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Supervisor: Christine E. Schmidt

The rapid growth in the use of synthetic polymers in medicine and biotechnology 

has prompted the development of advanced biomaterials that present unique surface 

properties to control cellular activity. To control the surface properties of biomaterials 

numerous methods have been developed for immobilization of biomolecules. The goal of 

this work was to develop a new method for surface functionalization of synthetic 

biopolymers using phage display technology. This approach has traditionally been 

utilized for both biological and non-biological materials to select peptides expressed on 

the bacteriophage using a combinatorial approach. As presented in this thesis chloride-

doped polypyrrole (PPyCl) was used as a model biopolymer to screen for a peptide insert 

vi
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selected from a combinatorial library with diversity of 109. A PPyCl-binding peptide 

(T59) was successfully identified using this phage display approach.

As a biomaterial, polypyrrole presents many unique opportunities in the field of 

biomedicine, specifically in tissue engineering, drug delivery and biosensor development. 

A peptide-expressing phage (φT59) that binds to PPyCl, when compared to other selected 

materials, was identified. Furthermore, the T59 peptide, independent of the phage, was 

synthesized and its binding ability and characteristics were analyzed using both 

qualitative and pseudo-quantitative analysis. Furthermore, the stability of the peptides in 

the presence of serum proteins was explored using indirect methods to compare to a 

control condition. Finally, we explored a potential application of the selected T59 

peptides by attaching a cell-adhesion promoting sequence that permitted cell attachment 

on PPyCl surface without the presence of serum proteins. Although not directly shown 

here, this approach, which is highly versatile, simple and imparts not changes to the 

material’s bulk properties, can potentially be applied to various biopolymers.
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Chapter 1: Introduction

1.1 TISSUE ENGINEERING – PERIPHERAL NERVE REGENERATION 

The potential and ability to treat tissue loss or end-stage organ failure is a primary 

focus of medical research today. There have been many strategies developed over the 

years to repair or regenerate tissues including organ transplantation, autologous tissue 

replacement, and replacement using external and internally implanted mechanical devices. 

Although these strategies have been implemented for many years, the results have been 

partially successful as the failure of these therapeutic options still remains. To address the 

growing need for developing treatments for tissue loss and organ failure, tissue 

engineering has provided new solutions to these problems, where a group of 

interdisciplinary researchers ranging from molecular biologists and physicists to 

engineers and clinicians are working to produce new technologies. 

Typically, tissue engineering involves the use of cells seeded on or within a 

scaffold for cell proliferation and differentiation [1,2] (Figure 1.1). Additional 

components present in many strategies include cell adhesion promoting molecules (e.g., 

laminin, RGD peptides, etc.), growth factors, drugs, and other signaling molecules 

specific to the tissue being studied [4]. This strategy for tissue repair and regeneration has 

been researched since the 1960s for applications in the skeletal system, cardiovascular 

system, organs such as heart, skin, and sensory organs cochlea and nerves. There are 

numerous devices (e.g., coronary stents, hip and knee prostheses, dental implants, 

catheters, vascular grafts, etc.) available today, but this is till a nascent field with 



2

significant needs for development of new materials and strategies for solving many of the 

complex issues with tissue regeneration. As highlighted by Ratner, et al., the holy grail of 

tissue engineering is to design a way to replace function to damaged tissue with similar 

tissue components that contain the appropriate functionality including cells and extra-

cellular matrix [5]. 

This has prompted research efforts in developing novel methods to use 

biomaterials tailored for controlling and guiding new tissue growth. One particular tissue 

being researched in our lab is peripheral nerve. The ultimate goal is to develop a device 

that has the necessary material properties for guided neurite growth and subsequent 

reinnervation resulting in complete functionality.

The current strategies for peripheral nerve (Figure 1.2) tissue engineering rely 

primarily on either end-to-end anastomosis or grafts (e.g., autologous nerve or vein 

grafts) to bridge the severed nerve ends [6]. Short gap repair has shown success with end-

to-end reconstruction. However, this technique is limited by the tension introduced into 

the nerve cable when the nerve ends are reconnected, which can inhibit nerve 

regeneration. The use of autologous nerve grafts addresses the problems associated with 

end-to-end reconstruction, but there exist some limitations including incomplete 

regeneration and the possibility of irreversible damage [7]. In addition, there are other 

disadvantages associated with the use of autologous grafts, including loss of function at 

the donor site, the inability to directly match the size of the donor nerve to the injured 

nerve, and the need for multiple surgeries. The shortcomings of the current clinical 
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methods have resulted in the search for engineering methods to regenerate and repair 

peripheral nerve defects. One such technique is the development of a synthetic guide that 

provides an optimal physical and chemical environment to enhance peripheral nerve 

repair. As depicted in Figure 1.3, when the nerve damaged the two nerve ends, distal and 

proximal (near the cell body), separate and degeneration of the distal part occurs along 

with demyelination [6]. By using a nerve guide with specific and controlled properties, 

reinnervation of the two ends can occur with the ultimate goal of achieving complete 

recovery and functionality. 

Several physical properties of the guidance channel appear to dramatically affect 

the extent and quality of regeneration. Some of these properties, depicted in Figure 1.4, 

include porosity, biodegradability, cell encapsulation and oriented extracellular matrix 

components in inner luminal compartment, and inherent electrical properties [8]. 

Conduits may swell in vivo, thus the conduit dimensions need to be large enough to allow 

for swelling without inhibiting axonal growth. The walls of the conduit should be 

sufficiently porous to allow nutrients to freely flow, but the pores should be small enough 

to exclude inflammatory cells. The ideal guidance channel would be composed of a 

material that maintains its physical integrity long enough for the nerve to fully regenerate, 

but eventually degrades leaving only natural tissue. It is believed that regeneration 

distance can be increased by the optimum combination of guidance channel materials and 

growth factors and/or support cells in the conduit lumen [8].
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1.2 ROLE OF POLYMERIC BIOMATERIALS IN TISSUE ENGINEERING

One of the most important components of tissue engineered devices is the 

material, specifically its properties including biocompatibility, degradability, and 

mechanical strength for particular applications. After numerous years of research, there 

have been many biocompatible materials identified that are divided into metals, ceramics, 

polymers and natural materials (derived from both plants and animals) [9]. In the 

selection and subsequent development of tissue engineered devices using scaffolds, 

biocompatibility and biodegradability have been given initial preference. For this reason, 

recently biomaterials scientists and engineers have focused more in natural tissues and 

synthetic polymeric materials for engineering therapies (Table 1.1). 

The rapid growth in the use of synthetic polymers in medicine and biotechnology 

has prompted the development of advanced biomaterials that display both biocompatible 

and bioactive properties. A large variety of biological functions could be programmed 

into materials including ligands that bind cellular receptors, drugs for targeted delivery, 

enzymes to catalyze reactions, vectors for gene therapy, and antibodies for detection or 

binding. Materials modified with these factors could be used in tissue regeneration 

applications, biosensors, diagnostic assays, drug delivery devices, bioreactors and 

separation systems, and medical implants [10]. In particular, we are interested in new 

classes of materials that can be designed to control cell behavior and to direct tissue 

formation via desired biomolecular recognition events. 
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Many existing biomaterials possess inadequate properties such as nonspecific 

interactions, which yield unpredictable outcomes [11]. The choice of a biomaterial for a 

particular application is often dictated by bulk properties such as strength, wear resistance, 

flexibility, porosity, and compliance. It is equally important to select biomaterials for 

specific surface properties because surface chemistry and structure are directly 

responsible for cell and tissue responses. Thus, the goal in surface modification is to 

retain bulk properties while modifying only the surface to possess desired functional 

groups that impart recognition and specificity.

1.3 DEVELOPMENT OF BIOACTIVE AND BIOFUNCTIONAL MATERIALS

Surface modification techniques are classified into two general categories: (1) 

chemical or physical alteration of the existing surface layer and (2) coating of existing 

surfaces to present a new component [11]. For both categories there are basic principles 

that must be followed for a successful modification of a desired surface. These principles 

include controlled thickness of components modifying the surface to maintain the 

mechanical and functional properties of the material. Additionally, surface-modified 

layers should not be prone to delamination in solution, they should resist drifting due to 

diffusion of surface atoms in response to external environment. The ideal modification 

method should enable control over functional groups presented on the surface with 

uniform organization [12]. 
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Ultimately, surface modification techniques should provide an inherent flexibility 

to permit changes in molecular design for a broad range of applications and should be 

simple and straightforward to implement. There have been many techniques used to 

modify the surfaces of biomaterials, including protein adsorption and self-assembly [13], 

synthesis of novel graft-copolymers with desired functional groups [14,15], and direct 

covalent surface modifications [16-18] (Table 1.2). However, these approaches have 

limitations associated with them. Covalent surface modification and the synthesis of new 

materials both require extensive chemical reactions and processing. Protein adsorption, 

on the other hand, does not require chemical processing, but unfortunately is largely 

dependent upon nonspecific interactions between the protein and the surface, and 

therefore, is difficult to control [13]. Additionally, other techniques have promoted 

cellular interactions using covalently immobilized peptides, thereby promoting neurite 

extension [19]. PEG modification and silanization of surfaces, such as titanium oxide, 

have provided active surfaces for extracellular matrix binding domain Arg-Gly-Asp 

(RGD) immobilization to design biomimetic materials [14,20]. However, these 

approaches require complicated and multi-step pathways and peptide attachment is often 

limited by the lack of control over biomolecule density.

1.4 CONDUCTING POLYMERS IN BIOMEDICINE – POLYPYRROLE

Originally when conducting polymers were first discovered in 1976 the primary 

use was in the fields of chemistry and electronics. These materials permitted the 
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advantageous electrical and optical properties associated with metals and semiconductors 

to be combined with the attractive properties of polymers, such as control over 

processibility and mechanical properties. As their unique electrical and optical properties 

were researched and characterized, their use began to diversify and researchers in the 

field of biomedicine began to test out these materials [21-29] (Table 1.3). 

The use of polymeric biomaterials in the field of tissue engineering has advanced 

rapidly over the past decade. One synthetic polymer, polypyrrole (PPy), has shown great 

promise, especially for enhancing nerve regeneration because of its electrical properties

[28]. Previous work with oxidized PPy (Figure 1.4), which is a polycationic conducting 

polymer, demonstrated the ability to synthesize thin films using electrochemical synthesis 

for in vitro studies in controlling cell behavior [28,30]. These studies demonstrate that 

electroconductive PPy can support the growth and differentiation of neurons and 

endothelial cells [28,30]. PPy, when electrically stimulated, results in nearly a two-fold 

enhancement of neurite outgrowth from PC-12 cells (i.e., a neuron-like cell line) 

compared to unstimulated controls. In vivo studies have also demonstrated that PPy is not 

cytotoxic and that this material, when formed into conduits, can support the regeneration 

of damaged peripheral nerves in rats [31]. The ability to translate the in vitro results into 

in vivo applications has required numerous efforts in developing methods to incorporate 

PPy material into conduit systems.

Recent efforts have focused on developing nerve conduits from biomaterials that 

not only provide a physical guide, but also actively enhance nerve growth. Polypyrrole 
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has been highlighted as one of the more suitable materials for this application because of 

its biocompatibility and flexibility in processing [31]. The focus of this recent work in 

Christine Schmidt’s Laboratory (University of Texas at Austin) for the development of 

nerve regeneration therapies has successfully shown enhanced neurite outgrowth of cells 

on polypyrrole under electrical stimulation [28].  

1.5 PHAGE DISPLAY

Bacteriophage display of peptides, or phage display, consists of a library of 

viruses (or bacteriophages) that are genetically engineered so that each virus displays a 

random single peptide, of specific length, on a portion of the virus' protein coat. In 

creating bacteriophage libraries, researchers have used genetic engineering techniques to 

incorporate a random amino acid sequence on the minor coat protein (pIII) or on the 

major coat protein (pVIII) of a filamentous virus or bacteriophage. There exist 

commercially-available libraries (New England Biolabs, Inc.) that express linear peptides 

of different lengths (e.g., 12 amino acids, 7 amino acids) on the pIII of the M13 

bacteriophage that can be used for the screening of numerous non-biological materials 

ranging from semiconductor materials to metals [32-37]. In addition, there also exist 

"constrained" amino acid libraries, in which the peptides are presented or displayed as 

"loop" structures (i.e., cysteines are found at the 1st and 9th positions on the peptide to 

create a loop by a disulfide linkage).
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Phage display libraries can be used to screen tens of millions of different peptide 

inserts against a substrate of interest, in a process referred to as "biopanning". 

Application of phage display for peptide selection has ranged from antibody-antigen 

binding studies, mapping of protein-protein contacts, and the identification of receptor 

ligands [38,39]. This approach has also been used to select for bioactive peptides for the 

immobilization of purified thrombin receptors as well as for intact cells [40,41]. Smith et 

al. used phage display to identify protease substrates by attaching an affinity insert prior 

to the randomized region to separate cleaved from the uncleaved phage [42]. Conversely, 

other investigators have used phage display to isolate antibodies, hormones, and DNA 

binding proteins from their variants with altered affinity or specificity from libraries of 

random mutants [43]. Another use of peptide phage display is to determine a peptide 

binding motif for a synthetic material to which nature has presumably not had a chance to 

evolve such an interaction. These types of attachments are being investigated for 

semiconductor crystalline materials such as InP, ZnS, CdS and GaAs [32,33]. 

In the work presented here, we have used phage display to select for a unique 

peptide sequence against polypyrrole. A peptide was selected against PPyCl and its 

binding was demonstrated. To our knowledge, phage display has never been used for 

direct applications in developing biofunctional polymers, and would provide a significant 

contribution to the biomaterials field. Although this approach can be applied to other 

polymers, this was not directly demonstrated in this thesis. As a candidate, polypyrrole 

presents two important criteria including the lack of a functional group (e.g., COOH, 
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NH2) for direct surface modification and its versatile use in biomedicine and tissue 

engineering. Using a commercially available phage display library, as material-specific 

peptides are identified, any biomolecule or cell can potentially be immobilized in order to 

functionalize biomaterials. Although tissue engineering is our primary focus, this 

technology can potentially be applied to multiple areas including drug delivery and 

biosensor development. 

1.6 OVERVIEW OF DISSERTATION

This dissertation is organized into five chapters. The overall focus of this work is 

to develop a novel method for surface functionalizing a synthetic biopolymer, 

polypyrrole, using phage display-selected peptides. In Chapter 2, the use and 

characterization of polypyrrole is described with focus on synthesis and surface analysis. 

PPy is a versatile biopolymer that has numerous applications in fields such as drug 

delivery [23] and nerve regeneration [28], and has been used in biosensors and coatings 

for neural probes [29]. General electrochemical synthesis method, for chlorine-doped 

polypyrrole (PPyCl), was used to synthesize thin films for phage display screening. The 

thin films were characterized in terms of thickness, surface morphology, and surface 

chemistry. PPyCl characterization results were used for comparison to previously 

published results and enabled us to develop controlled synthesis conditions for quality 

control.
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In Chapter 3, we describe the phage display selection process for peptide 

selection against PPyCl. A unique phage-displayed peptide (φT59) against PPyCl was 

selected. Detailed characterization of the phage binding is presented. Specifically, 

amplification and competitive studies along with immunolabeling results are illustrated. 

The selected phage demonstrated selective binding to PPyCl when compared to other 

phage and substrates. 

These results were expanded and researched further in Chapter 4, where the 

binding of the corresponding peptide (‘T59’) without the presence of the phage was 

assessed. Both qualitative and quantitative analysis were performed to assess the actual 

binding and surface coverage. A pseudo-quantitative assay for relative surface coverage 

analysis was established and used in detailed studies for determining the mechanism of 

interaction between T59 and PPyCl. By synthesizing variants of T59 peptide, an initial 

mechanism of interaction between T59 and PPyCl is determined. The results suggested 

involvement of the C-terminal end as the active site for PPyCl recognition. Furthermore, 

strength of interaction using dynamic force spectroscopy techniques are also described in 

which T59-PPyCl binding strength was compared to relatively weak antigen-antibody 

interactions. 

In Chapter 5, steps towards application were established where T59 synthesized 

with RGD peptides (integrin-binding cell adhesion promoting peptides) resulted in nerve 

cell adhesion and differentiation. PPyCl surface was modified with T59 peptides 

synthesized with RGD at the C-terminus, followed by cell incubation. We found that 
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when RGD is presented on PPyCl through T59 peptides, PC12 cell adhesion was 

promoted when compared to controls. These initial studies indicated that T59 peptides 

can be used as bi-functional linkers for surface modification in tissue engineering 

applications.  

In Chapter 6, a summary of the results from the highlighted studies is presented. 

Furthermore, we have summarized the analysis and conclusion of the results along with 

limitations and recommendations for future work. 
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Table 1.1 Synthetic polymeric biomaterials researched for bioengineering applications

Material Application Reference

Poly(glycolide-lactide) 
(PLGA)

Drug delivery
Sutures

[44,45]

Poly(ethylene glycol)
(PEG)

Orthopedic
Drug Delivery

[46,47]

Polyanhydrides Drug delivery [48]

Poly(propylene fumarate)
(PPF)

Orthopedic [49]

Polycaprolactone
(PCL)

Drug delivery, Stents [50,51]

Poly(methyl methacrylate)
(PMMA)

Bone [52]

* This list is illustrative rather than exhaustive adapted from [9].
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Table 1.2 Surface modification methods for promoting bioactivity

Modification method Example of materials Reference

Chemical reaction - oxidation Titanium [53]

Plasma-treatment Poly(ethylene glycol) [54]

Silanization Glass surface [55]

Langmuir-blodgett deposition Polyurethane [56]

Self-assembled monolayer Gold [57]

Laser treatment Hydroxyapatite [58]

Lithographic patterning Poly(ethylene glycol) [59]

* This is an illustrative rather than exhaustive list.
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Table 1.3  Use of conductive polymers in biomedicine

Application Reference

Biosensing devices [21-22]

Drug delivery [23]

Prosthetics [24]

Cell manipulation [25-28]

Neural Probes [29]
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Figure 1.1 Commonly studied paradigm for tissue engineering. Development of 

engineered organs and tissues using the principles of tissue engineering. A scaffolding 

material is seeded with specific cells related to the tissue being engineered. Additionally, 

growth factors and biomolecules are incorporated for signaling and growth. The cells 

attach to the matrix and through cellular processes extracellular matrix is deposited with 

the simultaneous degradation of the scaffolding material. A key property of the 

scaffolding material is the surface characteristic as it is the determining factor in cellular 

activity. For most tissues the biological complexity and mechanical properties are 

achieved prior to implanting into a patient (in vitro) to mimic the naturally occurring 

tissues. Adapted from [3].

Cells
Growth 
factors

in vitro
culture

tissue 
implant
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Figure 1.2 The Nervous System a) The central nervous system (CNS) includes the brain 

and spinal cord. The peripheral nervous system (PNS) contains two main pathways 

(afferent and efferent) and connects the CNS to other parts of the body. b) Shows 

enlarged segment of a nerve bundle that is arranged to present the relationship of the 

axons to the Schwann cells and connective tissue organization. Drawings from [6].
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Figure 1.3 Nerve Tissue Degeneration (a) An intact nerve fiber that innervates skeletal 

muscle cell showing the position of the nucleus within the cell’s body. b) The distal end 

of the axon becomes injured leading to fragmented segments. After injury, the nucleus 

moves to the cell periphery and degeneration of the distal part occurs along with 

demyelination. As indicated regeneration can be achieved if a guidance tube is inserted to 

reconnect the two ends with an optimal growth environment. Drawing from [6].

nerve conduit
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Figure 1.4 Various properties of a nerve conduit. Areas of active research involving a 

nerve conduit include (clockwise from top left): (1) biodegradability or a porous channel 

wall, or both; (2) the inclusion of support cells; (3) electric activity; (4) the release of 

growth promoting molecules; (5) the inclusion of internally oriented matrices. Drawing 

adapted fro m [8].
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Figure 1.5 Chemical structure of polypyrrole. Structural representation of polypyrrole 

(PPy). X- represents the specific dopant ion (e.g., Cl-, ClO-4, NO3-, PSS-) and n is the 

number of repeat units in the polymer.
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Chapter 2: Characterization of conducting polymer – polypyrrole

Polypyrrole (PPy), an electrically conductive polymer, is unique and has 

tremendous potential as a biomaterial. One of the most interesting aspects of polypyrrole, 

other than its conductivity, is the ability to tailor its properties by incorporating various 

molecules via electrochemical synthesis. Researchers have realized the potential of using 

polypyrrole for numerous applications ranging from sensors to cell manipulation. 

Additional use of polypyrrole has been in surface coatings as the synthesis conditions, 

either electrochemical or chemical, can be controlled where thin films can be doposited 

with various dopants. Polypyrrole has some limitations including the lack of a functional 

group for surface modification and biomolecule immobilization. Using electrochemical 

synthesis, various dopants including biologically relevant molecules can be incorporated, 

but dopant incorporation is limited by size and charge. There has been tremendous 

interest in developing a more versatile polypyrrole-based material, and for this reason 

polypyrrole was chosen as a model polymer for phage-displayed peptide selection. In this 

chapter, the applications of polypyrrole in medicine and its electrochemical synthesis 

including characterization of PPyCl are presented.

2.1 INTRODUCTION

The diversity of applications and flexibility in processing make conductive 

polymers attractive in the biomedical field.  Polymers of particular interest in this field 
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are polypyrrole, polythiophene, polyacetylene and derivatives of such polymers.  More 

specifically, conductive polymers such as polypyrrole provide flexibility in tailoring the 

surface properties for cell interaction (e.g., hydrophobicity/hydrophilicity, surface charge, 

and roughness) by oxidation or reduction. Conducting polymers characteristically have a 

π-conjugated backbone system that contains alternating single and double bonds along 

the polymer chain. This π-conjugation is responsible for unique properties such as 

electroconductivity, high electron affinity, low ionization potential, and low energy 

optical transitions. The conduction mechanism is quite complex and varies depending on 

the polymer-dopant system (e.g., anions incorporated during synthesis). Conductivity is 

generated by inter-chain hopping of electrons (e.g., bipolarons), which can be influenced 

by various factors such as polaron length, chain length, charge transfer to adjacent 

molecules, and conjugation length [1]. This variation of conductivity by changing the 

dopant anion has generated research in numerous fields. The many applications of 

conductive polymers include analytical chemistry and biosensing devices, 

electrocatalysis and chromatography, tissue engineering, neural probes, prosthetics, and 

drug delivery [2-5]. 

One specific example of applying the unique properties of polypyrrole in 

biomedicine has been in the field of biosensors. The basic premise of biosensor 

development is in producing a digital signal that can be proportionally correlated to the 

concentration of a specific chemical or molecule. Conducting polymers have been 

extensively researched for the production of transducers that can generate that specific 
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signal based on direct binding of the biocatalyst [6]. One specific example is in the 

development of a glucose biosensor that highlighted the entrapment of glucose oxidase 

(GOX) on different polymer matrices such as polyprrole, polyaniline, and 

polyaminobenzoic acid. This method provides a quick and simple means for molecule 

deposition to selectively defined areas on the electrodes via electropolymerization. The 

functional activity of the sensor can be measured in many ways including 

amperometrically, potentiometrically, conductometrically, or optically. Several other 

bimolecular sensors have also been developed, some of which include biosensors for urea, 

lactate, cholesterol, and DNA. A specific example of a biosensor developed for DNA 

detection implements oligonucleotides covalently bound to polypyrrole [7]. Such a 

technique would have resounding effects on the study of genetic diseases.  

Electrically conducting polymers have also been shown to permit finer control 

over drug delivery. Reynolds et al. demonstrated that drugs encapsulated by polypyrrole 

can be released in a pulsatile fashion upon electrical stimulation [8]. Not only is 

controlled drug delivery of great interest, but so is route of drug administration. 

Conducting polymers, such as poly(ethylene oxide), have made it possible to deliver 

drugs transdermally via iontophoresis, thereby avoiding the need for pills or injection [9].  

A breakthrough in research that further increased the possible applications for 

conductive polymers was the discovery that electrical fields and charges led to the 

proliferation and differentiation of a number of cell types including nerve, skin, cartilage, 

and bone.  This has allowed tissue engineers to focus on the development of conducting 
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polymers for cell regeneration [2,3,8,10,11].  This was of particular importance to 

neuroscientists in their effort to develop methods for regenerating peripheral or central 

nerves.  While there has been little success in the regeneration of nerves of the central 

nervous system (CNS), current medical treatment exists for bridging the gap of severed 

peripheral nerves.  These clinical procedures, however, have many limitations including 

incomplete regeneration of neurons at the injury site.  

In an effort to develop therapies for PNS regeneration, researchers have applied 

conductive materials with limited success [12,13]. In developing conduits for nerve 

therapy, recent work has been focused towards materials modification to mimic and 

organize molecules for guided neurite growth [14]. For achieving such guided growth, 

specific molecules (e.g., cell adhesion molecules and growth factors) have been 

incorporated within the lumen of synthetic nerve conduits [15-18]. Numerous approaches 

have been researched and implemented to surface functionalize polymers for promoting 

cellular activity. As discussed in Chapter 1, modification of polypyrrole has been 

performed through adsorption or incorporation of molecules during synthesis. To address 

the limitations of non specific interactions in adsorption and selective incorporation of 

molecules during electrochemical polymerization, the goal of this work was to develop a 

novel and versatile method for surface functionalization of polypyrrole.

PPy electrochemical synthesis has been developed by Diaz et al. and has had 

tremendous potential because of its electrical properties [19] (Figure 2.1). In addition to 

its inherent electrical conductivity, another useful aspect of PPy is that its synthesis 
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requires the incorporation of a negatively charged dopant molecule. By choosing an 

appropriate dopant, the properties of PPy can be tailored to a specific application. 

Commonly used dopants are chloride ions and poly(styrene sulfonate), which give rise to 

PPyCl and PPyPSS materials, respectively. PPy has also been doped with a wide variety 

of other materials, including small anions [20], polymeric anions [21], buffer salts [22],

and biologically active anions such as ATP [23], collagen [24], hyaluronic acid [25], 

heparin [26], and enzymes [27]. It was also established that anions have remarkable 

influence on the formation of the morphology of the polypyrrole film as well as 

conductivity [20,21]. Although dopant ions can be used to modify the surface character 

of PPy, this approach has several drawbacks, including being limited to the use of 

negatively charged molecules and difficulty with the incorporation of large anions [25].

 The goal of the work presented in this chapter was to synthesize chlorine-doped 

polypyrrole (PPyCl) using electrochemical methods for phage-displayed peptide selection. 

The synthesis conditions used were from previous work in our laboratory and thickness 

characterization was performed to ensure reproducibility. Surface morphology and 

chemical analysis were performed to understand the surface architecture and properties 

related to potential interactions of the phage selected using phage display analysis 

(described in Chapter 3).  
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2.2 MATERIALS AND METHOD

2.2.1 Electrochemical synthesis of polypyrrole

PPyCl and PPyPSS films were electrochemically deposited onto indium tin oxide 

(ITO)-conductive borosilicate glass (Product # CG-801N-S115, Delta Technologies, Still 

Water, MN) [19] (Figure 2.2). Both pre-coated ITO and Au glass slides were cleaned 

before use by sonication in hexane, methanol, and dichloromethane for 5 min each. 

Immediately prior to film synthesis, the pyrrole monomer solution was purified by 

passing through an alumina column. A three-electrode setup consisting of a saturated 

calomel reference electrode, platinum gauze counter electrode, and an ITO slide as the 

working electrode were used for the electrochemical deposition of the PPy films. PPy 

films were deposited at a constant potential of 720 mV versus the saturated calomel 

reference from an aqueous solution of 0.1 M pyrrole monomer (Fisher Scientific, Palatine, 

IL) containing either 0.1 M NaCl (Fisher Scientific) providing the chloride ion as dopant 

or 0.1 M sodium salt of poly(styrene sulfonate) (PSS; Product #24,305-1, Avg. MW = 

70,000; Aldrich, Milwaukee, WI). A Pine Instruments AFRDE5 bipotentiostat was used 

as the DC voltage source. The film thickness for the PPyCl and PPyPSS films were

varied between (250 – 300 nm), as determined using a well developed current integration 

over time method [19]. A standard value of the total charge passed, established by Diaz et 

al., of 50 mC/cm2 was used to calculate the film thickness [19]. The charge allowed to 

pass through the working electrode was measured with a current integrator (IT001, 
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Cypress Systems, Inc.), which was coupled to a multimeter (Sperry, DM-8A). The films 

were rinsed with Millipore water and stored in a dessicator for two days before use.  Film 

thickness was verified used a profilometer (Alpha-Step 200, Tencor Instruments, 

Mountain View, CA). 

2.2.2 PPyCl surface morphology and chemistry characterization 

The PPyCl films were characterized using scanning electron microscopy (SEM) 

and atomic force microscopy (AFM) for surface morphology and roughness. X-ray 

photoelectron spectroscopy (XPS) was used to determine the surface elemental 

composition. The SEM micrographs were taken using a Norian detection system mounted 

on a Hitachi 4700 field emission scanning electron microscope at 1.00 kV (Texas 

Materials Institute, The University of Texas at Austin). PPyCl films of thickness 200 nm 

were mounted dry on a metal stage using double-sided carbon tape and sputter-coated 

with ~30 nm chromium and then imaged at 55 – 9000x magnification. 

To obtain PPyCl surface roughness, an Asylum Research (Santa Barbara, CA) 

model MFP3D was used in contact mode (Center for Nano and Molecular Institute, The 

University of Texas at Austin). Approximately 1 mL of sterile 10 mM PBS (pH 7.4) was 

placed on top of a ~200-250 nm PPyCl film polymerized on Au coated slides (prevented 

film floating). The surface was scanned using a silicon nitride tips (Veeco, Santa Barbara, 

CA) mounted on the AFM. PPyCl morphology was analyzed in a scanning area of 1 X 1 
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µm with scan rates of the order of 1 ± 5 mm/s. The surface roughness was analyzed using 

IGOR-MFP3D software provided for AFM control and analysis.

To establish PPyCl film surface chemistry XPS was used to determine qualitative atomic concentrations and 

analysis using a Physical Electronics Phi ESCA 5700 equipped with dual monochromatic 

sources: Mg X-ray source (1,254 eV X-rays) and Al X-ray source (1,487 eV X-rays). 

2.3 RESULTS

2.3.1 Evaluation of surface morphology using SEM and AFM

Previous research with polypyrrole films has established that anions have a 

significant influence on surface morphology. This heterogeneity in surface topography 

can potentially be an important factor in the evaluation of PPyCl-specific phage/peptide 

binding and surface coverage. Figure 2.3, illustrates the SEM of PPyCl thin films that 

demonstrate anisotropic surface topography. The images of the PPyCl films that are seen 

in Figure 2.3 are shown in increasing resolution from left to right. SEM analysis also 

ensured that our PPyCl film is consistent throughout and has no pinholes or breakages 

along the polymer surface. Film inconsistencies could present problems during the 

biopanning process. The wrinkled effect seen in Figure 2.3 is characteristic of PPy and is 

consistent with the literature [28]. 

Surface roughness characteristics results, highlighted in Figure 2.4, indicate that 

the shape of the surface globules changes and the surface of a single globule becomes 
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rougher as the thickness increases. This is consistent with previously studied results 

[29,30] and illustrates the potential role of morphology in controlling the surface 

coverage of phage and peptide, as discussed in Chapter 4. 

2.3.2 Evaluation of surface chemistry using XPS

Using XPS, we were able to analyze the surface of the polymer and to determine 

atomic concentrations based on peak intensities at various energies associated with 

particular elements. This information is essential to understanding the polymer's chemical

structure, which in turn provides information on the conductivity of the polymer. Figure 

2.5 is an XPS low resolution "survey" spectrum of PPyCl, which provides atomic 

concentrations in the polymer. This spectrum is consistent with previous published 

studies [31]. Polypyrrole can have three types of monomer linkages, which affect 

conductivity: α−α, α−β, or β−β. PPyCl monomer linkages are usually constrained to the 

α−α attachment (which increases conductivity) and the α−β attachment (which decreases 

conductivity) because of the probability of the lowest energy binding. The α−α linkage is 

a linear attachment and the α−β linkage provides for some degree of branching to occur 

in the polymer (Figure 2.6). Using a higher resolution XPS spectrum (Figure 2.7), we 

are able to resolve the C1s peak area from 292-282 eV, which can determine whether the 

monomers are linked either by α−α linkages or α−β linkages. The C1s peak area 

represents the accumulation of photoelectrons, produced by excitation of the sample by 

X-rays, which correlates in binding energy to the carbon 1s electron shell. In the 
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spectrum (Figure 2.7), the α−α linkage is centered on 284.5 eV and the α−β linkage is 

centered on 283.6 eV [31,32].

2.4 DISCUSSION

In the work presented here we synthesized and characterized PPyCl prior to 

phage-displayed peptide selection. PPy has previously been studied for numerous 

applications in biomedicine [2-5], but lacks the ability to be easily surface modified for 

promoting biofunctionalization. Electrochemical synthesis of PPyCl was performed [19] 

on both ITO and Au slides and the thickness was varied by controlling the total charge 

passed. To obtain films that can be easily removed off of the ITO slides without affecting 

the integrity, thick films (~ 250-300 nm) were synthesized. As previously described 

[26,30], the effect of film thickness is directly represented in the surface morphology and 

therefore, both SEM and AFM methods were used to analyze surface structure. As 

presented in Figures 2.3 and 2.4, the surface morphology of PPyCl films demonstrates a 

heterogeneous surface topography with many crevices. Previous research with 

polypyrrole films has established that anions have a significant influence on the surface 

morphology [20,21]. This heterogeneity in surface topography will be an important factor 

in evaluating PPyCl-specific phage/peptide binding and surface coverage. 

Additionally, the surface chemistry of PPyCl films was characterized to evaluate 

consistency in film synthesis and the possible role of phage/peptide binding to PPyCl 

surface (discussed in Chapter 4). Using XPS surface spectra of polypyrrole in its 
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oxidized form, five major peaks are observed, as expected: C1s around 285 eV, N1s 

around 400 eV, O1s around 525 eV, Na1s around 1100 eV, and Cl2 around 200 eV. The 

presence of Na and Cl are due to the dopant, NaCl used, and indicates an oxidized form 

of PPy with entrapped Cl anions (Figure 2.5). Furthermore, the C1s spectrum (Figure 

2.7) illustrates that the C-C linkages are predominantly α-α, indicating that the polymer 

synthesized gives the spectrum of the C1s area of PPyCl (designated are the binding 

energies associated with the α−α and α−β linkages). Based on these data, we can 

conclude that the linkages in PPyCl are mainly α−α linkages, which increase 

conductivity and are consistent with previous studies [31,32].

In conclusion, we report PPyCl synthesis and characterization results to 

demonstrate the consistency of film synthesis as previously reported [26,30]. The 

resulting PPyCl films were characterized for film thickness along with surface 

morphology and chemistry. PPy presents tremendous opportunities for use as a model 

synthetic biopolymer for surface functionalization using phage-displayed peptide 

selection. Additionally, because of the recent applications and advantages of electrically 

conducting polymers in biomedicine, this work can potentially have broader impact for 

numerous applications including tissue engineering and drug delivery. 
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Figure 2.1 Mechanism of polypyrrole polymerization. PPy synthesis occurs by the 

formation of a radical cation through electrochemical oxidation. When two radical-

cations combine and undergo deprotonation to form a dimer. The dimer then undergoes 

further oxidation, which results in the formation of oligomers and polymers on the 

positive electrode (ITO) [19].
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Figure 2.2 PPy electrochemical synthesis apparatus. The three electrodes, reference (KCl 

calomel electrode), counter (Pt mesh), and working (either ITO or Au) are placed in 

parallel where the working electrode is in the middle facing the Pt mesh. All of the 

electrodes are immersed in the monomer and dopant solution for PPy film synthesis on 

the working electrode.
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Figure 2.3 SEM micrographs of PPyCl with increasing resolution from top to bottom, 

showing polymer film consistency.
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Figure 2.4 Atomic force microscopy image of PPyCl illustrating the heterogeneous and 

rough surface morphology. Surface roughness of 6 nm (root mean square).
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Figure 2.5 XPS survey spectrum of PPyCl. The low resolution survey scan simply 

confirms published literature atomic concentrations for PPyCl [31,32].
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Figure 2.6 Variable carbon linkages in PPy. PPyCl can contain different monomer 

linkages which affect conductivity.
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Figure 2.7 XPS C1s Spectrum of PPyCl. The carbon XPS scan demonstrates that the 

linkages in PPyCl are mainly of the α−α type (peak at 284.5 eV).
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Chapter 3:  PPyCl-Specific Peptide Selection Using Phage Display

As discussed and presented in Chapter 2, we synthesized chlorine-doped 

polypyrrole (PPyCl) and characterized the surface morphology for consistency and 

surface chemistry. Additionally, PPyCl films were polymerized on ITO with approximate 

thickness of ~250 nm for phage-displayed peptide selection using a commercially 

available library. The goal of the study presented in this chapter was to select peptides 

expressed on M13 filamentous bacteriophage that were genetically engineered to present 

12-amino acid peptide inserts on the minor-coat (pIII) protein. 

A commercially available library, Ph.D.12TM was purchased from New England 

Biolabs (NEB) and selection was performed using the biopanning process. An initial 

library with a total of 1012 (of which 109 are unique) phage was incubated with PPyCl 

film. After washing non-specifically bound phage and eluting the phage that bound to the 

surface, the eluted phage were amplified using bacterial culture. This process was 

repeated a total of five times to enrich the pool of phage with the best binding peptide 

sequence. To ensure that the phage selected were not biased by the amplification process, 

an amplification comparison study was performed with the PPyCl-selected phage and 

wild-type (WT) phage. The eventual goal of selection against PPyCl was to use the 

strong binding peptides for further modification and functionalization to promote 

bioactivity. 

Some of the results from this chapter are presented in, Sanghvi AB, Miller KP-H, Belcher AM, 
Schmidt CE. Nat. Mat. 2005, 4(6):496-502.
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3.1 INTRODUCTION – PHAGE DISPLAY TECHNOLOGY

Peptides identified using phage display analysis can have specific binding to 

many different substrates, ranging from proteins to semiconductors. Once material-

specific peptides are identified, any biomolecule or cell, can potentially be immobilized 

in order to functionalize biomaterials. Previously, phage display has been used in various 

applications such as identifying cancer-specific ligands [1], receptor-ligand interactions 

[2], and in selecting unique peptides against inorganic semiconductor materials [3-6]. 

Recent reviews [7,8] have highlighted the application of phage display in selecting 

peptides to functionalize biomaterials such as titanium. Other researchers have used 

phage display to select peptides against synthetic polymers such as polystyrene [9],

which was inadvertent, and yohimbine imprinted methacrylate polymer [10] for 

molecular imprinted receptors. Although the use of phage display has been widely 

studied, there have been few studies with polymers, and even fewer investigations into 

using this approach to functionalize polymeric scaffolds for specific biomedical 

applications (Table 3.1). This prompted the research to explore the versatility of phage 

display in developing a method for surface functionalization of a model biopolymer, 

chlorine-doped polypyrrole (PPyCl).

Phage display analysis was performed on PPyCl thin films and the peptide 

sequences capable of binding to the PPyCl were identified via the biopanning process 

(Figure 3.1). A commercially available phage library (Ph.D.-12™ Phage Display Peptide 

Library Kit, New England Biolabs, Beverly, MA) was used to screen peptides. The 12-
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mer peptide library was used because the increased length of the displayed peptide allows 

folding into small structural elements (short helices, beta-turns, etc.) that may be 

necessary for target binding [11]. This library provided ~109 unique 12 amino acid linear 

peptide inserts fused to the pIII coat protein of M13 bacteriophage [11]. Thus, one can 

"pan" for the sequences with the highest binding affinity to a particular surface.

As illustrated in Figure 3.1, the process was carried out by incubating a library of 

phage-displayed peptides with PPyCl, washing away the unbound phage, and eluting the 

specifically-bound phage using a change in pH. The eluted phage were then amplified 

and taken through additional cycles of panning and amplification to successively enrich 

the pool of phage in favor of the tightest binding sequences. Usually five rounds of 

biopanning are sufficient to determine a consensus peptide sequence. Once this was 

complete, the phage were isolated and the peptide sequences determined. Nucleotide 

sequences from the phage DNA were obtained from The Institute for Cellular and 

Molecular Biology DNA Core Facility (The University of Texas, Austin, TX) and then 

translated into N-terminus to C-terminus peptide sequences. 

3.2 MATERIALS AND METHODS

A commercially available library of phage, specifically the Ph.D.-12™ Phage 

Display Peptide Library Kit (New England Biolabs, Beverly, MA) was used to screen 

peptides (Figure 3). An initial volume of 1 µl of phage display library solution, 

corresponding to a total of 1x1012 phage/µl, was used to begin biopanning, in 1 ml of 
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Tris-buffered saline containing 0.1% vol:vol Tween-20 (0.1% Tris-buffered saline-Tween 

(TBS-T)). The library was incubated with the material for 1 hr at room temperature. The 

materials were then washed 2-3 times with 1 ml of 0.1% TBS-T to discard non-

specifically or weakly bound phage. To disrupt binding of the phage that did bind to the 

surface of the material, 500 µl of glycine-HCl (pH 2.2) was added to the interaction vial

for 9 min at room temperature. The solution is then collected and brought to neutral pH 

with Tris-HCl (pH 9.13). Half of the volume of the elution was then introduced into a 

1:100 dilution of LB (Luria-Bertani) medium and overnight culture of Escherichia coli 

ER2837 bacteria (New England Biolabs, Beverly, MA) and was allowed to re-infect its 

bacterial host to amplify. The amplification took place over a period of 5 hr in a shaker at 

37oC. The bacteria were then removed by centrifugation at 14,000 rpm for 10 min. The 

phage were then precipitated with poly(ethylene glycol) or PEG for 15 min at 4oC. The 

PEG-precipitated phage were then centrifuged at 10,000 rpm for 15 min to pellet the 

phage. The phage were then resuspended in 200 µl of TBS. From the amplification 

suspension and the elution of the phage from the surface of the material, dilutions were 

made to determine the concentration of phage. This was done by plating, or allowing a 

sequential difference in phage concentration to infect a known amount of bacterial host. 

We used a ten fold serial dilution of the amplification solution and the elution to infect 

185 µl of titer culture, LB media and E. coli (Optical Density = 0.5). The genetically 

engineered phage and infected bacteria, which contain the lacZ gene, were then plated on 

LB plates in the presence of isopropyl-β-D-thiogalactopyranoside (IPTG), which induces 
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the production of β-D-galactosidase in bacteria, and 5-bromo-4-chloro-3-hydroxyindolyl-

β-D-galactose (X-gal), which was blue from the X-gal side group of 5-bromo-4-chloro-3-

hydroxyindole. β-D-galactosidase hydrolyzes X-gal, forming an indigo-type blue-green 

precipitate. Thus, bacteria which express the lacZ gene produce blue colonies when 

grown in the presence of X-gal. From these “titer plates” of known dilution, a phage 

concentration was determined by Equation 1.

Molar Concentration of Phage (mol/L):

[ ]phage
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mol
= [ ]phage

lµ
pfu

x (
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1610
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5
) x (
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2310023.6
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Five rounds of biopanning were sufficient to determine a PPyCl-binding peptide 

sequence. The dilutions of the elution were plated as described previously, but from the 

3rd to the 5th round of biopanning the blue plaques were selected with a tooth pick and 

amplified individually in 1:100 LB media and an overnight culture of E. coli with a total 

volume of 1 ml. Again the phage were allowed to amplify in their bacterial host for 5 hr. 

The bacteria were then separated by centrifugation for 30 sec. 500 µl of the phage were 

then PEG precipitated for 10 min at room temperature and pelleted by centrifugation for 

10 min. The pellet was suspended in a solution of NaI to rupture the phage protein coat. 

Ethanol (250 µl) was used to precipitate the DNA from the phage. The precipitated DNA 

was suspended in 60 µl Millipore water. Nucleotide sequences from the phage DNA were 

obtained from The Institute for Cellular and Molecular Biology DNA Core Facility (The 
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University of Texas, Austin, TX) and translated into N-terminus to C-terminus peptide 

sequences (see binding sequences in Figure 3.2). It is also of interest to note that the non-

genetically engineered (naturally occurring, or wild type (WT)) phage has no peptide 

insert on its pIII protein coat, but when plated on LB plates in the presence of IPTG and 

X-gal it is a clear plaque. After the materials were screened, the peptide sequences were 

analyzed for a predominant sequence, indicating the preferential binding motif for the 

material. 

3.3 RESULTS

3.3.1 Peptide sequences identified via biopanning

The phage display selection process against PPyCl was performed using the 

Ph.D.12TM library. The DNA sequences acquired from each phage selected from the five 

biopan round were analyzed per protocol from New England Biolabs [11]. DNA 

sequence analysis, highlighted in the Ph.D.12TM manual [11], resulted in the amino acid 

sequence for the peptide insert (12-mer sequence inserted in that particular phage at the 

pIII protein coat). The amino acid sequences where then analyzed by determining the 

percent abundance of a particular sequence of biopan rounds 3, 4, and 5 (Figure 3.2). 

Because of the higher possibility of non-specific binding in the first two rounds, analysis 

was only performed on the last three rounds from panning. The resultant analysis yielded 

the consensus sequence (designated as T59 phage or φT59) (Figure 3.3). A total of 25 
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peptide sequences were acquired from biopan rounds 3, 4, and 5. Each alpha-numeric 

symbol represents a distinct phage that bound to PPyCl, and its associated amino acid

sequence. For instance, “T36” represents: T=PPyCl, 3=3rd round, 6=6th clone sequenced.

Note the high recurrence of the T59 sequence (23 out of the 25 sequences), suggesting 

that this was the predominant phage with the 12-mer sequence that demonstrated 

selective binding to PPyCl (Figure 3.3).  

 

3.3.2 Phage amplification analysis

Once the consensus sequence was determined, the consensus phage was amplified 

and compared to wild-type (WT) phage. WT phage is a non-genetically engineered phage 

that occurs naturally in the library and lacks a peptide insert in its pIII protein coat. The 

titer count (i.e., amplification as reflected by phage "counts") of T59 phage was 

compared to the amplification of wild type phage to determine that T59 phage was not 

preferentially selected because of its ability to amplify better (Figure 3.4). This can be a 

concern because of the multiple rounds of selection/bacteriological infection that the 

phage undergo in the biopanning process. If the phage multiply better than a naturally 

occurring WT phage, then there is a possibility that the phage containing the consensus 

sequence peptide was selected because of its ability to amplify and not because of its 

specific binding ability to the surface of PPyCl. The data in Figure 3.4 demonstrate that 

the WT and T59 phage amplify at indistinguishable rates, confirming that the selection of 

T59 is the result of binding to PPyCl.
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3.4 DISCUSSION

Phage-displayed peptide selection is a unique method utilized traditionally for 

biological molecules such as antigen-mapping of antibodies and determination of ligand-

receptor interactions. In the recent years, other researchers have demonstrated the 

potential of using phage display screening as a combinatorial approach for iteratively 

selecting unique peptides against non-biological materials (Table 3.1). To design 

peptides that selectively bind to such substrates, a tremendous amount of time and effort 

would be necessary. Phage display provides a unique opportunity to “naturally” select a 

peptide screened from billions of different combinations in one single process. The focus 

of the research presented in this chapter was to demonstrate the feasibility of using 

phage-displayed peptide selection to select unique peptides against synthetic biopolymers. 

The model material used was PPyCl, as it does not contain modifiable functional groups 

and is stable under the selection process. Furthermore, PPy has demonstrated tremendous 

potential for biomedical applications [12-14].

Our approach is based on using a commercially available 12-mer peptide-

displayed M13 phage library (New England Biolabs Inc., Ph.D.12TM). Biopanning was 

performed for peptide selection using an established protocol [3,4]. We used this library 

to select a strong binding peptide (T59) to the model polymer, PPyCl. The 12-mer 

peptide library was used because the increased length of the displayed peptide allows 

folding into small structural elements (short helices, beta-turns, etc.) that may be 
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necessary for target binding. This presented a high-throughput method to screen a total of 

~1012 (of which 109 where unique) different peptide inserts at one time. 

The selected phage, φT59, was determined to be a binding clone to PPyCl. Prior 

to performing additional studies to determine the extent of binding and relative specificity 

of interaction, amplification results were performed to ensure that the φT59 was not 

selected because of its ability to amplify better. As the amplification comparison between 

wild-type phage (Figure 3.4) suggests, φT59 was present throughout the biopan rounds 

because of its ability to bind PPyCl. 

The probability of selecting at least one independent clone with the 12-mer 

peptide sequence (T59, THRTSTLDYFVI) was calculated using the probability equation 

[11], P(k>0) = 1-e-np, where p represents the absolute probability of obtaining that 

sequence (calculated by multiplying the observed frequency in Table 3.2), and n is the 

complexity number (2.7x109). The probability is 4.485 x 10-6, which indicates that this 

sequence was rare in the library and the binding to PPyCl must be specific for its 

selection after five rounds of biopanning. It is interesting to note that the number of 

hydroxyl amino acid groups in φT59 is almost double in comparison to the average 

number in the entire combinatorial peptide library (New England Biolabs). The polymer 

backbone of PPyCl has alternating secondary amines on adjacent pyrrole monomers. The 

increase in hydroxyl groups in the peptide is significant because of the possible amide 

interaction that could occur between these two functional groups at the surface of the 
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material. We hypothesize that this type of interaction, which commonly occurs between 

proteins, may play an integral role in the binding of the φT59 to PPyCl. 
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Table 3.1 Non-biological materials studied for phage-displayed peptide selection

Material Reference

TiO2 [6] 

Au [15,16]

Ag [17]

SiO2 [18]

GaAs [4] 

ZnS [19]

Zeolites [20]

CaCO3 [21]

Polystyrene [9] 

Methacrylated polymer [10]
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Table 3.2 Amino acid distribution in native Ph.D.12TM phage library

Amino Acid
Observed 
Frequency Amino Acid

Observed 
Frequency

Thr (T) 11.1 % Asp (D) 2.8%
His (H) 6.3% Tyr (Y) 3.6%
Arg (R) 4.7% Phe (F) 3.3%
Ser (S) 10.0% Val (V) 3.9%
Leu (L) 9.3% Ile (I) 3.4%

Adapted from the Ph.D.12TM library manual [11].
As determined by New England Biolabs and presented in the manual [11], a total of 104 
clones from the native library were sequenced and the overall amino acid distribution 
from the 1176 sequenced codons were used to determine the observed frequency of each 
amino acid. 
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Figure 3.1 Biopanning with Ph.D.-12 peptide library.

Biopanning is performed by incubating a library of phage-displayed peptides with a 

desired surface (e.g., PPyCl), washing away the unbound phage, and eluting the 

specifically-bound phage. The eluted phage are then amplified and taken through 

additional cycles of panning and amplification to successively enrich the pool of phage in 

favor of the tightest binding sequences. Once this is complete, the phage can be isolated 

and the peptide sequences determined.
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Figure 3.2 Peptide sequences acquired from biopan rounds 3 (T31-T38), 4 (T41-T410) 

and 5 (T51-T50) on PPyCl thin films. Each unique number represents a phage that bound 

to PPyCl, and its associated peptide sequence. Note the high similarity in the sequences, 

suggesting that a single sequence binds to PPyCl.

T31 T H R T S T L D Y F V I
T32 T H R T S T L D Y F V I
T33 T H R T S T L D Y F V I
T34 T H R T S T L D Y F V I
T36 T I K M H T L S Y T G L
T37 T H R T S T L D Y F V I
T38 T H R T S T L D Y F V I

T41 T H R T S T L D Y F V I

T42 T H R T S T L D Y F V I
T43 S H K Y P K P P Y F H W
T44 T H R T S T L D Y F V I
T45 T H R T S T L D Y F V I
T46 T H R T S T L D Y F V I

T47 T H R T S T L D Y F V I
T48 T H R T S T L D Y F V I
T49 T H R T S T L D Y F V I

T410 T H R T S T L D Y F V I

T51 T H R T S T L D Y F V I
T52 T H R T S T L D Y F V I

T53 T H R T S T L D Y F V I
T54 T H R T S T L D Y F V I
T55 T H R T S T L D Y F V I
T56 T H R T S T L D Y F V I
T57 T H R T S T L D Y F V I
T58 T H R T S T L D Y F V I
T59 T H R T S T L D Y F V I
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Figure 3.3 A peptide sequence binding to PPyCl is determined from the peptide 

sequences illustrated above. The 12-amino acid peptide with the sequence 

THRTSTLDYFVI occurred 23 out of the 25 phage sequence from biopan rounds 3 

through 5. This clone, labeled φT59, appeared a hundred percent of the time from the 9 

sequences cloned in the 5th biopan round, suggesting that this phage bound well to PPyCl.
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Figure 3.4 Amplification rates of T59 phage compared to WT phage (n=6). 

WT and T59 phage amplify at indistinguishable rates, confirming that the selection of 

T59 reflects the selection for a peptide sequence that binds to PPyCl (and is not simply an 

artifact of any amplification differences between the two phage).
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Chapter 4: PPyCl-Specific Phage and Peptide Binding Analysis

As discussed in Chapter 3, we selected a phage-displayed peptide (“T59”) 

against PPyCl. The process of biopanning enabled the pool to be enriched with a peptide 

that had selective binding to PPyCl. The goal of the studies presented in this chapter was 

to characterize the binding of φT59 and T59 peptides to PPyCl when compared to other 

substrates. Furthermore, T59 peptide variants were synthesized to identify essential 

amino acids in recognizing PPyCl. Additionally, the relative strength of interaction of 

T59 peptide to PPyCl was analyzed using AFM.

Competitive binding analysis between φT59 and other phage was performed, in 

addition to binding to other substrates including polystyrene sulfonate (PSS) doped PPy 

(PPyPSS) and polystyrene (PS). The results indicated that φT59 binds significantly better 

to PPyCl when compared to other substrates and phage clones. Synthesized T59 peptides, 

independent of the phage, demonstrated binding to PPyCl and an initial mechanism of 

interaction was determined by identifying a key amino acid (Asp, position 8) in 

recognizing PPyCl. Binding strength analysis of T59 peptides to PPyCl was compared to 

non-specific adsorption (GRGDS binding to PPyCl) and to a strong non-covalent bond 

(streptavidin-biotin) using atomic force microscopy. The results suggest that T59 

peptides bind to PPyCl with strength on the order of possibly a weak antigen-antibody 

interaction. These studies suggest that T59 peptide, selected from the biopanning process, 

has unique binding to PPyCl and can potentially be used for surface modification.

Some of the results from this chapter are presented in, Sanghvi AB, Miller KP-H, Belcher AM, 
Schmidt CE. Nat. Mat. 2005, 4(6):496-502.
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4.1 INTRODUCTION 

As discussed in Chapter 3, a phage that recognizes PPyCl was identified. This 

was one of possibly many phage that have binding affinity to PPyCl. As highlighted in 

Chapter 3, phage-displayed peptide selection has been applied to numerous non-

biological materials [1-5]. This was one of the first known examples for using phage 

display to select peptides against synthetic biopolymers for surface functionalization 

applications. Therefore, prior to studying the potential functional applications of these 

peptides, it is important to compare the relative binding among other phage and the actual 

binding of the 12-mer peptide to PPyCl. Additionally, further characterization including a 

potential mechanism and strength of interaction are necessary for future applications in 

surface modification.

4.1.1 Characterization of φφφφT59 and T59 peptide binding to PPyCl

Numerous researchers that have selected peptides against non-biological materials 

using phage display have demonstrated the selective binding of selected-phage and their 

potential mechanism of interaction [1,3]. One such example is TiO2, where a unique 12-

mer peptide was selected that demonstrated binding via the N-terminal end (hexapeptide) 

[1]. Binding was a result of strong electrostatic interactions (negative and positive 

charges) to the oxide layer of TiO2 when in biological fluid. Overall, phage-displayed 

peptide selection has proved to be a useful method for producing unique biological 

entities that can interact with non-biological materials. 
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The goal of the work presented in this chapter was to assess the binding 

specificity of φT59 and T59 peptides to PPyCl and characterize the interaction by 

determining an initial binding mechanism and strength of interaction. We studied the 

binding of φT59 in comparison to other phage: φS36 (semi-conductor binding phage 

isolated in A.M. Belcher’s laboratory), φC511 and φT125-4 (other selected phage from 

previous incomplete screens against PPyCl), and wild-type (WT, non-engineered) phage 

using titer count analysis. The use of titer count analysis is semiquantitative and provided 

a relative binding comparison of phage counts for φT59. Binding comparison of φT59, 

φC511, and φWT to other substrates, including PPyPSS and PS, was studied using titer 

count analysis as well. Furthermore, T59 peptides were synthesized and their binding to 

PPyCl was qualitatively determined using immunofluorescence and a fluorescamine 

assay (for relative binding comparison). Additional studies included pH 2 elution of T59 

peptides from PPyCl surface and XPS analysis of PPyCl and PPyCl-T59 samples to 

quantitatively determine the extent of T59 binding.

4.1.2 Determining essential amino acids in T59 peptide in binding PPyCl

T59 peptide variants (Table 4.1) were synthesized to determine a possible role of 

specific amino acids in recognizing and binding to PPyCl. Based on physicochemical 

properties of three of the twelve amino acids in T59 peptide, His, Arg, and Asp, [6,7] we 

anticipate that either acidic (carboxylic acid of D) or basic (imidazol of H and guanidine 

of R) or both functionalities will be involved in the binding process (Table 4.2). The 
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overall surface charge of PPyCl is positive, as the ratio of chlorine ions to pyrrole 

monomer is 3:1 [8], in phosphate-buffered saline solution. Thus, it can be speculated that 

the Asp residue with a carboxylic acid R-group may contribute to the recognition of 

PPyCl. Furthermore, enantiomeric characteristics of T59 were also studied by reversing 

the sequence (IVFYDLTSTRHT, T59 reverse) order to determine the importance of 

position of the amino acids in binding to PPyCl. 

4.1.3 Binding strength of T59 peptides to PPyCl using AFM

The recent development of AFM and advancements in molecular force 

spectroscopy has resulted in enormous possibilities for detailed analysis of molecular 

interactions. The development and introduction of AFM by Binnig, Quate, and Gerber in 

1986 allowed analysis of materials at the molecular level [9]. Recently, AFM’s versatility 

has been explored in the field of biomedical science with the advent of single molecule 

force spectroscopy to analyze the biophysical nature of molecular interactions. Numerous 

applications for biophysical studies of molecular forces that govern receptor-ligand 

interactions have been studied for various biological and non-biological entities [10-18] 

(Table 4.3). One particular receptor-ligand pair, streptavidin-biotin, has been extensively 

studied under static and dynamic externally applied forces [10,11]. Recently, additional 

studies have utilized AFM for measuring picoNewton molecular binding forces for 

antigen-antibody and peptide-porphyrin molecules [18,25].
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Using these principles and methods for studying molecular binding strengths, the 

strength of binding between T59 peptides and PPyCl was studied. Specifically, a unique 

AFM tip modification technique [12] was used to attach biotinylated-T59 peptides to the 

AFM tips and their strength of interaction to PPyCl films deposited on Au was studied 

(Figure 4.1). Comparisons were made with non-specific adsorption peptides (binding of 

GRGDS peptides to PPyCl) and specific interaction of the strongest non-covalent bond 

between streptavidin-biotin. Furthermore, modified T59 peptides, T59 synthesized with 

GRGDS at the C-terminus, was evaluated in comparison to T59-PPyCl strength of 

interaction in order to determine the effect of peptide modification in binding PPyCl. 

Additionally, recent theory developed by Evans and Ritchie for biomolecular 

interactions that are largely noncovalent has resulted in dynamic force spectroscopy, 

where the force/rate of pulling (f = rt) results in an unbinding force depended on the 

pulling rate (r). This theory was based on the Bell model that described the effect of force 

on the lifetime of a bond. By varying loading rates versus the unbinding force, a plot of 

(force spectrum) of F vs. log (r) can be generated. As postulated by Evans and Ritchie, 

this plot can be used to derive an energy landscape along a one-dimensional path needed 

to traverse the energy barrier [11,26,27]. When an external force is applied, the activation 

energy barrier between the two interacting species decreases until complete separation is 

achieved. Using these principles and an incremental change in external force, the 

energetics of bond strength have been studied and modeled [28]. In the studies performed 

with T59 peptides and PPyCl, the resultant force based on varying loading rate (rf = kf vt ) 
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was used to determine the off rate (koff) based on the power law at low forces applied for 

bond rupture [28,29]. 

4.2 MATERIALS AND METHODS

4.2.1 Titer count analysis to study binding of φφφφT59 

The binding specificity of the selected phage (φT59) was studied using titer count 

analysis. Binding specificity studies were conducted using other random peptide-

expressing phage and various substrates (e.g., polystyrene, polypropylene, and poly 

(styrene sulfonate)-doped PPy). Specifically, φS36 (semi-conductor binding phage 

isolated in A.M. Belcher’s laboratory), φC511 and φT125-4 (other selected phage from 

previous incomplete screens against PPyCl), and wild-type (WT, non-engineered) phage

were used to compare their binding to PPyCl with respect to φT59. Interaction of 

particular phage was carried out as described in the peptide selection section (Chapter 3, 

Section 3.2). Binding was assessed by counting the plaque forming units (pfu), also 

known as one phage clone, after bacterial infection (see Ph.D. 12TM manual from NEB, 

Inc. [30]). The various phage were initially allowed to interact with the particular 

substrates, as described in Section 3.2 of Chapter 3. Briefly, the phage were individually 

amplified and 108 pfu/ul concentration was incubated with either PPyCl or PP or PS 

substrates for 1 hr in 0.5 µM Tris-buffered saline with 0.1% vol:vol Tween-20 detergent 
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pH = 7.5 (0.1% TBS-T) with medium rocking (25 RPM) at room temperature. After 

initial phage/substrate interaction, the film was removed from solution and washed three

times with 0.3% TBS-T pH = 7.5. The substrates were then incubated with 0.1 M 

Glycine-HCl pH = 2.2 for 9 min with medium rocking (25 RPM) at room temperature to 

obtain the phage bound. The eluted phage from each substrate interaction where then 

combined with a solution of E. Coli bacteria (Optical Density = 0.5) (as highlighted in 

Chapter 3, Section 3.2) and plated. The bacteria which express the lacZ gene produce 

blue colonies when grown in the presence of X-gal. These plaques that stain blue (pfu) 

were then used to quantify binding of phage to the substrates for relative comparison 

analysis.

4.2.2 Immunofluorescence study of φφφφT59/T59 peptide binding PPyCl

To qualitatively analyze the binding of both φT59 and T59 peptide on PPyCl, we 

used immunofluorescence labeling. φT59 was incubated (108 pfu/ul) with PPyCl (sample 

size ~ 0.5 cm2) and with PPyPSS in 0.1% TBS-T for 1 hr at room temperature with 

medium rocking (25 RPM). PPyCl films were removed and washed three times with 

0.3% TBS-T (pH = 7.5). The samples were incubated with 4% bovine serum albumin 

(Jackson ImmunoResearch Lab Inc., Westgrove, PA) in TBS for blocking for 30 min 

with medium rocking (25 RPM) at room temperature. Binding of the phage was 

qualitatively analyzed using an anti-fd bacteriophage-biotin conjugate (Sigma, St. Louis, 

MO), an antibody to the pIII protein of M13 phage (1:500 in tris buffered saline (TBS)) 
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for 30 min and then rinsed in TBS. Streptavidin-labeled fluorescein isothiocyanate 

(FITC) (1:500 in PBS, Sigma) was attached to the biotin conjugated phage through a 

biotin-streptavidin interaction; the surfaces were exposed to the label for 30 min in the 

dark and at room temperature and then rinsed several times with PBS. The samples were 

placed immediately in the dark at 4oC for fluorescence analysis. All of the samples from 

the experiments were imaged immediately using a confocal laser scanning microscope 

(Institute of Cellular and Molecular Biology, University of Texas at Austin, Leica TCS 

4D, 488 nm FITC excitation).

T59 peptide corresponding to the phage was synthesized (Institute of Cellular and 

Molecular Biology Core Facilities, University of Texas at Austin) with a Gly-Gly-Gly-

Ser (GGGS) linker for stability at the C-terminus, making the peptide sequence 

THRTSTLDYFVI-GGGS-K-biotin. The biotin group (K-biotin) was attached at the C-

terminus for streptavidin-FITC labeling. The reason for attaching a linker at the C-

terminal end was to mimic how the T59 peptide is presented on the phage. In the native 

bacteriophage expressing the peptide, the WT pIII protein is at the C-terminus of the 

inserted peptide, which has a free N-terminus. 15 µM peptide in 10 mM PBS (pH = 7.4) 

was incubated with 0.5 cm2 sample size of PPyCl, PS, and PPyPSS. The samples were 

washed a minimum of three times with PBS. 4% bovine serum albumin (Jackson 

ImmunoResearch Lab, Inc., West Grove, PA) in PBS was used as a blocking buffer for 

30 min with gentle rocking (25 RPM) at room temperature. The samples were then rinsed 

with PBS three times. After optimization of streptavidin-FITC concentration (1:500 
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dilution), samples were labeled in the dark for 1 hr with gentle rocking (25 RPM) at room 

temperature and then analyzed using a confocal microscope.

4.2.3 Fluorescamine assay and XPS to study T59 peptide binding PPyCl

To determine the role of specific amino acids (H, R and D) in T59 peptide binding 

to PPyCl, T59 peptide variants were synthesized (Biopolymers Lab, MIT, Cambridge, 

MA), as highlighted in Table 4.2. A fluorescence assay using fluorescamine (4-

phenylspirol[furan-2(3H),1’-phthalan]-3,3’dione) reagent (Molecular Probes, Eugene, 

OR) was used to evaluate peptide binding to PPyCl. Fluorescamine is a nonfluorescent 

compound that reacts with primary amines (RNH2) at room temperature to form 

pyrrolinones, which upon excitation at 390 nm emits strong fluorescence at 475 to 490 

nm [31]. 

A standard curve was prepared using T59 (or variant) peptides in solution with 

concentrations ranging from 0 - 20 µM. The fluorescence intensity values for each known 

peptide concentration in solution (ranging from 0 - 20 µM) was measured and a linear 

plot of known concentration versus intensity was generated. This plot was used to 

determine the actual bound peptide on PPyCl using a mass balance method, described 

below. The same procedure for standard curve preparation was followed for each variant. 

The fluorescamine reagent was prepared in HPLC grade acetone. After incubation of 

various concentrations of T59 peptide (or variants), ranging from 0 - 20 µM in 10 mM 

PBS, with PPyCl (0.5 cm2 sample size, n = 6), the PPyCl samples were removed and the 
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unbound peptide solution was used for fluorescamine evaluation. The unbound peptide 

solution, excluding the PPyCl films, was transferred to a 96 well plate (Becton 

Dickinson, Franklin Lakes, NJ) and then analyzed using a fluorescence plate reader

(Synergy HT, Biotek, Winooski, VT) after adding 50 µL of fluorescamine reagent and 

incubating for 25 sec at room temperature. For measuring the bound peptide on PPyCl, 

baseline fluorescence intensity was established by using a PPyCl sample without the 

presence of the peptides and then measuring the intensity of that solution using 

fluorescamine reagent. Baseline fluorescence intensity was subtracted from each sample. 

To calculate the actual bound concentration of peptide to T59 a mass balance method was 

used in which the unbound peptide concentration (measured using fluorescamine reagent) 

was subtracted from the known input peptide concentration (input = bound + unbound).

This provided a relative binding comparison of T59 peptide variants for determining 

potential key amino acids of T59 peptide in binding PPyCl. 

Furthermore, the conditions at which φT59 was selected (Chapter 3) from the 

biopanning process, where low pH (2) elution was used to elute (or unbind) phage bound 

to PPyCl, was used to elute T59 peptides off of the PPyCl surface after incubating T59 

peptides with PPyCl sample. The input concentrations of T59 peptides was varied from 0 

– 20 µM and PPyCl samples (0.5 cm2 sample size, n = 6) were incubated at 25oC for 1 

hour while rotating. The PPyCl samples were washed with 10 mM PBS three times 

followed by incubation with 1 mL of pH 2 10 mM PBS for 30 minutes. This solution was 

then removed from the PPyCl samples and combined with 200 µL of 0.1 M NaOH to 
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bring final solution to a neutral pH (7-9). The solution from each different input 

concentration condition was aliquoted into 150 µL and combined with 50 µL of 

fluorescamine reagent in a 96-well plate for fluorescence analysis as described 

previously. A standard curve, as described previously, was prepared ranging from 0 – 20 

µM and used to determine the extent of T59 peptides eluted. 

XPS elemental surface scan analysis (described in Chapter 2) was used to 

determine the binding of T59 peptide to PPyCl. 30 µM T59 peptide input concentration

was incubated with PPyCl sample (0.5 cm2) at 25oC for one hour. After washing the 

sample with 10 mM PBS three times, PPyCl-T59 sample was analyzed for presence of 

key surface elements including oxygen (O1s, where O represents oxygen and 1s 

represents the orbital electron detected using XPS), nitrogen (N1s), carbon (C1s), and 

chloride (Cl2p). To determine the presence of T59 peptide, a total of four samples were 

prepared: (1) PPyCl incubated with T59 (30 µM), (2) PPyCl incubated with 10% serum-

containing cell culture medium, (3) PPyCl incubated with T59 peptides (30 µM) followed 

by incubation with 10% serum-containing cell culture medium for 1 hour, and (4) PPyCl 

without any incubation as a control baseline substrate for elemental analysis. The purpose 

of this experiment was to determine relative binding of T59 peptide to PPyCl by 

analyzing the various PPyCl samples through the comparison of the relative percentage 

of the presence of the four elements that occur in PPyCl, serum-proteins (as in the case 

with  serum-containing medium incubation), and T59 peptides.
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4.2.4 Atomic force microscopy analysis of T59 peptide and PPyCl

We investigated the strength of T59 peptides in binding PPyCl using AFM 

[11,26,28]. Initially AFM-tips (Si3Ni4-microlever) coated with Au (Model # MSCT-

AUNM, Veeco, Santa Barbara, CA) were functionalized with biotinylated bovine serum 

albumin (biotin-BSA) [32]. Each cantilever contains six tips (Figure 4.1a), each of 

varying dimensions and thus of varying spring constants ranging from 0.01 N/m to 0.5 

N/m. During the functionalization procedure, all six tips on the cantilever were 

functionalized simultaneously, but only one tip was used for adhesion force analysis

based on the spring constant (~ 0.01 – 0.15 N/m) necessary for optimal results. 

The first step in AFM tip functionalization was immersion in acetone for 5 min 

and then irradiation with ultraviolet light for 30 min. The irradiated tips were then 

incubated with 50 µL of biotin-BSA (Sigma, St. Louis, MO; 0.5 mg/mL) overnight at 

37oC and then rinsed by immersing in 10 mM PBS (pH 7.4). For streptavidin-biotin 

surface force analysis (a well studied binding pair), a streptavidin coated surface 

(Xenopore, Hawthorne, NJ) was used with biotin-BSA functionalized AFM tips. 

Negative controls were performed, where BSA was interacted with a streptavidin-coated 

surface. For AFM tip functionalization with GRGDS, T59 and T59-GRGDS peptides, the 

same procedure was followed where the resultant tips (biotin-BSA-coated tips) were then 

incubated with 50 µL of streptavidin (Sigma, St. Louis, MO; 0.5 mg/mL in PBS) for 5 

min at room temperature. The streptavidin-functionalized tips were then washed in 10 

mM PBS, followed by incubation with the peptide solution (15 µM in 10 mM PBS). All 
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of the peptides used for AFM analysis were synthesized (Biopolymers Lab, MIT, 

Cambridge, MA) with a biotin group at the C-terminus (T59, THRTSTLDYFVI-K-biotin, 

T59-GRGDS, THRTSTLDYFVI-GRGDS-K-biotin, and GRGDS-biotin) for linking to 

the streptavidin-functionalized tips (Figure 4.1b). 

Binding strength experiments were conducted using AFM at the Center for Nano 

and Molecular Science and Technology as developed by Asylum Research (Asylum 

Research 3D MFP, Santa Barbara, CA). The experiments were performed in sterile PBS 

(10 mM, pH 7.4) and at 25 oC, where the functionalized tip was brought into close 

contact to the PPyCl or streptavidin surface. PPyCl samples were synthesized on Au-

coated surface to ensure that the films did not detach, as described in Chapter 2. A piezo 

translator with a strain gauge position sensor built into the AFM head was used to rotate a 

lever, which in turn set the position of the AFM tip relative to the substrate. As the tip 

approached the surface with the specified approach and retraction velocity (using the 

MFP3D software equipped with the AFM), the interaction between the AFM tip and the 

substrate was determined from the deflection of the AFM cantilever. This deflection was 

monitored using a focused laser spot reflected off the reverse side of the cantilever. The 

force apparatus was equipped with an inverted optical microscope for visualization of the 

tip over the substrate. The unbinding force for each curve was determined by taking the 

difference between the approach line and the maximum point of retraction (Figure 4.9). 

Force measurements were taken at constant loading rates (rf = kf vt, where kf is the spring 

constant and, vt is the vertical piezo velocity of 500 nm/s) where the spring constant (12 ±
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5 pN/nm) of the tip was calibrated in PBS by the thermal fluctuation method [33]. The 

most probable unbinding force was determined by fitting a Gaussian to the histogram 

generated by the force distribution (n = 300, 10 spots per sample and 30 curves per spot) 

[11,28]. The error was estimated by SD/(N)1/2, where SD is the width of the distribution 

and N is the number of unbinding events in the histogram. 

As proposed and developed by Evans and Ritchie, for better understanding of 

interaction between two molecules it is necessary to examine the dynamic response of the 

complexes to external mechanical forces by varying loading rates, the rate at which the 

two interacting species are pulled apart [28]. For this study, loading rates were varied 

from 900 to 54,000 pNs-1 by varying the pulling velocity (piezo velocity) from 50 to 3000 

nms-1 with a spring constant of 18 ± 3 pN/nm determined using thermal analysis function 

in the MFP3D software equipped with the AFM. For each loading rate, 150 different 

plots were acquired and 10 sample curves at 15 different spots were used to generate a 

histogram, as previously described. Based on these results, a plot of the dependence of 

the unbinding force (F) on the loading rate (r)  (plot of F vs. ln r) was generated to 

evaluate binding regimes based on the energy landscape involved in T59 peptides binding 

to PPyCl. Additionally, as developed by Bell and Evans [28,33], this plot was also used 

to characterize a dissociation rate (koff) in the absence of applied force or load. As

developed by Bell, the theory suggests that an applied force F decreases the activation 

energy for dissociation from ∆E‡ to ∆E‡(F) with the relation ∆E‡ - ∆E‡(F) = -χβ•F, leading 

to an exponential increase in koff with increasing force [koff(F) = koff •℮^( F•χβ/kBT)] (kBT 
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= thermal energy per molecule). The proportionality factor (χβ) is described as the 

dimension of length that characterizes the relationship between force and dissociation 

rate. Using these conditions the most probable unbinding force F can be calculated: 

F = (kBT/ χβ) • ln (r χβ/koff kBT)

[2] 

From the experimental plot generated, koff was determined, where the slope, kBT/χβ, was

calculated from the plot and the koff value was calculated from F = 0 (koff = rxB/kBT). 

4.3 RESULTS

4.3.1 Titer count analysis to evaluate specificity of φφφφT59 to PPyCl

Titer count analysis was used as a relative binding comparison of phage counts 

between T59 phage, randomly selected phage from other substrates, and WT (non-

engineered) phage. Results from the first binding study demonstrate that T59 phage binds 

significantly better to PPyCl, by an order of magnitude, when compared to randomly 

selected phage and WT phage (Figure 4.2). Substrate binding specificity of the T59 

phage to PPyCl was evaluated by comparing the extent of binding with other polymers 

(i.e., polypropylene and polystyrene). Polystyrene and polypropylene were selected 

because they are common polymers used in the lab and are part of the plasticware used in 

the biopanning experiments. The results show that the T59 phage binds to PPyCl, but 

exhibits negligible binding to the other selected substrates (Figure 4.3). The results
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illustrate the dominant binding of φT59 to PPyCl by two orders of magnitude with equal 

input concentrations (108 pfu/ul) of each phage. This further confirmed the results of 

selection in which the occurrence φT59 was greater than ninety percent in the last biopan 

round (Chapter 3), suggesting selective binding to PPyCl.

4.3.2 Immunfluorescence evaluation of φφφφT59 and T59 peptide binding 

To visualize the extent of surface coverage of φT59 on PPyCl, 

immunofluorescence was used by labeling the phage with a biotinylated anti-pIII protein 

antibody (2oAb, streptavidin-FITC) (Figure 4.4). The results demonstrate that φT59 

binds to PPyCl with near uniform surface coverage, whereas a negative control phage, 

φC511 (selected from a previous incomplete screen of PPyCl), demonstrates no binding. 

This comparative study suggests that φT59 surface coverage was not selective for 

specific regions of the surface, rather throughout the surface, indicating that the overall 

PPyCl properties such as overall surface charge may potentially be involved in 

controlling φT59 binding. 

The eventual goal of using phage-displayed peptide selection is for surface 

functionalization using the 12-mer peptide as a bi-functional linker, where one end of it is 

free to interact with PPyCl and the other end for modification with a biomolecule, for 

example a cell adhesion promoting peptide (e.g., RGD) [35]. To study the potential 

applications of T59 peptide as a bifunctional linker, the peptide (independent of the 

phage) was synthesized and qualitatively studied for binding to PPyCl. During the 
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synthesis a biotin group was added at the C-terminus (T59-GGGS-K-biotin), and 

qualitative binding was demonstrated using streptavidin-FITC labeling (Figure 4.5). The 

lack of T59 peptide binding to both polystyrene and PPyPSS shows that the peptide is not 

only specific to PPyCl, but that it is inert to other surfaces, thereby excluding binding 

through nonspecific adsorption. When comparing T59 peptide binding to PPyCl versus 

binding to PPyPSS, we can speculate that the binding is dopant specific, but additional 

studies using dopant and polymer analogs are necessary to elucidate the precise 

mechanism of binding and the effects of structural topography. Additionally, T59 peptide 

did not completely and uniformly cover PPyCl’s surface, as illustrated by the fractured 

pattern (Figure 4.5b). The reasons for this are not completely understood, although the 

heterogeneous surface topography (as illustrated in Figure 2.3 in Chapter 2) and as 

previously demonstrated by Silk et al. [36], may be an important factor for the actual 

binding of T59 peptide to PPyCl. 

4.3.3 The role of key amino acids in T59 peptide binding to PPyCl

To study the role of specific amino acids of T59 in binding PPyCl, an initial set of 

peptide variants (Table 4.1) was synthesized. Using a fluorescamine assay, relative 

binding concentration of each variant was evaluated with varying input concentrations (0 

- 20 µM). The results in Figure 4.6 demonstrate that variant T59D (Asp replaced with 

Gly) and FT59 (front six amino acids of T59 alone) did not bind to PPyCl, whereas BT59 

(back six amino acids of T59 alone), BRT59 (back six amino acids reversed), and RT59 
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(T59 sequence reversed) demonstrated comparable binding to native T59 at varying input 

concentrations. The binding of T59, RT59, BT59, and BRT59 was statistically 

insignificant at each different input concentration. From these results it was difficult to 

assess the precise bound concentration by the presence of large standard deviation, rather 

a trend can be visualized. For this reason, Figure 4.7 was generated to illustrate percent 

binding with respect to T59 at 15 µM input concentration. These results suggest that 

aspartic acid is a critical amino acid for T59 peptide binding to PPyCl. Studies with 

varying pH (Figure 4.8) further confirmed the significance of aspartic acid in modulating 

the binding of T59 peptides to PPyCl. The binding at pH below 4 was below 25% of T59, 

whereas above pH 6, the binding was significantly greater and comparable to T59 

binding (p<0.05). As the pH became more acidic (Asp R-group pKa ~ 4.0) and dropped 

below the pKa of the Asp R-group, the binding diminished significantly. 

T59 peptide binding to PPyCl was studied using pH 2 elution, as the conditions 

used in φT59 elution (Chapter 3, section 3.2) was a low pH elution to remove the bound 

phage where φT59 was one of the phage that demonstrated significant binding through 

various biopanning rounds. The pH 2 elution of T59 peptide results, as illustrated in 

Figure 4.9, demonstrate that as the input concentration T59 peptide is increased the

amount of bound T59 peptide eluted was negligible and unchanged. Standard controls 

were used where T59 peptide was diluted in 10 mM PBS with increasing concentration (0 

- 20 µM) to demonstrate the ability to use fluorescamine reagent to detect changes in T59 

peptide concentration for comparison with the T59 peptide elution results. This suggests 
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that T59 peptides was not able to be eluted from PPyCl surface after binding as was 

hypothesized by the low pH elution of φT59 during the biopanning process. The 

detection of T59 peptide on PPyCl studied using XPS elemental analysis (Figure 4.10) 

was inconclusive as the change in relative percent occurrence of the key elements (O1s, 

N1s, C1s, and Cl2p) was unchanged with respect to the PPyCl sample control. 

Additionally, when serum proteins from serum-containing medium incubation with 

PPyCl was performed (Figure 4.10), the ability to detect proteins on the PPyCl surface 

was inconclusive, suggesting that XPS elemental analysis was insufficient in obtaining 

significant results. The binding of T59 peptides to PPyCl at an extremely low 

concentration with serum protein was evaluated in combination, which also resulted in 

inconclusive results.

4.3.4 Atomic force microscopy to evaluate strength of interaction

The strength of interaction between T59 peptides and PPyCl was assessed using 

AFM to measure discrete intermolecular forces. As illustrated (Figure 4.11), the binding 

strength of T59 peptide to PPyCl was compared to other relevant biomolecular 

interactions such as the biotin-streptavidin bond. The retract trace exhibits an unbinding 

force before it reaches the set point (Figure 4.12). The rupture force (adhesion force) was 

determined for each binding partner using a constant loading rate (f = κs x νc) 6000 ±

1500 pN/s , where κs is the spring constant and νc is the retraction velocity [11]. The 

binding strengths of T59 and T59-GRGDS peptides to PPyCl were evaluated and 

compared to a well known streptavidin-biotin interaction [10] (Figure 4.13). GRGDS, a 
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cell adhesion promoting peptide derived from extracellular matrix proteins such as 

fibronectin [37,38], was used for PPyCl functionalization via T59 peptide, as described 

below. The results demonstrate that the strength of interaction between the T59 peptides 

and PPyCl is greater than nonspecific adsorption, but significantly lower than that of the 

streptavidin-biotin bond (consistent with previously published data) [10], the strongest 

non-covalent bond known. Appropriate controls (biotin and streptavidin interaction to 

PPyCl) were performed to ensure that the measurements correspond to the specific T59-

PPyCl interactions and not to other nonspecific sources (Figure 4.14 and 4.117). 

Figure 4.18, panels A through D show force histograms obtained at loading rates 

of 900 to 54,000 pNs-1. The corresponding mean rupture forces were 36 ± 14 pN, 50 ± 21 

pN, 74 ± 28 pN, and 132 ± 58 pN (n = 150 for each different loading rate). This increase 

in resultant force (F) based on an increasing pulling force, indicates the dependence of 

force application in the resultant rupture strengths, as suggested by the Bell model and 

Evans’ theory. Using the equation presented by Bell on the dynamic force response 

(Equation 2) and based on the results presented in Figure 4.19 (F vs. log r), a 

dissociation rate koff of the bonds between T59 peptides and PPyCl was calculated in the 

absence of an applied force. From the plot we can obtain the slope kBT/xβ and by 

extrapolating to F = 0, Eq. 2 reduces to koff = r•xβ/kB•T. For T59 peptides-PPyCl, koff = 

0.252 s-1. This type of dissociation rate constant approximation has been attempted for 

other molecules including ligand-receptor interactions where a koff was determined for 

different single-chain Fv fragments [18].
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4.4 DISCUSSION

The specific goals of the work presented in this chapter were to characterize the 

binding of both φT59 and T59 peptides in an effort to better understand the specificity 

and strength of interactions with PPyCl. To determine the specificity of φT59 phage 

binding to PPyCl, we investigated two methods: titer count analysis for comparing φT59 

and various phage binding to PPyCl and other selected substrates and 

immunofluorescence for qualitative binding analysis. The outcome of these studies 

(Figure 4.2-4.4) indicate that the φT59 bound significantly better than the other selected 

phage compared, as demonstrated by the lack of φT59 binding to both PPyPSS and PS. 

Although these results do not demonstrate binding affinity and direct specificity, they did 

demonstrate selective binding in comparison to the applied conditions. 

In an effort to study the binding of T59 peptides, independent of the phage, T59 

peptides synthesized with a GGGSK-biotin linker were qualitatively imaged using 

streptavidin-FITC labeling. The results demonstrated non-uniform binding to PPyCl 

(Figure 4.5). The actual binding of the T59 peptides to PPyCl seemed to indicate that the 

peptides may potentially be modifiable and applicable as a bifunctional linker for surface 

functionalization of PPyCl. Therefore, to better understand the actual binding mechanism 

and involvement of key amino acids in recognizing PPyCl, an initial set of T59 peptide 

variants were synthesized based on an inspection of the physicochemical properties of the 

individual amino acid R-groups and a limited combinatorial approach based on the 

charged amino acids present (His, Arg, and Asp) (Table 4.1). 
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We examined these variants using a fluorescamine assay to detect the actual 

presence of the peptides on PPyCl using an indirect mass-balance approach (input = 

unbound + bound). The outcome of this study (Figure 4.6) suggested that an apparent 

trend was not present in binding as input concentration was increased based on the large 

standard deviations for all of the variants studied. Although conclusive results were not 

acquired, possibly due to the lack of sensitivity in the assay, the results do suggest a 

statistically significant difference between the T59D and FT59 variants when compared 

to T59, BT59, and BRT59 (Figure 4.7). From this comparison it can be concluded that 

Asp is an important amino acid in the recognition and binding of T59 peptides to PPyCl. 

Additionally, as suggested by the pH studies presented in Figure 4.8, as the pH of the 

interaction condition between T59 peptides and PPyCl was dropped below the pKa of 

Asp (pKa ~ 4), the binding diminished significantly, further confirming the importance of 

Asp. 

The binding of RT59 (reverse T59) to PPyCl was comparable to T59 (Figure 4.7), 

indicating the importance of the presence of amino acids rather than the sequence order in 

which they occur. From the T59 variant results, a hypothesis can be derived stating that 

the binding is not sequence specific, but rather is composition specific. When observing 

the overall T59 peptide sequence, the N-terminal end has a hydrophilic character, 

suggesting its potential importance in solubility. The C-terminal end of the peptide 

contains the negatively charged aspartic acid residue (at pH 7.4). This negative charge on 

the R-group (-COOH) of aspartic acid provides an acidic ion that controls binding to the 



92

overall positively charged PPyCl. Lastly, the aspartic acid residue is surrounded by a 

hydrophobic region, which could provide its own affinity for modulating the folding of 

the peptide. This initial study was performed using a limited number of combinatorial 

peptides. To elucidate the precise mechanism of interaction, a combinatorial approach

with computational modeling will be required.  

Moreover, in the Ph.D.12TM M13 library used to select the φT59, 2.8% occurrence 

of aspartic acid was reported [30] (highlighted in Table 4.4), indicating that other peptide 

inserts in the library did contain aspartic acid residues. Additionally, Asp is present at 

positions 1 and 10 in clone φT125-4 (Figure 4.2). Based on this we speculate that 

although the presence of aspartic acid in T59 peptide is critical for PPyCl recognition, it 

is not the only essential amino acid (as φT125-4 did not bind to PPyCl). Based on TiO2-

binding peptide studies [1], we may also speculate the formation of a salt bridge between 

the Arg and Asp residues that may lead to the folding of the T59 peptide to recognize 

PPyCl. If this salt bridge is crucial in T59 binding to PPyCl, then a peptide variant that 

contains only the back six amino acids (Table 4.1, BT59 peptide variant), would lose the 

ability to bind to PPyCl. Future studies using both a combinatorial approach and 

computational modeling will be used to elucidate the exact mechanism of interaction. 

The pH 2 elution studies reflected the inability to unbind T59 peptides from 

PPyCl surface as was hypothesized based on the low pH φT59 elution during the 

biopanning process. This suggests that the binding of T59 peptide is potentially governed 

by more than electrostatic interactions between Asp and the PPyCl backbone. 
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Additionally, a possible variation of sequence confirmation and folding of T59 peptide 

when compared to the sequence on the φT59 may have led to the inability to elute using 

low pH. In the future this could be tested by studying peptide models and empirical 

analysis of both the phage-containing peptide and the peptide alone. If charge interaction 

was the sole method of T59 peptide and PPyCl surface binding; pH 2 elution would have 

resulted in unbinding of T59 peptides, which was not observed (Figure 4.9). Additionally, 

the unbinding of T59 peptides may have occurred at extremely low concentrations near 

the nanomolar range, and because of the detection limits of the fluorescamine assay the 

unbinding of T59 peptides in this range would not be detected [31]. To address these 

issues, in future studies it would be beneficial to use radiolabeled T59 peptides for 

radioactive determination of binding as it would provide greater sensitivity. The attempt 

to detect the binding of T59 peptides using XPS elemental analysis was unsuccessful as 

presented in Figure 4.10. The relative comparison of the presence of the key elements in 

PPyCl, T59 peptides, and serum proteins demonstrated insignificant results. The binding 

of T59 peptides to PPyCl is noncovalent and potentially based on electrostatic and van 

der Waals interactions (suggested by the AFM and T59 peptide variant studies); therefore 

the change in the state of elemental interactions cannot be detected using XPS elemental 

analysis. For detection using XPS it would be necessary to have change in electron spin 

states, as would occur with covalent bonds [41]; this is not the case in T59 and serum 

proteins interacting with PPyCl.
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We also explored the strength of interaction between T59 peptides and PPyCl 

using atomic force microscopy based on the theory of dynamic fore spectroscopy. As 

suggested by the Bell model [34] an increased rate of bond dissociation under external 

force can be used to extrapolate the off rate (koff) between two species. Initial studies 

were performed using a single loading rate (6000 pNs-1) for studying the strength of 

interactions between T59 peptides and PPyCl. This binding strength was compared to a 

well known streptavidin-biotin interaction [10] and non-specific adsorption of GRGDS 

peptides to PPyCl (Figure 4.11). When compared to streptavidin-biotin interactions, T59 

peptide-PPyCl binding was significantly lower. However, a direct correlation cannot 

drawn from these results as the amount T59 peptide present when interacting with PPyCl 

was not deduced. In comparing the strength of T59 and T59-GRGDS to nonspecifically 

adsorbed GRGDS to PPyCl, roughly two times greater strength was achieved. 

Additionally, when compared to published data for van der Waals interactions (12 pN) 

and hydrogen bonding (17 pN) [10,40], the binding of T59 and T59-GRGDS to PPyCl is 

an order of magnitude greater.

A preliminary study using loading rate variations to derive an energy landscape 

and dissociation constant was performed using dynamic force spectroscopy. By 

developing a plot of strength versus loading rate (expressed on a log scale) a map of the 

most prominent barriers traversed in the energy landscape guided along the force-driven 

pathway (externally applied as a function of loading rate) can be deduced, as described 

by Evan Evans [28]. The kinetics of escape is demonstrated as a stationary flux of 
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probability density along a preferential path from the energy minima past the barrier and 

transition into the energy surface. Evans schematically demonstrated the effect of 

external force leading to a mechanical potential that tilts the energy landscape resulting in 

a diminishing energy barrier at the transition state to a free state [28]. A particular study 

of streptavidin-biotin demonstrated a presence of multiple barriers on a plot of loading 

rate versus strength where at a lower loading rate a distinct linear regime was present and 

as the loading rate increased an abrupt change in slope was occurred, suggesting a sharp 

barrier. The analysis, as concluded by Evans, was based on the presence of sharp changes 

in slope that suggests multiple barriers were  traversed. This lead to the conclusion that 

the binding between streptavidin-biotin was composed of three binding regimes. A 

dynamic force spectroscopy study of T59 functionalized tip binding to PPyCl resulted in 

a similar analysis as Evan Evans [28,29]. As the results presented in Figure 4.17 and

4.18 suggest, a binding constant (koff = 0.252 s-1) in the range of weak antigen-antibody 

forces [18] was detected. Furthermore, by analyzing the F vs. ln(r) in Figure 4.18, it can 

be hypothesized that a potential single binding regime is present where the unbinding of 

peptide with a single binding domain, which interacts with PPyCl either via electrostatic 

interaction or simple hydrophobic interactions. Based on the results, a single slope is 

present, which results in a potential conclusion that binding between T59 peptides and 

PPyCl is based on a single interaction, where a single binding domain on T59 peptides 

recognizes the PPyCl surface. A thorough analysis is necessary in the future where the 

concentration of T59 peptides on the AFM tip is controlled and quantifiable. Additionally, 
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the ability to assess binding strength at lower loading rates can significantly enhance the 

accuracy of the results.

In conclusion, we report a series of studies indicating binding of both φT59 and 

T59 peptide to PPyCl using various methods. As the initial studies suggest, the Asp 

residue plays an important role in the binding of the peptide to PPyCl. Furthermore, the 

specificity of interactions was not clearly identified, although the AFM studies suggest 

that the binding is not strong and in the order of weak antigen-antibody interactions. We 

believe that other well defined and absolute quantitative methods are necessary to better 

characterize the peptide binding to PPyCl, possibly by using thermal techniques and other 

combinatorial peptides. 
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Table 4.1 T59 peptide variants

Variant  Sequence Rationale for selection

T59 THRTSTLDYFVI Control: original T59 sequence selected from biopanning

RT59 IVFYDLTSTRHT T59 reversed sequence (to study the role of sequence order)

FT59 THRTSTGGGGGG
T59 with only the front six amino acids preserved (to study the 
role of the basic amino acids (HR) found in the front half of the 
T59 sequence); back six amino acids replaced with Gly (G)

BT59 GGGGGGLDYFVI

T59 with only the back six amino acids preserved (to study the 
role of acidic amino acid (D) found in the back half of the T59 
sequence); front six amino acids replaced with Gly (G)

T59D
THRTSTLGYFVI

T59 with aspartic acid (D) replaced by Gly (G) (to study the 
importance of Asp)

BRT59 GGGGGGIVFYDL
T59 with the order of the back six amino acids reversed (to study 
the role of sequence order)
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Table 4.2 Properties of the charged amino acids in T59 peptide

T59 peptide 
amino acid

Position
(1N →→→→ 12C)

pKa

(R)
Charge (R)
at pH 7.4 Classification

His (H) 2 6.0 Neutral (96%) Active aromatic & basic

Arg (R) 3 12.5 Positive Basic

Asp (D) 8 3.9 Negative Acidic
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Table 4.3 AFM measurements on biomolecular forces with varying binding partners

Binding pairs (partners) Reference

Biotin-(strept)avidin [10-12]

Covalent bonds [13]

Polysaccharides [14,15]

Antibody-antigen [16-18]

Intramolecular Titin [19-21]

DNA [22-24]



100

Table 4.4 Amino acid distribution in native Ph.D. 12 phage library

Amino Acid
Observed 
Frequency Amino Acid

Observed 
Frequency

Thr (T) 11.1 % Asp (D) 2.8%
His (H) 6.3% Tyr (Y) 3.6%
Arg (R) 4.7% Phe (F) 3.3%
Ser (S) 10.0% Val (V) 3.9%
Leu (L) 9.3% Ile (I) 3.4%

Adapted from the Ph.D.12-library manual [30]
Reduced genetic code NNK (32 codons) was used in constructing this library. A total of 
104 clones from the native library were sequenced and the overall amino acid distribution 
from the 1176 sequenced codons were used to determine the observed frequency of each 
amino acid. 
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Figure 4.1  Illustration of the Au-coated Si3N4 cantilever and functionalized tips. 

(a) Each probe contains six tips that vary in dimension, which imparts different spring 

constants (0.01 N/m to 0.5 N/m). (left) Enlarged image of one of the tips. By probing 

with different tips on the cantilever, the loading rate (spring constant X velocity) can be 

varied. (figure from http://www.veeco.com)

 (b) Functionalized AFM tip used to determine the unbinding force of T59 peptides and 

PPyCl. Image is a schematic of the molecules immobilized and does not reflect the actual 

ratio of numbers of molecules present (nor is the image to scale). (figure adapted from 

http://www.veeco.com)
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Figure 4.2 φT59 binding to PPyCl compared to the binding of random phage selected 

from various panning rounds. The T59 phage binds significantly better to PPyCl 

compared to the other phage. Thus, the binding of T59 to PPyCl is unique because of the 

peptide sequence that is expressed on the pIII coat protein of the M13 phage (n=3). Note: 

the binding for C511 is so low that it is not visible on the plot above.
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Figure 4.3 φT59 binding is relatively specific to PPyCl. The T59 phage exhibits 

insignificant binding to the other polymers, further confirming that T59 is specific to 

PPyCl (n = 3). Note: the binding of the different phage to the PP and PS surfaces are too 

low to be distinguished on the plot above.
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Figure 4.4 T59 phage, compared to a random phage, uniquely binds to PPyCl. 

(a) T59 phage bound to PPyCl was visualized using an antibody-biotin-streptavidin-FITC 

label and fluorescence microscopy. (b) Random phage (φC511) bound to PPyCl. No 

binding to PPyCl was observed in this case. Bar, 100 µm.

a b

b
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Figure 4.5 T59 peptide (synthesized from the sequence from the T59 phage) binds to 

PPyCl and not to PPyPSS or to polystyrene (PS). Binding was studied using biotinylated 

T59 peptide and streptavidin-FITC labeling. (a) control substrate in which no T59 peptide 

was added. (b) 15 µM peptide bound to a 0.5 cm2 PPyCl substrate. (c) 15 µM peptide 

bound to a 0.5 cm2 PPyPSS substrate. (d) 15 µM peptide bound to 0.5 x 0.5 cm2

polystyrene (PS) substrate. All samples were incubated with equal concentrations of 

streptavidin-FITC. Bar, 100 µm.

a b c d
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Figure 4.6 Relative binding of T59 and variants was compared using fluorescamine assay.

The relative binding of T59 peptides variants, highlighted in Table 4.1, to PPyCl (0.5 

cm2) was compared by incubating PPyCl samples with varying concentrations. An 

indirect method using a mass balance method (input = bound + unbound) was used to 

determine the bound concentration of peptides to PPyCl. The large standard deviations 

present throughout all of the concentrations did not permit actual bound peptide analysis, 

rather a relative comparison suggests that when aspartic acid residue is not present (T59D 

and FT59), the binding of the peptide significantly diminishes (p < 0.05). The errors are 

standard deviation, where n = 6. 
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Figure 4.7 Illustration of relative binding of T59 variants to PPyCl with respect to T59 

peptides. When aspartic acid is present (T59, RT59, BT59, BRT59) binding is maintained, 

but diminishes with its absence (FT59 and T59D). (*):T59 and RT59 binding is 

statistically significant. (**): RT59, BT59, and BRT59 binding is not statistically 

significant (**p<0.05). The errors are standard deviation. For all samples n = 6. 
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Figure 4.8 The role of Asp was further confirmed by varying the pH of the input 

concentration of T59 peptide (15 µM). The results show that below the pKa of the oup of 

Asp (~4.0), the binding is significantly reduced as the R-group (-COOH) is in its 

protonated state (neutral) and no longer reactive. The symbol (*) indicates that T59 

peptide binding above pH 7.4 is statistically significant (n = 4, p < 0.05).
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Figure 4.9 T59 peptide elution using pH 2 conditions post-T59 peptide incubation with 

PPyCl. Fluorescamine assay was used to determine the intensity because of T59 peptide 

presence after elution by comparing to standard curve (solid line, n = 6). As the input 

concentration was increased the fluorescence intensity increased almost linearly in the 

standard condition where T59 peptide was present in solution at known concentrations. 

This was not observed in the pH 2 elution condition (dotted line, n = 6), as this indicates 

that low pH elution did not remove the bound T59 peptides from PPyCl at varying input 

concentrations. 
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Sample Element Concentration
(%)

PPyCl
O1s
N1s
C1s
Cl2p

31.68
10.41
69.94
5.98

PPyCl-T59
O1s
N1s
C1s
Cl2p

18.12
9.67
71.15
1.05

PPyCl-
serum proteins

O1s
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11.30
69.21
2.25
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serum proteins
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20.57
12.98
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0.92

Figure 4.10  XPS elemental survey scan of the four elements present in PPyCl and 

potential variation in their occurrence as indicated by binding of T59 peptides and serum-

proteins resulted in the lack of significant variation amongst samples. For example, when 

comparing N1s element in the four samples there appears to be an insignificant variation 

in the percent occurrence suggesting that T59 peptide and serum-proteins could not 

detected on PPyCl. If binding of T59 peptides or serum proteins on PPyCl could be 

detected, there would be a change in the relative concentration percentage for both N1s 

and O1s elements. Each sample was analyzed with equal areas to ensure accuracy for 

comparison. 
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Figure 4.11 Relative binding strength evaluation of T59 peptides to PPyCl. Mean 

unbinding force for T59-PPyCl is compared to that of biotin-streptavidin. Modification of 

T59 with GRGDS does not alter its binding to PPyCl. The strength of T59 and T59-RGD 

binding to PPyCl is statistically higher than that of nonspecifically adsorbed RGD to 

PPyCl (n = 300, where 10 spots where selected with 30 curves per spot, **p<0.05). The 

error bars are standard deviation.
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Figure 4.12 Illustration of a typical force plot of T59-PPyCl interactions using biotin-

BSA and streptavidin functionalized tip. Biotinylated T59 peptides (T59-K-biotin) were 

used where a constant loading rate (f = κs x νc) 6000 ± 1500 pN/s was applied for each 

force curve. Typical force plot: as the tip approaches the surface, binding between T59 

peptides and PPyCl results in a force of adhesion; as the tip is retracted from the surface, 

force is required to rupture the bonds. The histogram generated was used to determine an 

average (SD) rupture force where the x-axis is rupture force and y-axis is frequency of 

that particular force. 
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Figure 4.13 Illustration of a typical force plot of streptavidin-biotin interactions. Au 

coated Si3N4 tip was functionalized with biotin-BSA and interacted with streptavidin-

coated surface with a constant loading rate (f = κs x νc) 6000 ± 1500 pN/s was. Typical 

force plot: as the tip approaches the surface, binding between biotin and streptavidin 

results in a force of adhesion; as the tip is retracted from the surface, force is required to 

rupture the bonds (average adhesion force of 309 ± 67 pN). The y and x-axis scales are 

not absolute. The histogram generated was used to determine an average (SD) rupture 

force where the x-axis is rupture force and y-axis is frequency of that particular force. 
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Figure 4.14 Illustration of a typical force plot of a blank tip and PPyCl surface. An 

unfunctionalized Au coated Si3N4 tip was interacted with PPyCl surface (~ 250 nm 

thickness) with a constant loading rate (f = κs x νc) 6000 ± 2500 pN/s was. Typical force 

plot: as the tip approaches the surface, binding between biotin and streptavidin results in 

a force of adhesion; as the tip is retracted from the surface, force is required to rupture the 

bonds (average adhesion force of 0.5 ± .12 pN). The y and x-axis scales are not absolute. 

The histogram generated was used to determine an average (SD) rupture force where the 

x-axis is rupture force and y-axis is frequency of that particular force. 
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Figure 4.15 Illustration of a typical force plot of a streptavidin-coated tip and PPyCl 

surface. Au coated Si3N4 tip functionalized with streptavidin using biotin-BSA was 

interacted with PPyCl surface (~ 250 nm thickness) with a constant loading rate (f = κs x 

νc) 6000 ± 2500 pN/s was. Typical force plot: as the tip approaches the surface, binding 

between biotin and streptavidin results in a force of adhesion; as the tip is retracted from 

the surface, force is required to rupture the bonds (average adhesion force of 35 ± 13 pN). 

The y and x-axis scales are not absolute. The histogram generated was used to determine 

an average (SD) rupture force where the x-axis is rupture force and y-axis is frequency of 

that particular force. 
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Figure 4.16 Illustration of a typical force plot of GRGDS peptide-coated tip and PPyCl 

surface. Au coated Si3N4 tip functionalized with biotin-GRGDS using biotin-BSA and 

streptavidin and was interacted with PPyCl surface (~ 250 nm thickness) with a constant 

loading rate (f = κs x νc) 6000 ± 1500 pN/s was. Typical force plot: as the tip approaches 

the surface, binding between biotin and streptavidin results in a force of adhesion; as the 

tip is retracted from the surface, force is required to rupture the bonds (average adhesion

force of 43 ± 12 pN). The y and x-axis scales are not absolute. The histogram generated 

was used to determine an average (SD) rupture force where the x-axis is rupture force 

and y-axis is frequency of that particular force. 
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Figure 4.17 Illustration of a typical force plot of T59-GRGDS peptide-coated tip and 

PPyCl surface. Au coated Si3N4 tip functionalized with T59-GRGDS-biotin using biotin-

BSA and streptavidin (coated on the tips) and was interacted with PPyCl surface (~ 250 

nm thickness) with a constant loading rate (f = κs x νc) 6000 ± 1500 pN/s was. Typical 

force plot: as the tip approaches the surface, binding between biotin and streptavidin 

results in a force of adhesion; as the tip is retracted from the surface, force is required to 

rupture the bonds (average adhesion force of 102 ± 32 pN). The y and x-axis scales are 

not absolute. The histogram generated was used to determine an average (SD) rupture 

force where the x-axis is rupture force and y-axis is frequency of that particular force. 
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Figure 4.18 Dynamic force spectroscopy with varying loading rates of PPyCl-T59 

interactions. Rupture force evaluation was assessed using four varying loading rates (f = 

κs x νc) ranging from 900 to 54,000 pNs-1 (from A through D). The histograms at each 

loading rate were generated using n = 150. The y-axis represents the frequency of a 

particular rupture force (x-axis). As loading rate increases, the rupture force due to the 

interaction between T59 peptides and PPyCl increases. 36 ± 14 pN, 50 ± 21 pN, 74 ± 28 

pN, and 132 ± 58 pN.

25

20

15

10

5

0

600500400300200100
pN

30

20

10

0

1601401201008060
pN

25

20

15

10

5

0

120100806040
pN

20

15

10

5

0

10080604020
pN

a

b

c

d

Avg = 36 ± 14 pN

Avg = 50 ± 21 pN

Avg = 74 ± 28 pN

Avg = 132 ± 58 pN



119

Figure 4.19 Dynamic force spectroscopy evaluation of varying loading rate dependence 

on T59 peptide interaction with PPyCl surface. A graph of rupture force plotted versus 

each loading rate suggests a linear dependence on the logrithmic scale, as previously 

established [11,28]. Based on equation 2, the result suggests a dissociation constant (koff ) 

of approximately 0.252 s-1 by extrapolating F = 0, where an external force is absent. Due 

to the large standard deviations (rupture force) for each loading rate, the presence of a 

specific binding regime could not be distinguished.
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Chapter 5: Surface functionalization of PPyCl using T59 peptide

As previously described in Chapter 4, T59 phage and peptide binding to PPyCl 

was characterized. φT59 binding to PPyCl was assessed using titer count analysis and 

qualitative imaging to determine the relative specificity of interaction with other selected 

phage and substrates. Furthermore, the relative binding of T59 peptides was studied using 

various methods for determining a potential method of interaction and strength of binding 

to PPyCl. The results of these studies suggest that by modifying the C-terminus of T59 

peptides, a biomolecule can be attached to T59 for surface fictionalizations of PPyCl. As 

presented in Chapter 3, PPyCl was selected as a model polymer as it lacked a functional 

group for surface modification. Thus, in this chapter a cell adhesion promoting peptide 

(RGD, a fibronectin derived integrin-binding domain) was conjugated at the C-terminus 

of T59 peptides during synthesis. A nerve-like cell line, rat pheochromocytoma (PC12), 

which has been previously studied with polypyrrole, was used to evaluate the effect of 

presenting RGD peptides via T59 as a linker for cell attachment and subsequent viability. 

This was a model study to evaluate the use of phage-displayed selected peptides for 

surface functionalization of synthetic polymers. Furthermore, the stability of T59 peptide 

binding to PPyCl was evaluated in the presence of serum proteins. 

Some of the results from this chapter are presented in, Sanghvi AB, Miller KP-H, Belcher AM, Schmidt 
CE. Nat. Mat. 2005, 4(6):496-502.
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5.1 INTRODUCTION

Surface fictionalizations for promoting bioactivity has become an increasingly 

active area of research in the biomaterials field [1]. As highlighted by Hoekstra, et al., 

the “third generation” biomaterials are being researched and developed to precisely 

control reactions with proteins and cells at the molecular level [1]. As discussed in 

Chapter 1, one of the key components of tissue engineering is the ability to selectively 

modify surfaces for controlling cellular activity in a specific environment [2-5]. To 

develop such surfaces, numerous methods have been researched and implemented 

including non-specific protein adsorption and self-assembly [5], synthesis of novel graft-

copolymers with desired functional groups [6,7], and direct covalent surface 

modifications [8-10] using methods such as plasma deposition, self-assembled 

monolayer, and silanization, just to name a few [ref]. However, these approaches have 

limitations associated with them. Covalent surface modification and the synthesis of new 

materials both require extensive chemical reactions and processing. Protein adsorption, 

on the other hand, does not require chemical processing, but unfortunately is largely 

dependent upon nonspecific interactions between the protein and the surface, and 

therefore, is difficult to control [5]. To study the possibility of using phage-display 

selected peptide for surface functionalization, T59 peptides were modified with a cell 

adhesion promoting peptide to assess the effectiveness of cell attachment using this 

method. 
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A model peptide (GRGDS) that promotes cell adhesion [11-13] was used to 

examine the ability of the T59 peptide to promote cell attachment and thus, to serve as a 

bifunctional linker. It has been noted that to promote strong cell adhesion, stable linking 

of biomolecules (e.g., RGD) are necessary [14]. T59 peptide was modified at the C-

terminus to maintain consistency with the previous biotin modification used for the 

qualitative peptide binding studies (Chapter 4, Section 4.2.2). The activity of T59-

GRGDS in promoting cell adhesion on PPyCl was evaluated using PC12 cells [15]. The 

results were analyzed using both qualitative analysis (live/dead stain) and relative 

quantitative assessement to evaluate the extent of cell attachment with T59-GRGDS 

modified PPyCl. 

Additionally, the stability of T59 peptides in the presence of serum proteins was 

evaluated. It is inherent in the design of biomaterials that the ultimate application will be 

in the human body, and for that reason, it is important to evaluate the stability of the T59 

peptide under physiological conditions where proteins (e.g., albumin) can nonspecifically 

adsorb to the polymer surfaces [16]. These preliminary results suggest that T59 peptides 

can be modified for surface functionalization and are stable in the presence of proteins 

that can nonspecifically adsorb to PPyCl. 
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5.2 MATERIALS AND METHOD

5.2.1 T59 modification and PPyCl surface functionalization

The modified T59 peptide was synthesized with a cell adhesion promoting 

sequence (GRGDS) at the C-terminus, THRTSTLDYFVI-GRGDS (T59-RGDS) 

(Institute of Cellular and Molecular Biology Core Facilities, University of Texas at 

Austin). The peptide (T59-GRGDS) was demonstrated to be >95% pure per HPLC by the 

manufacturer. PPyCl and TCPS (tissue-culture polystyrene) samples were prepared by 

sealing Plexiglass wells (1.5 cm x 1.0 cm x 1.0 cm) using silicone rubber sealant (DAP, 

Inc., Baltimore, MD) onto PPyCl thin films prepared on ITO-coated glass slides. The 

samples were then placed in sterile tissue-culture polystyrene dishes and UV sterilized for 

20 min. Each sample was rinsed three times with 10 mM PBS (pH 7.4) prior to peptide 

incubation. Incubation of 15 µM T59, T59-GRGDS, and T59-GRDGS peptides (T59-

GRDGS peptides were studied only with MTS assay for cell binding quantification, 

described below) on PPyCl (samples size ~ 0.5625 cm2) for 1 hr in PBS (total volume of 

1 mL in an enclosed plexi glass chamber) at room temperature was followed by thorough 

rinsing (three times with PBS) to remove any residue and unbound peptide. 

PC12 cells, a rat pheochromocytoma cell line was purchased from the American

Type Culture Collection. PC12 cells were cultured in F12K media supplemented with 1.5 

g/L sodium bicarbonate, 15% horse serum, and 2.5% fetal bovine serum. Cells were

maintained at 37 oC in a humidified 5% CO2 incubator. Medium was replaced every 2-3 
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days, and cells were passaged with 1 mM ethyl-enediaminetetraacetic acid (EDAC). 

PC12 cells (passage #20) were seeded onto each substrate with either serum-containing 

(positive controls) or serum-free medium at a density of 104 cells/cm2 and were allowed 

to attach at 37oC in 5% CO2. The medium for each sample was replaced after 24 hr with 

serum-containing medium to ensure cell viability. Both positive and negative controls 

were performed for evaluation. Positive controls consisted of PC12 cells incubated with 

serum-containing medium on PPyCl and tissue culture polystyrene. Negative controls 

consisted of PC12 cells incubated on PPyCl in serum-free medium and T59 peptides 

without the presence of RGD-cell adhesion sequence. 

Additionally, one experimental sample (T59-GRGDS peptide incubated with 

PPyCl in serum-free medium) was incubated with 100 ng/ml βNGF (Invitrogen Corp.) in 

serum-free media for seven days. After initial cell seeding (24 hr) in serum-free medium, 

the sample was replaced every other day with serum-containing medium supplemented 

with βNGF to ensure cell viability. After the cells were seeded for seven days the sample 

was imaged using an inverted phase contrast microscope to assess the impact of βNGF

for PC12 cell differentiation.

24 hr post cell seeding, the medium was removed and washed using sterile 10 

mM PBS and then followed with the addition of serum-containing medium (F12K 

supplemented with  supplemented with 1.5 g/L sodium bicarbonate, 15% horse serum, 

and 2.5% fetal bovine serum) to ensure cell survival. After 48 hr, a fluorescent live/dead 

stain (Molecular Probes) was used to image the adhesion/viability of cells influenced by 



130

either T59-GRGDS and T59 (negative control) peptides in serum-free conditions. An 

epifluorescence microscope (IX-70, 20X objective, Olympus, Melville, NY) and a high 

resolution CCD video camera (Magnafire, Optronics, Goleta, CA) were used to visualize 

cell adhesion.

Another study was performed to measure relative cell viability using MTS 

(Promega) assay for quantifying percentage PC12 cell adhesion. This study consisted of 

comparing relative cell attachment with T59, T59-GRGDS, and T59-GRDGS peptides 

along with both positive controls. Percent cell adhesion was quantified after 48 hr using 

the colorimetric MTS assay (Promega, Madison, WI) with tetrazolium compound and an 

electron coupling reagent (phenazine, according to the manufacturer’s protocol). The 

medium was removed from each sample and each well was rinsed with 10 mM sterile 

PBS, followed by addition of fresh 0.5 mL medium and 0.1 ml of MTS/phenazine

methosulfate mixture. The samples were allowed to incubate for 2 hr at 37°C and 5% 

CO2 before absorbance at 490 nm was measured. Background absorbance from medium 

only was subtracted from each experimental condition.

5.2.2 T59 peptide stability in the presence of serum proteins

Physiological stability of T59 peptides when bound to PPyCl was evaluated in 

vitro by incubating PPyCl-T59 samples in serum-containing medium for time points up 

to 21 days and compared to PBS incubation. In vitro physiological stability of PPyCl-

bound T59 peptide was assessed in 10% serum-containing phenol-red free Dulbecco’s 
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Modified Eagle’s Medium (DMEM). PPyCl samples (0.5 cm2, n = 6) were interacted 

with 15 µM of T59 peptides in 10 mM PBS (previously described). PPyCl-T59 samples 

were placed in DMEM and 10 mM PBS for up to 18 days at 37oC. The supernatant was 

collected every other day and replaced with fresh solution of either DMEM or PBS. The 

presence of T59 peptides in the collected solution was measured using fluorescamine 

reagent (a variation of this protocol is also described in Chapter 4, Section 4.2.3). 

Background fluorescence intensity was measured using PPyCl samples incubated in 

either DMEM or 10 mM PBS without T59 peptides. The intensity as a result of unbound 

T59 peptides in the solution was calculated by subtracting the background intensity from 

the measured intensity for each sample. Experiments were performed for each condition 

(DMEM and PBS incubation) with n = 6 and then plotted as a percentage of bound T59 

peptides with respect to the initial bound T59 peptides (calculated for each sample using 

the previously described mass balance method). 

5.3 RESULTS

An initial study to evaluate the use of T59 peptides to modify PPyCl was 

performed using GRGDS attached to the C-terminus (T59-GRGDS) during synthesis. 

The first study was performed to assess the attachment of PC12 cells using phase contrast 

imaging. The results (Figure 5.1) indicate that PC12 cells do not adhere to PPyCl in 

serum-free medium, but when modified with T59-GRGDS peptides, PPyCl promoted cell 

adhesion. The negative control used was PPyCl without any peptide and in serum-free 
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conditions (Figure 5.1a). The surface heterogeneity is illustrated in Figure 5.1a and 

because of the change in focus to image the adhered cells, Figure 5.1b does not present 

the same extent of heterogeneity. In the study presented below, other controls (i.e., 

unmodified T59 peptides) were also used. Additionally, when PC12 cells were placed in 

a nerve growth factor (βNGF) containing environment to induce differentiation and 

stimulate neurite outgrowth, the PPyCl surface modified with T59-GRGDS peptide not 

only permitted cell adhesion, but also allowed the extension of neuronal processes 

(Figure 5.1c). This was a rare image as most of the cells were in an undifferentiated 

phenotype. 

Another study was performed to evaluate not only cell attachment, but also cell 

viability using live/dead stain and quantification using an MTS assay. The results of this 

study contained other negative and positive controls for comparison to the experimental 

samples. The results, illustrated in Figure 5.2a, demonstrate adhesion and viability of 

PC12 cells in the presence of T59-GRGDS. The condition with unmodified T59 peptide, 

cells did not attach as illustrated by the lack of fluorescence (Figure 5.2b). 

Cell quantification using the MTS cell proliferation assay [17] was also 

performed to determine the extent of adhesion when compared to positive controls, cells 

with serum-containing medium on both tissue culture polystyrene and PPyCl (Figure 

5.2c). The results show that cells adhered to PPyCl modified with T59-GRGDS to the 

same extent as positive controls, but did not adhere to PPyCl when modified with the 
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scrambled peptide (GRDGS) that is known to inhibit cell adhesion [14] (P-T59GRDGS, 

negative control). 

T59 peptide binding stability in serum-containing medium was also evaluated 

using qualitative immunofluorescence. The results, presented in Figure 5.3, illustrate that 

the T59 peptide remains bound to PPyCl even after 3 weeks of incubation in serum-

containing medium, suggesting a stable interaction between the T59 peptide and the 

PPyCl surface. The binding affinity and kinetics of this interaction will be necessary to 

explore quantitatively in future studies.

Additionally, psuedoquantitative assessement of T59 peptide binding stability to 

PPyCl was evaluated using a fluorescamine assay (an indirect mass balance method). 

Results from fluorescamine studies, presented in Figure 5.4, illustrate that the T59 

peptide remains bound to PPyCl even after 21 days of incubation in serum-containing 

medium at 37oC, suggesting a relatively stable interaction between the T59 peptide and 

the PPyCl surface. The T59 peptide unbinding in serum-containing medium stabilized 

after 10 days with an approximate loss of 15 ± 7%. When compared to control PBS 

conditions, where stabilization was achieved after 3 days with a loss of 7 ± 2%, the serum 

condition had twice the loss.

5.4 DISCUSSION

The specific goals of the work presented in this chapter were to determine the 

potential use of T59 peptides for surface functionalization of PPyCl and also to evaluate 
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the stability of T59 peptides when bound to PPyCl in serum protein-containing 

environment. To assess the bifunctional capabilities of T59 peptides, T59 peptides were 

synthesized with a cell adhesion promoting peptide (GRGDS) at its C-terminus. An 

initial evaluation consisted of surface coating PPyCl with T59-GRGDS peptides followed 

by PC12 cell seeding in serum-free conditions. In the presence of serum proteins (serum-

containing medium) PPyCl promotes cell attachment, thus the serum-free condition to 

evaluate the effects of RGD peptides presented via T59 was selected. The phase contrast 

images (Figure 5.1) indicate that in the presence T59-GRGDS peptides and in serum-free 

conditions (Figure 5.1b), PC12 cells adhered, whereas in the absence of any proteins or 

peptides PC12 cells did not adhere (Figure 5.1a). These results suggested that RGD 

peptide sequence, presented via T59, was exposed for cell attachment.

In the next set of experiments cell viability was studied, as cell attachment is the 

first step in functionalizing PPyCl surface using T59-GRGDS peptides followed by 

evaluation of cell survival. The live/dead fluorescent images (Figure 5.2b) suggest that 

PC12 cells were also viable after 48 hr, where serum-containing medium was added 24 hr

after initial cell attachment to ensure cell survival. Cell quantification results (Figure 

5.2c) to determine the extent of adhesion when compared to positive controls (i.e., cells 

adhered in the presence of serum to tissue culture polystyrene and PPyCl) demonstrate 

that cells adhered to PPyCl modified with T59-GRGDS. The results indicate  that cell 

attachment was nearly to the same extent as for positive controls. PC12 cells did not 

adhere to PPyCl when modified with RGD non-specifically adsorbed (P-GRGDS) and 
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with a scrambled peptide (GRDGS) that is known to inhibit cell adhesion [14] (P-

T59GRDGS, negative control). This supported our hypothesis that the peptide selected 

using phage display against a synthetic biopolymer (PPyCl) can potentially be used as a 

surface modification tool for biomolecule immobilization and to subsequently control 

biological and cellular activity. 

Qualitative evaluation of T59 peptide binding to PPyCl in the presence of serum 

proteins was evaluated for varying time points. The results of this initial study suggest 

that the peptides are present even after 3 weeks (Figure 5.3), suggesting a stable 

interaction over this time course These results are not a direct correlation to the strength 

of interaction as the amount of peptide present after each time point was not determined. 

Additionally, the presence of numerous other proteins in the environment may lead to 

nonspecific adsorption of the fluorophore (streptavidin-FITC) used, which can then be 

present over time on the PPyCl surface. Although nonspecific binding of streptavidin-

FITC to other serum proteins in the environment was not observed directly, the 

possibility can lead to nonspecific adorption over time. For this reason T59 peptide 

binding in the presence of serum proteins was evaluated using fluorescamine assay to 

determine the relative amount of peptide present over the 21 day time point. The results 

in Figure 5.4 indicate that serum proteins can impact the unbinding of T59 peptides from 

PPyCl, but the unbinding was nonspecific and insignificant as stabilization was reached 

with 85 ± 10% of the original peptides still remaining. As previously discussed in 

Chapter 4, a fluorescamine assay permitted an indirect method for determine the bound 
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peptide amount; however, this particular method does have significant error associated, 

as indicated by the large standard deviations. Although the absolute quantitative 

measurement was not possible, a relative comparison does suggest the presence of bound 

peptides over time. Additional experimental work is needed to quantify the binding of 

T59 peptide to PPyCl and to determine the binding affinity. 
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Figure 5.1 T59 peptide modified with GRGDS promotes PC12 cell adhesion in serum-

free environment. PC12 cells were plated (104 cells/sample) in serum-free media. PPyCl 

without T59-GRGDS did not permit cell adhesion (a), whereas the PPyCl sample with 

T59-GRGDS (b) did support cell attachment. The heterogeneity in the PPyCl surface is 

demonstrated by the topography in image (a), which is not as apparent in the image (b) 

because this image was taken at a different focal plane to demonstrate cell binding. 

Extension of neuronal processes was induced with 100 ng/ml βNGF for 7 days in serum-

free media (c). In addition to cell attachment, PPyCl-T59-GRGDS modified surface also 

supported neurite outgrowth.

10 µµµµm

100 µµµµm
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Figure 5.2 Functionalization study of PPyCl surface using T59 peptide complexed with 

GRGDS and the stability of T59 peptide binding to PPyCl. Cell viability study using both 

qualitative imaging using live/dead stain (a,b) and MTS assay (c). PC12 cells adhered 

(serum-free medium) and are viable (after 48 hr) when RGD is presented via T59 on 

PPyCl (a) and cells did not survive when T59 was present alone (b). Bar, 100 µm. (c) 

T59-GRGDS promotes PC12 cell attachment on PPyCl (P refers to PPyCl) under serum-

free medium conditions comparable to positive controls (tissue culture polystyrene and 

PPyCl in serum-containing medium). In the absence of GRGDS presented via T59 

peptide, cells did not attach as indicated by minimal cell adhesion (P-no serum, P-T59, P-

T59GRDGS, and P-GRGDS). Cell seeding was at 104 cells/sample and samples were 

analyzed after 48 hr (n = 4). (*): the difference in percent cell adhesion between the 

experimental (P-T59GRGDS) and positive controls is not statistically significant.

a b

c
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Figure 5.3 Qualitative images of PPyCl-bound T59 peptides after serum incubation for 

various time points, suggesting stability in binding. Binding was studied using 

biotinylated T59 peptides and streptavidin-FITC labeling. (a) control substrate in which 

no T59 peptide was added, 0.5 cm2 PPyCl substrates (b), (c), and (d) were incubated with 

15 µM peptide, the samples were then placed in serum-containing media (pH 7.4 and 

15% serum) for 3 hr (b), 7 days (c), and 3 weeks (d). Bar, 100 µm.

a b

c d
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Figure 5.4 T59 peptide binding to PPyCl is stable in the presence of serum proteins with 

an approximate lost of 15% after 21 days. PPyCl-bound T59 peptides are stable in the 

presence of serum proteins for up to 21 days. Peptide binding stabilizes to 85% after 10 

days of incubation in serum-containing medium, indicating a strong and stable interaction. 

The stability of T59 peptides in the presence of PBS is significantly greater at day 21 

with approximately 95% still remaining when compared to the serum incubation, 

suggesting that T59 peptides are desorbed off of the surface over time (n = 6).  
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Chapter 6: Conclusions and Recommendations

6.1 SUMMARY

The surface properties of polymeric biomaterials applied in biomedicine are 

equally important to consider along with bulk properties. Specifically, the ability to tailor 

the surface properties in controlling and guiding cellular activity is at the forefront of 

tissue engineering. With this goal in mind, we researched the ability to use phage display 

technology as a tool to select peptides that can potentially be used as vehicle to 

functionalize surfaces by immobilizing biomolecules. Chlorine-doped polypyrrole 

(PPyCl) was used a model biomaterial to study the potential use of this method for 

surface modification. Our work has demonstrated the ability to select a phage that binds 

to PPyCl and where the binding of both phage and the corresponding peptide (T59) was 

characterized. 

Traditionally, phage display technology has been applied to two categories of 

materials including biological and non-biological such as semiconductors. The 

dissertation is organized into three main areas: (1) phage display peptide selection against 

PPyCl, (2) the characterization of both φT59 and T59 peptide binding to PPyCl, and (3) 

an initial study to apply the selected peptide in functionalizing PPyCl using a cell 

adhesion promoting peptide, RGD. This dissertation describes a proof-of-principle in 

applying this method for surface functionalization of a synthetic biomaterial, PPyCl.
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Future work, as outlined below, is recommended to better understand and develop 

a precise binding mechanism of the selected peptide to PPyCl, in addition to studying the 

in vivo compatibility of PPyCl-T59 material and stability of T59 peptides bound to 

PPyCl, and to study the potential use of phage display method in selecting peptides 

against other polymeric biomaterials. 

6.2 LIMITATIONS

The work presented in this dissertation included use of numerous techniques for 

understanding the binding of φT59 and T59 peptides to PPyCl. Limitations of the 

techniques used presented several challenges. Initially, during the biopanning selection 

against PPyCl (Chapter 3), 25 phage were randomly selected from rounds 3-5 to 

determine the 12-mer amino acid sequence corresponding to that particular phage. For 

future work for selection against PPyCl and other materials using another library, it 

would be beneficial to sequence more than 25 phage from the last three biopan rounds to 

determine a consensus sequence based on statistical analysis. Although the subsequent 

results demonstrated φT59 binding to PPyCl, other phage that perhaps had better binding 

to PPyCl may have been overlooked. 

Although titer count analysis was used to determine relative binding of φT59 

when compared to other phage and substrates (Chapter 4), it would have been beneficial 

to perform this study to determine binding kinetics by varying input phage concentrations 

and PPyCl sample size. 
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Characterization of T59 peptide binding was determined using an indirect 

fluorescamine assay method, where a mass balance was used to quantify the relative 

percentage of interaction peptides. This technique has numerous limitations because of 

the error presented by the sensitivity of the assay along with the inability to control 

PPyCl sample size and large standard deviations. Although a relative comparison was 

presented, the actual binding of the peptide was not determined. Fluorescamine assay 

studies were not sufficient for understanding the binding mechanism of T59 peptide to 

PPyCl and other techniques are necessary to directly measure binding of peptides to solid 

surfaces. Additional methods such as radiolabeling can be used to identify the actual 

binding concentration of T59 peptide to PPyCl as it present better sensitivity and 

accuracy. 

Qualitative studies demonstrating T59 phage and peptide binding to PPyCl were 

performed using streptavidin-biotin labeling where a blocking buffer (bovine serum 

albumin) was used to prevent nonspecific binding of streptavidin-FITC (Chapter 4). 

Although appropriate controls were used (PPyCl with bovine serum albumin blocking 

buffer without T59 peptide), the extent of surface coverage T59 phage and peptide on 

PPyCl was difficult to distinguish. When comparing to control conditions, both T59 

phage and peptide did bind to PPyCl, but quantitative binding assessment was difficult to 

determine. Additionally, a linker (GGGSK) was attached to the C-terminus of T59 

peptide for biotin-streptavidin labeling, where the presence of the linker may have 

potentially impacted the binding of T59 peptide to PPyCl. Additional studies, perhaps 
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without the presence of the linker and quantitative labeling using other techniques such as 

radiolabeling may provide beneficial information for studying the role of linker 

sequences in effecting binding of T59 peptide to PPyCl. 

Atomic force microscopy studies were used determine a relative strength of 

interaction of T59 peptide modified AFM tips and compared to streptavidin-biotin 

interactions (Chapter 4). Although a relative binding strength was determined by 

comparing to non-specific adsorption (GRGDS functionalized tip binding to PPyCl) and 

biotin-streptavidin, the absolute binding strength was not determined. The inability to 

control the number of T59 peptides interacting with the PPyCl surface presented large 

standard deviations in the rupture force analysis histograms. Additionally, a linker AFM 

tip conjugation system that included attachment of bovine serum albumin conjugated to 

biotin, followed by streptavidin and then biotinylated T59 peptide, may have presented 

additional nonspecific forces that could have influenced the rupture forces and 

consequently the strength of interaction in the histogram analysis. Future work that 

utilizes a more direct method in T59 peptide conjugation to the AFM tip, perhaps by 

using cysteine residue on T59 peptide and the Au coated tip surface for covalent 

interaction, may help in acquiring more accurate results without inherent errors. 

Furthermore, a study comparing variation in T59 peptide concentration during AFM tip 

conjugation and the resulting strength of interaction can potentially provide the ability to 

study minimal peptide interactions and therefore, a more quantitative study of T59 

peptide binding to PPyCl. 
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6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

6.3.1 Developing a method to determine the mechanism of peptide 
interaction

In Chapter 4, initial work is presented to determine the role of key amino acids of 

T59 peptide in binding PPyCl. However, the inability to develop a precise and 

quantitative method to determine the extent of T59 peptide binding to PPyCl prevented 

us from successfully elucidating an exact mechanism of interaction and quantifying the 

amount of peptide bound at a known PPyCl surface. Fluorescamine assay was utilized as 

an indirect method to qualitatively compare the binding interactions of various T59 

variants with some uncertainty where the potential role of aspartic acid was identified. 

The challenges posed by this issue have resulted in several potential areas of research for 

assessing other tools and techniques in determining the mechanism of interaction.

As determined by the titer count analysis results of φT59 binding to PPyCl 

relative to other phage and substrates, φT59 binds significantly better. Although this 

analysis resulted in the identification of selective binding of φT59 to PPyCl, other rounds 

of selection did not result in selecting a phage with binding to this extent. In the future it 

would beneficial to perform phage display selection process with another library, for 

example a seven amino acid peptide insert library (Ph.D. 7TM), to assess a potential trend 

in the occurrence of specific amino acids. To determine the binding mechanism, 

comparison of other peptide inserts isolated with another selection process or other 

peptide variants will be necessary. 
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Furthermore, a precise and direct method for quantifying the binding and kinetics 

of interaction between T59 peptide and PPyCl is necessary. Other methods that were 

studied without success included surface plasmon resonance and isothermal titration 

calorimetry. It is extremely important to develop methods that can enable the 

quantification of binding and assessing the strength of interaction. For potential 

applications it would also be necessary to determine the equilibrium or saturation binding 

to selectively and specifically control cellular interactions with a modified peptide. Thus, 

with the success of developing a quantification method other peptide variants can be 

studied to determine the mechanism and strength of interaction between T59 peptides and 

PPyCl. 

6.3.2 Evaluate the in vivo stability and functionality of PPyCl-T59 

peptide

As discussed in Chapter 2, polypyrrole has been researched for various 

applications in biomedicine. Specifically, for tissue engineering applications it will be 

necessary to evaluate the binding stability of PPyCl with bound and modified T59 

peptides. Although various forms of polypyrrole have been shown to biocompatible, it 

will be necessary to evaluate the biocompatibility of peptide-modified PPyCl. 

Furthermore, the stability of T59 peptide interaction in an in vivo environment, which 

contains a complex milieu of components, should be evaluated with various controls. For 

instance, when the peptides are in such an environment the binding may become unstable 
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and also the peptides that are release could become toxic and could lead the failure of the 

material. For potential in vivo applications as in tissue engineering, there will need to be a 

sufficient amount of T59 peptides for controlling and guiding specific cell interactions. 

Therefore, it will be necessary to use the quantification method developed to assess the 

extent of bound peptide after interaction in vivo for a specific time. 

6.3.3 Use of phage display against other polymeric biomaterials

As mentioned previously, the goal of this dissertation was to evaluate the 

potential use phage display technology to surface functionalize a model biomaterial, 

PPyCl. The preliminary results suggest that a peptide that binds to a polymeric 

biomaterial can be selected using the biopanning process. To demonstrate the versatility 

of this method as a surface modification tool, it will be important to study other synthetic 

biomaterials such as poly(l-lactide) and poly(ethylene glycol), which could benefit from 

the point of developing cell-adhesion promoting surfaces. It is likely that the peptides 

selected may not permit the attachment of biomolecules for surface functionalization and 

other techniques such as plasma treatment or silanization may be more stable and robust. 

By evaluating more synthetic biomaterials and possibly other biological materials such as 

extra-cellular matrix components such as collagen, it may lead to a definite conclusion on 

the applicability of phage display technology for surface functionalization.
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