  The gels were again centrifuged at 3000 RPM 

for 5 minutes, and the supernatant was discarded.  To rinse, the polymer were cycled 

through the centrifugation and decanting steps for 5 rinses with deionized water, and 5 

rinses with the SDS:AcOH solution.  The absorbance of each rinse was measured at 280 

nm on the microplate reader.   

 

A.2.3  Molecularly Imprinted Polymer for BSA 

 

Since the procedure we have adopted to imprint lysozyme originally was used to 

imprint for BSA [12], which has characteristics which are quite different from lysozyme 

(size, pI), we decided to repeat the procedures using BSA as the template molecule.  We 

also added sodium chloride, NaCl, as a porogen.  DMAEMA, MAA, AAm, and 

PEG400DMA were dissolved in deionized water.  NaCl and BSA were added and 

dissolved and allowed to incubate for 30 minutes.  Next, APS and TEMED were added 

and the solution was stirred for 10 minutes.  The prepolymer solution was purged for 20 

minutes with nitrogen, and the polymerization occurred at room temperature.  A control 

polymer was synthesized using identical methods, omitting the lysozyme.   

The rinse and recognition protocol was followed as described previously.  To 

wash the resulting gels, first the gels were pressed through a 90 µm sieve.  A 5% sodium 

dodecylsulfate (SDS) in acetonitrile (AcOH) solution was prepared.  By repeat 

centrifugation at 3000 RPM for 5 minutes, followed by decanting of the supernatant, and 

addition of the next rinse solution, the polymer gels were rinsed with deionized water five 
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times, then with SDS:AcOH five times.  The absorbance of each rinse was measured at 

280 nm on the microplate reader.  The polymers were then allowed to equilibrate in 

deionized water overnight. 

The recognition procedure used a 10 mg/mL solution of BSA in deionized water.  

The equilibrated gels were centrifuged and the supernatant was discarded.  10 mL of the 

BSA solution was pipetted into the centrifuge tubes with the gel, and they were allowed 

to incubate for 10 minutes.  The gels were again centrifuged at 3000 RPM for 5 minutes, 

and the supernatant was discarded.  To rinse, the polymer were cycled through the 

centrifugation and decanting steps for 5 rinses with deionized water, and 5 rinses with the 

SDS:AcOH solution.  The absorbance of each rinse was measured at 280 nm on the 

microplate reader.   

 

A.3  RESULTS AND DISCUSSION 

 

A.3.1  Molecularly Imprinted Polymer for Angiotensin II 

 

Upon completion of the polymerization, a film was formed which could be easily 

handled and rinsed.  HPLC analysis of the rinse solutions revealed that 4.57 mg of 

Angiotensin II was detected in the rinse solutions, out of an expected 16 mg.  This 

indicates that the rinse protocol was insufficient to remove the template from the 

polymer.  This result is in contrast to previously reported values of 87% of template 

removal [7, 10]. 

As shown in Figure A.3, the MIP did not absorb more Angiotensin II than the 

NIP.  This is opposite of the desired result.  This is likely related to the fact that the 
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Angiotensin II was not fully removed from the polymer.  This is also in contrast the 

previously reported values, which did demonstrate a 17% increase in absorption of 

Angiotensin II with the MIP in comparison to the NIP, with a 1:8 template to monomer 

molar ratio, and 10 mol% crosslinking [7, 10]. 

The discrepancy between reported values and the results presented here can be 

easily explained by carefully considering the recognition protocol.  According to the 

previously published procedures [7, 10], a 1 mg/mL solution of Angiotensin II in DMSO 

was prepared, and each polymer disk was incubated in that solution during the 

recognition study, as also described here.  The solution was sampled and the absorbance 

was recorded at 215 nm.  However, a solution of 1 mg/mL Angiotensin in DMSO 

absorbs highly at 215 nm.  The calibration curve of Angiotensin II in DMSO, absorbance 

measured at 215 nm, is shown in Figure A.4.  Clearly, this method does not create an 

accurate calibration curve, and therefore any amounts measured in the recognition study 

in this same range would be inaccurate.  Alternatively, the calibration curve at 280 nm is 

shown in Figure A.5.  This calibration curve creates an accurate method of relating the 

UV absorbance of the Angiotensin II in DMSO solution back to the amount of 

Angiotensin II in solution for the recognition studies.   

 

A.3.2  Molecularly Imprinted Polymer for Lysozyme 

 

The synthesis methods resulted in the formation of a polymer film which was 

easily handled.  The results of the recognition study did not show preferential absorption 

of lysozyme by the MIP during the time frame previously reported, as shown in Figure 

A.6.  In fact, an increase in absorption indicates that there may have been lysozyme 

remaining in the imprinted polymer after the rinse steps.  To see if the polymer had not 
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yet reached equilibrium, the measurements were continued over a longer period of time, 

as shown in Figure A.7.  From this data, it is clear that the NIP is absorbing a large 

amount of lysozyme, despite the absence of specific recognitive cavities. 

At this point, we were interested in reducing the amount of non-specific binding.  

The data indicates that substituting TEGDMA for MBA reduces the degree of non-

specific binding, and decreasing the concentration of DMAEMA significantly decreases 

the amount of non-specific binding as shown Figure A.8.  This could be because the 

nitrogen groups on MBA are hydrogen bond acceptors, whereas the polar uncharged OH 

groups on lysozyme serve as hydrogen bond donators.  TEGDMA, however, is a 

hydrophilic molecule that forms a layer of water, inhibiting protein interaction.  This aids 

in the prevention of non-specific binding.   The MAA contributed minimally to non-

specific binding. 

Adopting the alternative rinsing scheme, which used centrifugation and an 

SDS:AcOH solution, improved the recognition of lysozyme slightly.  The rinse and 

recognition results are shown in Figure A.9.  During the deionized water rinse, it is 

assumed that the lysozyme removed is that which is non-specifically bound, while the 

lysozyme removed during the SDS:AcOH rinse is that which is specifically bound.  The 

SDS should cause the structure of the lysozyme to be denatured, and therefore the non-

covalent interactions between the gel and the lysozyme should be broken.  However, the 

rinse is still inefficient – of the 60 mg of lysozyme imprinted into the gel, only about 15 

mg is removed.  Lysozyme is likely hydrogen bonding to the acrylamide and MBA in the 

formulation.   
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A.3.3  Molecularly Imprinted Polymer for BSA 

 

The polymerization resulted in the formation of a gel, which was wet sieved as 

described above.  Typical results of the rinse and recognition steps are shown in Figure 

A.10.  The rinse procedure results in the removal of approximately 70% of the BSA from 

the imprinted polymer.  However, there is background absorbance, possibly due to 

unreacted monomer, as seen from the amount of BSA eluted from the NIP during the 

rinse, when no BSA should be present.  This background is likely causing the amount of 

BSA calculated to be artificially inflated.  The recognition procedure does not result in 

the detection of any imprinted BSA, as shown in Figure A.10.  We would expect a 

significant amount of BSA to be detected during the SDS:AcOH rinse of the MIP, 

however, none can be detected. 

 

A.4  CONCLUSIONS 

 

The described work has many implications for the field of recognitive hydrogel 

imprinting with proteins and peptides.  Many attempts were made, and on the rare 

occasions that a small increase in the absorption of the template molecule in the 

imprinted polymer versus the non-imprinted polymer was observed, those results were 

never repeated.  Issues such as non-specific binding, and the inability to sufficiently rinse 

the template molecule from the matrix presented major difficulties for the 

implementation of these hydrogel formulations into a conductive and recognitive 

hydrogel.  Additionally, it would appear that critical experimental variables remain 

uncontrolled.  Changing the rinse protocols (adding acid or surfactant), the type of 

initiator (thermal and UV), and the monomers and crosslinkers resulted in no observable 
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improvements.  It is proposed that future polyacrylate-based imprinted hydrogels be 

designed in an entirely different way.  High porosity is important, but the structure of the 

gel must be maintained.  The rinse protocol must be selected to avoid changing the 

surface charge of the polymer matrix, and to avoid excessive swelling which would 

deform the imprinted cavities.  Finally, non-specific binding must be minimized by 

selecting a matrix material which is chemically inert, and will not interact with the 

template molecule.  This is counterintuitive, since the imprinting methodology uses 

functional moieties to interact with the template molecule; these interactions must be 

carefully proportioned and limited to reduce the binding of the template molecule to the 

non-imprinted matrix.  Molecular modeling may aid in the design of an improved 

molecularly imprinted hydrogel.   
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A.5  FIGURES 

 

Figure A.1:  Structures of Components of MIP for Angiotensin II 

Chemical structures of monomer and crosslinker components used to synthesis MIP for 
Angiotensin II. 
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Figure A.2:  Structures of Components of MIP for Lysozyme 

Chemical structures of monomer and crosslinker components used to synthesis MIP for 
lysozyme. 
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Table A.1:  Components of Lysozyme Imprinted Polymer 

Component Function Composition 

Acrylamide Non-interacting 10 wt% 

Methylene 

bisacrylamide 

Crosslinker 10 wt% of monomer 

Methacrylic acid Functional monomer for + 

charged lysozyme residues 

50x moles of  positive amino 

acids 

Dimethalamino 

ethyl methacrylate 

Functional monomer for – 

charged residues 

50x moles of  negative 

amino acids 

Irgacure 2959 UV intiator (Bergmann used 

thermal APS/TEMED) 

0.6 mol% of monomers 

Lysozyme Template 5 wt% of polymer 

Tris pH ~7 Solvent 80 wt% 
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Figure A.3 Recognition of Hydrogel Imprinted for Angiotensin II    

The imprinted polymer (MIP) absorbs less Angiotensin II in comparison to the non-
imprinted (NIP) formulation, which may indicate retention of the template molecule in 
the MIP, even after extensive rinsing.   
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Figure A.4:  Calibration Curve of Angiotensin II in DMSO at 215 nm 

Calibration curve of Angiotensin II in DMSO, absorbance measured at 215 nm.  The 
error bars indicate the instrument specification, as a percentage of the absorbance 
measurement.  It would be inaccurate to measure the Angiotensin II amount in DMSO at 
215 nm.   
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Figure A.5:  Calibration Curve of Angiotensin II in DMSO at 280 nm 

Absorbance measured at 280 nm.  The error bars indicate the instrument specification, as 
a percentage of the absorbance measurement.  An accurate calibration curve results when 
measured at 280 nm.    
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Figure A.6:  Recognition of Hydrogel Imprinted for Lysozyme – Short Time 

Qt for imprinted (MIP) and non-imprinted (NIP) polymers synthesized in presence of 
lysozyme.  Data does not show imprinting effect, instead the NIP absorbs more lysozyme 
than the MIP.   
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Figure A.7:  Recognition of Hydrogel Imprinted for Lysozyme – Long Time 

Absorption of lysozyme by imprinted (MIP) and non-imprinted (NIP) polymers.  Both 
polymers absorb a large amount of lysozyme, and the NIP absorbs more than the MIP. 



 224

100%

100%

100%

100%

50%

50%

50%

50%

-0.030

-0.020

-0.010

0.000

0.010

0.020

0.030

MAA, MBA DMAEMA, MBA MAA, TEGDMA DMAEMA,
TEGDMA

Hydrogel Formulation (Functional monomer, crosslinker)
(Percentage of functional monomer vs original recipe included)

Qt (mg 
lysozyme/mg 

polymer)

 

Figure A.8:  Non-specific Absorption of Lysozyme 

Effect of varying the mole ratio of MAA, DMAEMA, and crosslinker selection (MBA 
versus TEGDMA) on the amount of non-specific absorption of lysozyme.  As can be 
seen, the DMAEMA contributes highly to the non-specific binding.  Changing the 
crosslinker from MBA to TEGDMA reduces the non-specific binding slightly.    
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Figure A.9:  Rinse and Recognition of Hydrogel Imprinted for Lysozyme 

Rinse (a) and recognition (b) of wet-sieved gel imprinted for lysozyme, using 
centrifugation method.  The majority of the lysozyme is removed during the deionized 
wash, indicating this protein was non-specifically bound.  The NIP and MIP show similar 
amounts of lysozyme removed during the deionized water rinse after the recognition 
incubation period, and slightly more lysozyme was removed from the imprinted polymer 
during the SDS:AcOH rinse.   

b) 

a) 
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Figure A.10:  Rinse and Recognition of Hydrogel Imprinted for BSA 

Rinse (a) and recognition (b) of wet-sieved gel imprinted for BSA, using centrifugation 
method.  The majority of the BSA is removed during the deionized wash, indicating this 
protein was non-specifically bound.  The NIP and MIP show similar amounts of BSA 
removed during the deionized water rinse after the recognition incubation period, and no 
BSA was removed from the imprinted polymer during the SDS:AcOH rinse.   

b) 

a) 
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