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The objective of my thesis is to explore the use of the conducting polymer, 

polypyrrole, in neural applications. In addition a supplementary aspect of dissertation will 

involves understanding the effects of external stimuli on nervous system cells, with the 

ultimate goal of designing therapeutic systems for nerve regeneration.  In normal 

development and peripheral nervous system repair, nerves encounter naturally occurring 

chemical, physical, and electrical stimuli. Polypyrrole (PPy) has attracted much attention 

for use in numerous biomedical applications as it presents chemical, physical and 

electrical stimuli.  In addition, PPy is particularly exciting because the extent by which 

chemical, physical, and electrical cues are presented to the injured nerve can be easily 

tailored. Thus, conducting polymers are excellent scaffolds for the exploration of how the 

cellular components of the nervous system (i.e., Schwann cells and neurons) interact with 
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chemical, topographical, and electrical stimuli.  

This dissertation covers three main objectives and is supplemented by two 

additional topics. The two additional topics explore the effect stimuli present on the 

conducting polymer PPy have on neural interfaces. These fundamental studies use 

computational modeling to gain a better understanding of cellular motility on substrates 

containing different stimuli. Both topics are covered in the appendices of this dissertation. 

With regards to the three main objectives, I first characterized and optimized the 

electrochemical synthesis of the conducting polymer, PPy, for Schwann cell 

biocompatibility. Next, I investigated the effect the application of electrical cues through 

PPy has on Schwann cell migration.  In addition to investigating the effect of the direct 

electrical current on Schwann cells I also considered the effect that electrical stimulation 

provided by PPy has on protein adsorption.  Finally, I developed a hybrid PPy material 

that will provide advantageous properties for neural interfaces. Specifically, I describe the 

development of a polypyrrole:poly-(lactic-co-glycolic) acid blend for neural applications. 

In summary the three specific objectives covered in my thesis are: 

Specific Aim 1: Characterize and optimize the electrochemical synthesis of the 

 conducting polymer, polypyrrole, for Schwann cell biocompatibility  

Specific Aim 2: Determine the effect of electrical stimulation on Schwann cell migration 

Specific Aim 3: Develop polypyrrole:poly-(lactic-co-glyolic) acid blends for 

 neural engineering applications. 
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CHAPTER 1. INTRODUCTION 
________________________________________________________________________ 
 
1.1 Overview of Dissertation 

 
It is critical to fabricate artificial scaffolds that are capable of effectively 

providing specific cellular signals. Tissue engineering scaffolds have been developed to 

exhibit chemical, topographical, and electrical stimuli. Chemical stimuli act directly 

through cell surface receptors1,2, topographical stimuli act through the assembly of focal 

adhesions which trigger adhesion-mediated signaling3, and electrical stimuli have been 

hypothesized to act either directly such as through the redistribution of membrane 

protein4 or indirectly such as through the preferential deposition of biomolecules5. 

Despite this level of understanding, a complete study of how external stimuli present in 

vivo affect the principal components of tissues, and in particular tissues of the nervous 

system (i.e., neurons and glial cells), independently and how they interplay on a material 

that exhibits all three cues such as polypyrrole (PPy) needs further elucidation.  

My doctoral dissertation is organized into six chapters exploring the use of the 

conducting polymer, polypyrrole, in neural applications and two supplemental appendices 

exploring fundamentals of cell motility and migration. In Chapter 1, a detailed 

description of current neural tissue development and repair including the integration of 

different stimuli is presented.  In addition, current challenges and recent approaches in 

neural tissue engineering are described in detail.  

Chapter 2 presents background information on polypyrrole (PPy), including 

description of its physicochemical properties, synthetic methods, modification, and 

biomedical applications. In addition, recent efforts to develop conducting scaffolds for 



2 
 

neuronal tissue engineering using PPy are described.  

Chapter 3 presents an exhaustive study on how PPy synthesis affects PPy's basic 

polymeric properties (e.g., hydrophilicity, surface roughness), and the biological effects 

these properties have on cells. I investigated how three dopants (chloride (Cl), tosylate 

(ToS), polystyrene sulfonate (PSS)), two substrates (gold and indium tin oxide-coated 

glass), and a range of thicknesses affect biomedically-important characteristics of surface 

roughness, contact angle, conductivity, dopant stability, and adhesion of PC-12 cells and 

Schwann cells. 

Chapter 4 describes the effect that electrical stimulation through the PPy surface 

has on Schwann cell migration and secretion. I explore how direct and indirect effects of 

electrical stimulation affect Schwann cell migration and secretion. The results show that 

the electrical field contribution mostly affects the root mean square displacement and 

directionality of cell migration, whereas the indirect effect of protein adsorption due to 

the oxidation of the film seems to be the driving factor in migration speed.  These results 

further support the use of the conducting polymer, polypyrrole, as a neural tissue 

engineering scaffold.  

Chapter 5 describes the synthesis of a novel semiconducting biomaterial 

composed of salt leached poly(lactic-co-glycolic acid) (PLGA) and chloride-doped 

polypyrrole (PPy-Cl). The synthesis technique was simple yet flexible. The resultant 

biomaterial had advantageous electrical properties which were quantified by a decrease in 

impedance and good conductance as compared to negative controls. Since the 

biocompatibility of both PPy and PLGA is well known, the PPy:PLGA blends may have 
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several biomedical engineering applications, where good conductance and  low 

impedance are desired. 

In Chapter 6, conclusions and future work are described. Contribution of my 

work and potential applications are highlighted. In addition, based on my achievements 

and findings, further strategies for improvement are provided. 

Appendix 1 presents a computational model that elucidates neuronal behavior 

such as axon initiation and axon guidance on contact and chemical cues. This model was 

tested experimentally using micro- and nano- fabrication techniques to develop substrates 

that isolate chemical from contact cues.   

Appendix 2 reports the use of an expanded Flory-Huggin equilibrium 

polymerization model to model fascin:actin bundle formation under pressure typically 

seen at the migrating edge of cells. Using the model I was able to quantitatively predict 

an optimal size parameter for the deactivated fascin molecule (sF = 4645) and for the 

deactivation equilibrium constant (Kdeact = 2.66 X 108). These results present a novel 

approach to study fascin cross-linking of actin bundles and provide avenues for future 

experiments to develop a more comprehensive understanding of cell-matrix interactions. 

1.2 Neural Tissue Development and Repair 

Neural Cell Axogenesis and Axon Guidance 

Extracellular signaling regulates neuronal behavior in differentiated and 

undifferentiated systems6-11. In embryological neural development, each newborn neuron 

first migrates to a specific location before extending an axon and dendrites12-14. After 

neurons migrate, they follow a process of polarization, during which cells extend neurite 
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processes equally in all directions. An axon typically forms after one neurite has extended 

15 μm farther than other neurites15.  This process of formation of an axon is called 

axogenesis or polarization. In vitro neuron growth studies on polarization suggest a 

definitive role of extracellular cues in this process. In these experiments, the neurite that 

finds a more favorable substrate transforms into an axon, while other processes become 

dendrites7. After the axon is clearly established, the combination of signals at the growth 

cone determines the specific pathway along which axons travel toward their target cells 

and establish connectivity16-18. In addition, a similar scenario arises in peripheral nerve 

injuries, where the regenerating axons sprout growth cones that migrate along the 

surrounding substrate, guiding axon extension. For these last two processes, it is the 

integration at the growth cone of soluble chemo-attractants and chemo-repellants19, as 

well as insoluble signals located on other cells or in the extracellular matrix (e.g., 

laminin), which dictates axon migration speed and direction20,21. 

Schwann Cell Migration 

 Currently it is believed that Schwann cell (SC) migration precedes and enhances 

axonal repair in the peripheral nervous system22,23. Migrations from both the distal and 

proximal ends of neural muscular junctions have been observed in vivo22. Furthermore 

these migratory cells have been shown to guide axon reinnervation22, control synaptic 

formation24, and induce faster axon regeneration23. This has led to interest in 

understanding how different external cues presented by biomaterials interact with SC 

migration. 

 Soluble chemical factors affect SC migration at several different levels. Numerous 
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growth factors are known to mitigate SC migration. These include promoting growth 

factors such as nerve growth factor (NGF)25, glial growth factor II (GGF2)24,26, (79, 134), 

insulin-like growth factor 1 (IGF-1)27, and β neuregulin (βNRG)28 as well as inhibiting 

growth factors such as brain-derived neurotrophic factor (BDNF)29. In addition to growth 

factors, complex sugars and proteoglycans have been shown to promote SC migration30.  

 In addition to chemical factors, SC migration and maturation are affected by 

contact guidance via force mechano-transduction mechanisms.  Laminin 1, laminin 2 

(merosin), and fibronectin all interact with integrins to promote migration. Specifically 

Milner et al. showed that laminin 1 and 2 promote migration through β1 integrins, 

whereas fibronectin promotes migration through α5 integrins31. Furthermore, aligned 

collagen gels32 and collagen:poly([epsilon]-caprolactone) (C/PCL) gels33 have been 

shown to promote and orient migration. Mechanistically this contact guidance is thought 

to occur through mechano-transduction. Specifically, Chew et al.34 used microarray 

analysis to show that aligned SCs cultured on patterned substrates down regulate the 

expression of neurotrophins and neurotrophic receptors while up regulating the 

expression of myelin specific gene (P0). Furthermore, Rosner et al.32 showed that by 

introducing transforming growth factor – β1 (TGF β1) into cell culture medium, SCs 

could more acutely detect the aligned collagen fibrils through the up regulation of β1 

integrins. 

 SCs have multiple means by which they interact with electrical cues. Of these the 

most basic is their interaction with electrical cues through voltage-activated ion channels. 

They contain several types of voltage-activated ion channels including sodium channels, 
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two types of calcium channels (HVA Ca2+; LVA Ca2+), four types of potassium channels 

(Kir, KD, KA, Kca), and chloride channels. Ransom et al.35 showed that chloride channels 

play an important role in glioma cell migration and studies by Lascola et al.36 indicated 

that for glial cells Cl- channels are intrinsically connected to the cell’s cytoskeleton37. 

Furthermore, because calcium ions act as ubiquitous secondary messengers, calcium 

channels may influence SC migration; however, this is controversial as Ca2+ seems to be 

absent from SCs unless they are co-cultured with dorsal root ganglion (DRGs) explants38. 

SC migration is affected by several different types of extracellular cues. Therefore, a 

better understanding of how these cues integrate and interact to dictate SC behavior on 

proposed neural tissue engineering scaffolds is essential if we wish to better engineer 

superior biomaterials and scaffolds for future use.  

1.3 External Stimuli Effects on Neural Tissue 

Numerous environmental stimuli, including substrate topography39, growth 

factors40, chemical and structural components of the extracellular matrix (ECM)41, 

conducting materials42, and support cells43 have been investigated with the purpose of 

inducing axogenesis and axon guidance in neurons. Although some progress has been 

made in investigating neuronal behavior in response to competitive stimuli44, the cellular 

mechanisms that underlie the observed neuronal behavior have yet to be fully understood. 

Though topographical control of cells has been well documented45, mechanisms have yet 

to be identified that explain why topography is typically more dominant than 

immobilized chemical cues for stimulating neuronal polarization44,46. Moreover, axon 

decision making in the presence of competitive cues has not been fully investigated. This 
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problem is further complicated because most direct competition schemes used to 

investigate the distinct behavior between chemical cues and topographical cues present 

the chemical cue in an immobilized fashion (haptotactic) rather than the more favorable 

soluble form (chemotactic)46,47. Although there are proposed metabolic pathways for 

immobilized chemical factors, such as neurotrophins, it is difficult to isolate the effect of 

immobilized chemical cues versus topographical cues because almost all topographical 

cues, at some scale, present chemical signals and vice versa. This is problematic, as 

without a complete understanding of how competitive cues affect axon decision making, 

it will be difficult to fabricate an optimized engineered neural scaffold.  

Chemical Cues 

Neurotrophins are a group of growth factors that have been extensively used in 

investigating neuron development and behavior to extracellular stimuli48-50. 

Neurotrophins promote various behaviors in neurons, including trophic effects (i.e., 

neurite growth), chemotatic effects (i.e., neurite orientation), cell survival, and 

differentiation. NGF is the most studied and characterized neurotrophin and has been 

reported to play a role both in polarizing cells and guiding individual growth cones. 

Hippocampal cells exposed to NGF polarize faster possibly due to ceramide-based 

cascades produced through the binding of the p75NTR receptor1,2. On the other hand, NGF 

action on individual growth cones has been extensively investigated and related to 

increases of GTPases, Rac1 and Cdc42, mediators of actin polymerization in neurites51. 

In addition to trophic effects, NGF has a chemotactic effect on neurons, in which neurites 

sense gradients of growth factor and extend up the gradient toward higher 
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concentrations9. The advantage of studying NGF over other chemical cues is that NGF 

retains its biological activity when immobilized8,40. This allows the researcher, through 

surface functionalization techniques, to develop novel substrates that can be used to 

directly compare biologically active chemical cues (i.e., surface receptor-mediated cues) 

to other adhesive chemical cues (i.e., integrin-mediated cues)44.  Results from such 

studies can provide insight into the differences between surface-receptor mediated 

biological pathways and mechanosensory pathways that involve chemical factors that act 

via cytoskeletal machinery such as laminin, which is known to induce axogenesis7,14.  

Contact Cues 

Recent studies have demonstrated that physical structure and topography have 

significant effects on cellular behavior such as the spreading of fibroblasts52-54. 

Specifically for neurons, micron scale topography can promote contact guidance, which 

is observed in natural physical cues provided by glial cells12,55,56.  In an attempt to mimic 

the topographical features found in the body, artificial substrata have been designed with 

microstructures using lithographic techniques46. It is hypothesized that topography 

induces neuronal polarization as a result of local differences in tension that the growth 

cone experiences. The exact mechanism by which this occurs is not well understood. 

Therefore modeling and the use of computer simulations to understand complex natural 

phenomena may be useful to explain how neurons interact with external cues.  This topic 

is further explored in Appendix 1. 

Electrical Cues 

 Electrical cues have been observed in vivo to affect several levels of cell and 
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tissue behavior including metastasis57, wound healing58, prosthesis biocompatibility59,  

and several areas of neural tissue regeneration and development. With regards to the 

neural system, electromagnetic inputs have been reported to control growth, axon 

formation, synaptic reorganization, and guidance of various types of neurons60-62 as well 

as migration and release of neurotrophin63 by accessory glial cells. Furthermore, 

regenerating nerve tissues have been shown to generate electrical gradients at injured 

sites, which may be one mechanism to generate anisotropy and to regulate cellular signals 

for the promotion of targeted regeneration64. This has led to the consideration of electrical 

cues when designing biomaterials as scaffolds for nerve regeneration65.   

 Some interesting experiments have been reported in prior art about electrical 

stimulation for nerve regeneration. English et al. implanted nerve allografts and applied a 

constant voltage (0.5- 5 V) using stainless steel electrodes66.  Faster nerve regeneration 

and longer axon formation were recognized in the electrically stimulated spinal cords.  

The effects of electrical cues on cellular behavior are not as well understood as 

those from topographical (contact cues) and chemical cues. Proposed mechanisms for the 

effect of electrical cues on cellular behavior include:  redistribution of membrane 

proteins4 or biomolecules such as sialic acids67 in response to electrical field/current, 

decreasing membrane potentials which are more likely to cause membrane depolarization 

of neurons68, and preferential deposition of biomolecules such as fibronectin on 

electrodes5.  That said, much of this work comes from electric fields in solution rather 

than through biomaterial surfaces. Understanding the effect of electrical cues applied 

through biomaterial interfaces such as conducting polymer requires and justifies further 
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investigation in order to develop better therapeutic materials for nerve regeneration. 

1.4 Neural Tissue Engineering 

 More than 50,000 surgical procedures for peripheral nerve regeneration are 

annually performed in the United States69. In addition, over 1.5 million people are 

affected by traumatic brain injuries per year in the United States70. Damage to both the 

central nervous system (CNS) and the peripheral nervous system (PNS) are caused by 

degenerative diseases and injuries.  Given our understanding of how neural regeneration 

and development are affected by the cues described above it should be possible to 

modulate cellular behavior on artificial materials. This is in principle the goal of neural 

tissue engineering. Several approaches for neural tissue engineering have been attempted. 

Still despite significant amount of progress made by these approaches challenges still 

persist. 

 For the peripheral nervous system (PNS), autologous nerve grafts (autografts) are 

the gold standard for connecting the distal and proximal nerve ends. These grafts have 

proven to be successful for short nerve gaps; however, for larger nerve gaps these 

autografts have often resulted in loss of tissue at the donor sites and ineffective 

regeneration71,72.  

 As an alternative to autografts, researchers are attempting to design an ideal nerve 

guidance conduit (NGC) to bridge the gap of a severed nerve73. NGCs are aimed at 

guiding regenerating axons and preventing in-growth of scar-forming tissue from the 

outer side using both synthetic and natural materials74. Despite current theories of nerve 

regeneration suggesting that Schwann cell migration and secretion are crucial for 
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successful regeneration, most NGCs are optimized for guidance of axons rather than 

these cells.  In addition, as explained above electrical cues have been shown to affect 

mammalian cells yet very few NGCs contain inherent electrical cues. One proposed NGC 

material that does contain electrical cues are electroconducting polymer films. Chapter 2 

explores the use of electroconducting polymers for neural applications; while Chapter 4 

explores the effect these electrical fields have on Schwann cell migration and secretion.   
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CHAPTER 2. CONDUCTING POLYMERS FOR NEURAL TISSUE 

ENGINEERING APPLICATIONS 

________________________________________________________________________ 

2.1 Introduction 

 This chapter details general chemistry and properties of conducting polymers and 

their uses for neural applications. Since the conducting polymer polypyrrole (PPy) is the 

material that has been used extensively in these studies, this specific conducting polymer 

will be given more emphasis. However, for completeness a brief overview of other 

conducting polymers and their proposed applications will also be highlighted.  

 Conducting polymers (CPs) were first produced in the mid-1970s as a novel 

generation of organic materials that have both electrical and optical properties1. In the 

mid-1990s CPs were shown, via electrical stimulation, to modulate cellular activities, 

including cell adhesion, migration, DNA synthesis and protein secretion2-4. CPs exhibit 

many advantages over other conducting materials such as gold, iridium, and doped 

silicon that have been used in neural tissue engineering applications5, 6. These include 

being inexpensive, easy to synthesize, and versatile because their properties can be 

readily modulated by the wide range of molecules that can be entrapped or used as 

dopants. Common conducting polymers include PPy, polythiophene (PT), poly(3,4-

ethylenedioxythiophene) (PEDOT), and polyaniline (PANI)1. The chemical structures and 

conductivities of these conducting polymers in addition to several others are summarized 

in Table 2.1.  
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2.2 Polypyrrole 

Polypyrrole (PPy), a conducting polymer that is easily synthesized both 

chemically and electrochemically, has been investigated for use in neural probes7 and as 

scaffolds to promote axonal elongation for use in nerve guidance channels8, 9. Although 

conducting polymers and PPy in particular are well characterized1, 10, 11, there has been 

little effort made to link biologically-relevant polymer properties such as roughness, 

surface energy, and stability to cellular outcomes.  

Despite the many benefits of PPy, several application-relevant limitations exist including 

non-biodegradability, low surface roughness (depending on synthesis technique), lack of 

porosity, and poor material robustness.  This has motivated researchers to try to modify 

PPy or develop hybrid materials that address these limitations. These will be discussed 

later in this chapter.  

History of Polypyrrole 

PPy, which was first discovered and reported in the early 1960s12, is an inherently 

conducting polymer with interesting electrical properties. By incorporating anions into 

the polymer during synthesis, a process called doping, the resistivity of PPy is greatly 

reduced, giving it conductivity within the semiconductor range13-15. In general, PPy is an 

opaque, brittle, amorphous material, although its specific properties are influenced by the 

dopant16 and polymerization technique used, as well as a host of other variables. 

Investigators have explored various dopants, including common ions such as iodine, 

chloride, polystyrene sulfonate, tosylate, perchlorate, as well as more complex 

biomolecules such as biotin17, chondroitin sulphate18, and neurotrophins19, 20 with various 
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degrees of success. Due to the large variety of dopants available, it was important to 

determine what the effect of commonly used dopants had on biologically relevant 

polymer properties such that one could isolate the effect that electric fields had on 

cellular behavior versus other stimuli present. Therefore, in my dissertation I chose to 

characterize PPy electrochemical synthesis for three commonly used dopants, which are 

Cl, ToS, and PSS. All three dopants are water soluble, biocompatible, commonly used for 

biomedical applications, and vary greatly in molecular weight1, 7, 9, 17.  

Motivation for Polypyrrole as a Biomaterial 

Polypyrrole contains many beneficial properties for biomaterials such as 

biocompatibility, good conductivity, and ease of synthesis. Typical conductivities of 

oxidized PPy is reported as 40~200 S/cm1; however, depending on the dopant these 

conductivities can be much lower21.  In addition to affecting the conductivity, dopants can 

also affect a host of other biologically-relevant properties. These include modulating the 

Young’s modulus of electrically-synthesized PPy films from 30 to 1,000 MPa22, varying 

surface roughness of electrochemically synthesized polypyrrole films23 and changing the 

contact angle of the film24. It is this variability in properties relevant to their biomedical 

implants which motivated me to characterize their properties as a function of 

electrochemical synthesis.  The roughness of implant surfaces (measured at the 

nanometer to micrometer scale) affects cell adhesion by changing the surface area 

perceived by the cell26. Contact angle is a relative measure of surface energy, which also 

strongly affects cell adhesion25, 27. Conductivity and the stability of dopant/PPy 

interactions are important for the previously mentioned applications of neural probes and 
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nerve guidance channels, as well as any device using electricity for therapeutic or 

diagnostic purposes1. 

In addition to being affected by the electrochemical synthesis method chosen, PPy 

bulk and surface properties can be tailored by various techniques such as use of pyrrole 

derivatives28 and chemical/affinity immobilization of compounds29. This flexibility 

further enhances its interest as a biomaterial. Most importantly, PPy has drawn 

considerable attention as a biomaterial for tissue engineering because PPy-based 

biomaterials allow for precise transfer of electrical signals at the interface with local 

tissue 1, 30, 31. 

Polypyrrole Synthesis 

The large variety of ways to synthesize and modify the characteristics of PPy 

make this material attractive for a wide range of applications, but this flexibility also 

makes it difficult to select the best synthesis parameters for a specific application. PPy 

can be polymerized via chemical or electrochemical oxidation1. Electrochemical 

synthesis permits tighter control over polymerization and results in improved, although 

not ideal, polymer matrix robustness32 and higher material conductivity33, 34 versus 

chemical synthesis methods. Electrochemical synthesis of PPy requires a three-electrode 

configuration consisting of a working electrode (anode), a counter electrode (cathode), 

and a reference electrode. Figure 2.1 shows a typical three electrode cell.  The working 

electrode provides an oxidative potential which oxidizes pyrrole monomers into radical 

cations. These monomers then react with other monomers or radicals to form longer 

pyrrole chains. Previous studies have reported that PPy oligomers adsorb to the electrode 
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once their length makes them insoluble, with subsequent oligomers preferentially 

adsorbing to the PPy nucleation points 35. Figure 2.2 shows a mechanism for polypyrrole 

polymerization. 

Three modes of electrochemical polymerization may be performed by using 

constant current (galvanostat), constant voltage (potentiostat), or by changing voltage 

(cyclic voltammetry). Electrochemical synthesis results in a film of doped PPy being 

deposited on the working electrode (e.g., indium tin oxide (ITO) coated glass slide or 

gold-coated substrate) of a three electrode setup. The deposition process involves the 

nucleation of PPy around initial points and quickly spreads over the surface of the 

electrode; the electrode material has a large effect on the adhesion and spreading of PPy 

to the conducting substrate 10. The doping level, measured as a percentage of anions to 

monomer units, varies depending on the concentration of anions in solution, but typical 

values range between 25-30% 25.   

Despite drawbacks such as poor film integrity and reduced conductivity, there are 

benefits to chemically synthesizing polypyrrole including synthesizing bulk powder and 

coating non-conductive surfaces1. Pyrrole monomer can be oxidized using strong 

chemical oxidants such as FeCl3 and ammonium persulfate. The chemical oxidation 

causes formation of cationic radicals of pyrrole monomers and oligomers. These radical 

cations propagate until they reach their solubility limit where they precipitate in the 

reaction solution. Chemical polymerization has a similar mechanism to that of 

electrochemical synthesis36.  

Previous studies have also shown that solvent, pH, substrate, temperature, and 
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choice of doping anions during synthesis affect the final properties of PPy 10, 37-39. 

Unfortunately, all of these studies investigated only the effect of one or a few of these 

synthesis variables on the final properties of PPy. Therefore, an exhaustive study 

investigating how synthesis conditions affect biologically-relevant polymer properties 

such as roughness, surface energy, and stability is of interest. 

2.3 Polypyrrole Derivative and Hybrid Materials 

Despite its many advantages, PPy does have its drawbacks as a biomedical 

material for neural tissue engineering. These include not being biodegradable, low 

surface roughness (depending on synthesis technique), lack of porosity, and poor material 

robustness. In addition, immobilizing chemical cues through doping, while simplistic, 

results in significant loss of conductivity and loss of bioactivity24.  This has caused 

researcher to try to overcome PPy limitations by developing either PPy derivatives or 

PPy hybrid materials. 

Polypyrrole Derivatives 

  Pyrrole derivatives can be defined as compounds that have at least one branch at 

the pyrrole ring while maintaining the ability to form conjugated polymers. Branches are 

typically localized on the nitrogen or β-position of the pyrrole ring.  These derivatives 

have been synthesized to create new physicochemical40 and/or biological properties of 

PPy28. 

  Work has been performed on pyrrole derivatives to make polymerized products 

more soluble in organic solvents41,  including functionalization with macromolecules 

(e.g., polysaccharides, proteins, nucleotides)40, 42 or functionalization with functional 
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groups that can be modified after polymerization43, 44.  The major drawback of pyrrole 

derivatization is that changes in pyrrole structure and in the packing of the polymeric 

chains result in decreased conductivity1. For example, work conducted by Lee et al. on 

the synthesis of 1-2-(carboxyethyl)polypyrrole showed a four-order decrease in 

conductivity (~10-2 S/cm) versus its unmodified polypyrrole counterpart (~102 S/cm)40. 

Polypyrrole Hybrid Materials 

  A second approach to overcome the limitations inherent in PPy is to blend it with 

another material with a desired property. For the application of neural probes, groups 

have attempted to increase roughness and tissue integration of polypyrrole blends over 

pristine polypyrrole. For example, Cui et al. discovered that the incorporation of a silk-

like polymer containing cell-adhesive fibronectin fragments (SLPF) into 

electrochemically synthesized PPy neural probes resulted in very rough films45. 

Consequently, in addition to being cell adhesive, the increase in surface area of the PPy 

coated neural probes lowered impedance and therefore improved neuronal signal 

detection.  

  A second limitation of polypyrrole that groups have attempted to address through 

blending is mechanical robustness. Since blending (whether through doping or physical 

entrapment) polymers results in a hybrid material sharing the properties, to some extent, 

of both original polymers, research has been conducted to specifically improve the 

robustness of PPy (and other CPs) by blending PPy with polymers that have more 

favorable mechanical properties. For instance, Onoda et al. generated PPy-PVA 

composites that had improved mechanical robustness, while also maintaining good 
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conductivity; however, these composites also appeared to have low surface roughness 

(although this property was not characterized)46. PPy has also been blended with a 

methacrylate-, ethylene glycol-, and acrylamide-based hydrogel to create PPy composites 

with improved mechanical integrity and higher surface area47, 48. Other CPs have been 

blended with cellulose49, 50 to produce stronger films. Although much of this research has 

resulted in mechanically stronger PPy matrices, electrical properties and surface area are 

frequently unimproved and/or the process for composite preparation is complicated. Few 

efforts have been made to specifically improve both film robustness (and delaminating 

ability from the working electrode) and surface area using a facile preparation technique.  

I have developed a new straightforward, flexible method for creating electrochemically-

synthesized PPy films using polylactic-co-glycolic acid (PLGA) as a medium; the 

resulting films were mechanically robust, and therefore easily removed from the 

electrode surface if necessary, and had desirable (high) surface roughness, while 

maintaining good conductivity.  

  Finally, hybrid materials, specifically electro-spun fibers, have also been used to 

add a contact guidance component to proposed conduits. Lee et al. showed that axon 

establishment of embryonic hippocampal neurons culture on electrospun submicron 

polylactic-co-glycolic acid fibers was promoted51. In addition another limitation that has 

been addressed using hybridized materials is biodegradation. Shi et al. developed a PPy 

nanoparticle-polylactide (PLA) composite4  that degraded in vivo. However, to increase  

degradation  the amount of PPy in the biomaterial was minimized resulting in less than 

desirable conductivity.  
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2.4 Conclusion 

This chapter detailed the general chemistry and properties of conducting polymers 

and their uses for neural applications. Special emphasis was made for the conducting 

polymer polypyrrole as it is the material being used in the subsequent three chapters.  In 

the next chapter, an exhaustive study on how PPy synthesis affects PPy's basic polymeric 

properties (e.g., hydrophilicity, surface roughness), and how those properties affect cells 

is presented. 
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Table 2.1 Properties of common conducting polymers. Adapted from [8]. 
 
 Chemical Structures Conductivity 

(S/cm) [8] 

Polypyrrole (PPy) 

 

40-200 

Polythiophene (PT) 

 

10-100 

Poly(3,4-
ethylenedioxythiophene) 

(PEDOT) 

 

10-50 

Polyaniline (PANI) 

 

~5 

Polyfuran 

 

20-50 

Polyazulene 

 

10-2-10-1 
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Figure 2.1 A three electrode chemical cell used for electrochemically synthesizing 
polypyrrole (PPy). A three electrode cell was used to electrochemically synthesize 
polypyrrole:poly(styrene-4-sulfonate) films (black rectangle) on indium tin oxide 
electrodes.  A platinum mesh was used as a counter electrode and a saturated calomel 
electrode (SCE) was used as a reference electrode. 
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Figure 2.2 Mechanism for polypyrrole electrochemical synthesis. Pyrrole monomer is 
oxidized to give a radical cation species. This radical cation species can react with a 
neutral monomer species or radical cation oligomeric species to generate the polymer. 
Adapted from [1]. 
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CHAPTER 3. BIOCOMPATIBILITY IMPLICATIONS OF POLYPYRROLE 

SYNTHESIS TECHNIQUES 

________________________________________________________________________ 

 
3.1 Summary of Chapter 

Polypyrrole (PPy) is an inherently conducting polymer that has shown great 

promise for biomedical applications within the nervous system. However, to effectively 

use PPy as a biomaterial implant, it is important to understand and reproducibly control 

the electrical properties, physical topography, and surface chemistry of the polymer. 

Although there is much research published on the use of PPy in various applications, 

there is no systematic study linking the methodologies used for PPy synthesis to PPy's 

basic polymeric properties (e.g., hydrophilicity, surface roughness), and to the biological 

effects these properties have on cells. Electrochemically synthesized PPy films differ 

greatly in their characteristics depending on synthesis parameters such as dopant, 

substrate, and thickness, among other parameters. In these studies, we have used three 

dopants (chloride (Cl), tosylate (ToS), polystyrene sulfonate (PSS)), two substrates (gold 

and indium tin oxide-coated glass), and a range of thicknesses, to measure and compare 

the biomedically-important characteristics of surface roughness, contact angle, 

conductivity, dopant stability, and cell adhesion (using PC-12 cells and Schwann cells). 

As predicted, we discovered large differences in roughness depending on the dopant used 

and the thickness of the film, while substrate choice had little effect. From contact angle 

measurements, PSS was found to yield the most hydrophilic material, most likely because 

of free charges from the long PSS chains exposed on the surface of the PPy. ToS-doped 
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PPy films were tenfold more conductive than Cl- or PSS-doped films. X-ray 

photoelectron spectroscopy studies were used to evaluate dopant concentrations of PPy 

films stored in water and phosphate buffered saline over 14 days, and conductance 

studies over the same timeframe measured electrical stability. PSS proved to be the most 

stable dopant, though all films experienced significant decay in conductivity and dopant 

concentration. Cell adhesion studies demonstrated the dependence of cell outcome on 

film thickness and dopant choice. The strengths and weaknesses of different synthesis 

parameters, as demonstrated by these experiments, are critical design factors that must be 

leveraged when designing biomedical implants. The results of these studies should 

provide practical insight to researchers working with conducting polymers, and 

particularly PPy, on the relationships between synthesis parameters, polymeric properties, 

and biological compatibility. 

3.2 Background and Motivation 

Biomaterials must be carefully chosen and manufactured to interact favorably 

with biological systems. This is especially true within the nervous system, where neurons 

have been shown to respond to physical1-3, chemical4-6, and electrical7.8 cues, in addition 

to cellular signals. Polypyrrole (PPy), a conducting polymer that is easily synthesized 

both chemically and electrochemically, has been investigated for use in neural probes9 

and as scaffolds to promote axonal elongation for use in nerve guidance channels7,10. 

Although conducting polymers and PPy in particular are well characterized11-16, there has 

been little effort made to link biologically relevant polymer properties such as roughness, 

surface energy, and stability to cellular outcomes. This study seeks to begin filling this 
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gap in research by investigating three commonly used negatively charged dopants: 

chloride (Cl), tosylate (ToS), and polystyrene sulfonate (PSS). 

History of Polypyrrole 

PPy is an inherently conducting polymer with interesting electrical properties first 

discovered and reported in the early 1960s17. By incorporating anions into the polymer 

during synthesis, also called doping, the resistivity of PPy is greatly reduced, giving it 

conductivity within the semiconductor range18-20. In general, PPy is an opaque, brittle, 

amorphous material, although its specific properties are influenced by the dopant21 and 

polymerization technique used, as well as a host of other variables. Investigators have 

explored various dopants, including common ions such as iodine, chloride, polystyrene 

sulfonate, tosylate, perchlorate, as well as more complex biomolecules such as biotin22, 

chondroitin sulphate23, and nerve growth factor (NGF)24 with various degrees of success. 

The dopants chosen for this study, which are Cl, ToS, and PSS, are water soluble, 

biocompatible, commonly used for biomedical applications, and vary greatly in 

molecular weight7,11,25,26. The large variety of ways to synthesize and modify the 

characteristics of PPy make this material attractive for a wide range of applications, but 

this flexibility also makes it difficult to select the best synthesis parameters for a specific 

application.  

Polypyrrole Synthesis Parameters 

Besides chemical synthesis methods, electrochemical polymerization may be 

performed by using constant current (galvanostat), constant voltage (potentiostat), or by 

changing voltage (cyclic voltammetry). Electrochemical synthesis results in a film of 



 
 

36 

doped PPy being deposited on the working electrode (e.g., indium tin oxide (ITO) coated 

glass slide or gold-coated substrate) of a three electrode setup. The deposition process 

nucleates around initial points and quickly spreads over the surface of the electrode; the 

electrode material has a large effect on this adhesion and spreading12. Previous studies 

have reported that PPy oligomers adsorb to the electrode once their length makes them 

insoluble, with subsequent oligomers preferentially adsorbing to the PPy nucleation 

points27. The doping level, measured as a percentage of anions to monomer units, varies 

depending on the concentration of anions in solution, but typical values range between 

25-30%20,28. The details of electrochemical synthesis are covered in other papers12,27. 

Previous studies have also shown that solvent, pH, substrate, and temperature 

during synthesis affect the final properties of PPy12,13,29. Thanks to the solubility of 

pyrrole monomers, PPy may be synthesized in both aqueous and organic solvents, but 

comparisons across solvents are difficult because of changes in dopant solubility and pH. 

Since temperature is usually room temperature and pH is dictated by the solvent, this 

study focuses on the effects of dopant and substrate – the two synthesis parameters that 

are most easily manipulated and that have the greatest variability in the literature. Film 

thickness and roughness were assessed for three dopants, two substrates, and multiple 

polymerization times, and biocompatibility, conductivity, contact angle, and stability of 

the created PPy films were compared for the different dopants. All polymerizations were 

performed at room temperature using constant voltage in aqueous solvent (distilled, de-

ionized water) with neutral pH and 0.1 M concentrations of pyrrole and dopant – 

conditions that may be easily repeated in other laboratories. 
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Motivation for Polypyrrole as a Biomaterial 

The material properties measured in this study were chosen for their relevance to 

biomedical implants. The roughness of implant surfaces (measured at the nanometer to 

micrometer scale) affects cell adhesion by changing the surface area perceived by the 

cell. Contact angle is a relative measure of surface energy, which also strongly affects 

cell adhesion30. Conductivity and the stability of dopant/PPy interactions are important 

for the previously mentioned applications of neural probes and nerve guidance channels, 

as well as any device using electricity for therapeutic or diagnostic purposes. 

To assess biocompatibility, we tested the viability of two cell cultures, rat PC-12 

and Schwann cells, on PPy films made with different dopants. PC-12 cells were chosen 

because of their use in previous studies and their neuron-like behavior, since many 

proposed uses of PPy are within the nervous system7,9. Schwann cells were used because 

their migration into a wound site precedes axon repair, making them an important 

consideration when designing implants for the peripheral nervous system. Because the 

phenotypic responses of PC-12 cells and Schwann cells are sensitive to adhesion and 

surface topography, these two cell types are also good indicators of the effects of subtle 

differences in the surface energy and roughness of the underlying substrate. 

Despite the volume of theoretical studies and characterizations performed for PPy, few 

studies provide comparative information of biomedically-relevant parameters. By 

electrochemically synthesizing films with controlled characteristics and examining the 

resulting cellular response, our goal was to create better, more refined biomaterials for 
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specific applications. We will also provide practical guidelines and observations from our 

experience in working with PPy films.  

3.3 Materials and Methods 

Materials 

Pyrrole, reagent grade, 98%, and the dopants, sodium p-toluene-sulfonate, 95% 

grade, poly(sodium4-styrene-sulfonate) (PSS), 70,000 Daltons average molecular weight, 

and sodium chloride, ACS reagent, were purchased from Sigma-Aldrich, St. Louis, MO. 

Platinum gauze for electrochemical deposition was purchased from Aldrich, Milwaukee, 

WI. Indium tin oxide (ITO)-coated unpolished float glass slides (25 × 75 × 0.5 mm, 30-

60 Ω) were purchased from Delta Technologies, Stillwater, MN, and frosted pre-cleaned 

microscope slides were purchased from Stuart Scientific, Greensburg, Pennsylvania. 

Isopropanol (1-Propanol), 99%, was purchased from Sigma-Aldrich. Fisherbrand plates 

and Pasteur pipettes were used throughout the experiments. All other chemicals used 

were 98% reagent grade or better. 

Polypyrrole Synthesis 

To create gold-coated slides, an Edwards Auto 500 thermal evaporator was used 

to deposit chromium and gold onto untreated, frosted, pre-cleaned microscope slides. The 

slides were further cleaned by sonication in distilled, deionized water for 10 minutes, 

followed by sonication in isopropanol, and were stored in isopropanol until use. Between 

4-8 nm of chromium was first thermally deposited on the surface of the microscope slide, 

followed by thermal deposition of 40 nm of gold.  
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Next, pyrrole monomer was purified by passing it through an aluminum oxide 

column. Three dopant types (Cl, ToS, PSS) were used to synthesize three types of 

polypyrrole films on two different substrates (ITO and gold). For the synthesis, an 

aqueous solution of 0.1 M pyrrole and 0.1 M dopant anions was used in combination with 

a three electrode electrochemical setup. Since PSS is a poly-anionic molecule capable of 

doping PPy in many locations, the anion concentration (0.1 M) of PSS was used for 

comparison with the other two mono-anionic species (Cl, ToS) rather than the molecular 

concentration (~283 μM). 

For the three-electrode setup, a gold-coated or ITO-coated slide with an accessible 

surface are of 7.5 cm2 (25 mm slide width by 30 mm) was used as the working electrode. 

A platinum mesh (20 mm by 30 mm) served as the counter electrode, and a saturated 

calomel electrode was used as the reference electrode. An oxidizing potential of 720 mV 

supplied by a potentiostat (CH Instruments, electrochemical analyzer) was used for all 

PPy polymerization reactions. The passage of charge was recorded to test its correlation 

with thickness, as initially proposed by Diaz and Hall. (1983). 

The macroscopic surface area of each film was measured using a ruler and the 

films were then rinsed extensively with deionized water for 10 minutes. Once properly 

rinsed, the films were kept under vacuum overnight to dry. 

Physical Property Characterization of PPy Films 

Film thickness and roughness measurements were performed using a Dektak 6M 

Stylus Profiler (Veeco) profilometer. Two parallel scratches were made on the PPy film 
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approximately 2 mm apart, and the average step height was calculated between the 

scratches on the film. The roughness was calculated using Equation 1: 

 

 ∫=
L

q dxxy
L

R
0

2)(1   [1]  

 

where L is the distance between the scratches and y(x) is the average height above or 

below the median line for any given position. For all of our profilometer scans, we 

maintained an in-plane sampling resolution of 0.5 µm as defined by the scan speed and 

data sampling rate. The thickness measurement accuracy of the profilometer is reported 

as +/- 0.1 nm. The films were then tested for surface energy using a goniometric setup, 

with a Navitar CV-M30 camera and Edmund Optics test stand. 5 μL of reagent grade 

water was placed on the surface of the film, and 5 images were acquired 15-30 seconds 

after the droplet touched the surface of the polypyrrole. The average contact angle from 

these images was calculated.  

Electrical Conductivity Characterization of PPy Films 

Electrical conductivities of the polypyrrole films, ranging in thickness from 0.29 – 

1.6 μm, were measured using a Jandel four-point probe (1.0 mm tip spacing) with a CH 

Instruments, electrochemical analyzer and a Lucas Labs resistivity test stand. The sheet 

resistivity was then calculated using Equation 2: 
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where I [amperes] is the current passed between the two inner electrodes, V [volts] is the 

voltage across the two outer electrodes, and Rs [Ohms/square] is the sheet resistivity. To 

accurately measure electrical conductivity of PPy, it is essential to remove the conducting 

polymer films from the underlying conducting gold or ITO substrates. From our 

experience, the most effective method for removing the films from the conducting 

substrates is using double-sided tape and to place the exposed side of the tape onto the 

surface of a glass slide, a technique with some precedence in the literature (Mabrouk 

2005). Other possible methods we have tested in the past include using a razor blade to 

peel the films off the conducting substrate or backing the film with poly-dimethylsiloxane 

(PDMS) to aid in removal. When using a razor blade the fragile films tend to roll up on 

themselves because of their high surface energy. In using PDMS, we found that PDMS 

can leach through the film and prevent good contact with the four-point probe. Removal 

with double-sided tape was a practical method to move the film to an insulating substrate 

without causing damage to the film. From our comparisons, the presence of the tape did 

not alter the conductivity of the film. 

Using the thickness, t [cm], taken from previous profilometer measurements, the 

conductivity, σ [Siemens/cm], for a given film was then calculated using Equation 3: 

 

 
tRs *

1
=σ   [3] 
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Dopant Stability 

 X-ray photoelectron spectrographs (XPS) and conductance measurements were 

taken over a two week period for films submerged in either 1 X PBS (pH ~ 7.4) or DDI 

water (~ 18 MΩ) to determine the dopant stability of PPy films. PBS was chosen because 

it resembles physiological salt concentrations. For XPS, eight thick films (84 mC/cm2) 

were eletrochemically synthesized for each of the three dopants used in this manuscript. 

Each film was then washed for five minutes in DDI water and dried in a vacuum 

desiccator overnight. Immediately after drying, small portions of each film were removed 

and measured using XPS to calculate a baseline doping level. The remainders of each of 

the films were placed in a Petri dish and submerged in either PBS or DDI water. Two, 

seven, and fourteen day time points were also taken by removing additional portions of 

the films at each time point. Core level X-ray emissions were measured for N(1s), S(2p), 

Cl(2p), and Na(1s) for each of the samples. The doping ratio was then calculated as a 

ratio between the dopant anion (S or Cl) and pyrrole ring nitrogen (N). In each sample, 

low sodium levels verified that proper washing of the films had taken place. 

 For conductance measurements, eight thick films (84 mC/cm2) were 

electrochemically synthesized for each of the three dopants used in this manuscript. All 

films were allowed to dry in a vacuum desiccator overnight. Films were removed with 

double-sided tape, cut into equal halves, and put into a watertight well setup. The well 

setup was created by putting a polydimethylsiloxane (PDMS) layer on a glass slide and 

then stacking on top the PPy film, two silver wires along opposing edges of the PPy film, 

a second layer of PDMS with a 1 x 1.5 cm square removed from the center, and finally a 
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polycarbonate well. All layers were held together by wrapping the edges with electrical 

tape. This setup ensured a watertight seal to minimize leakage while allowing 

conductance measurements to be taken in situ. Initial conductance measurements were 

taken, the wells were filled with PBS or DDI water, and a second set of conductance 

measurements were obtained to account for changes in conductance due to the solution. 

Over a two week period of time, additional measurements were acquired to observe the 

conductance decay. All measurements were taken by passing a small DC current through 

the silver wires and measuring the resulting voltage. The direction of the current was then 

switched and the voltage measured again. The strength of the current used was always 

adjusted to produce a voltage between 10 and 100 mV. The conductance value was then 

determined by dividing the current by the average voltage. 

Cell Culture and Cell Viability Characterization 

Schwann cells and rat pheochromocytoma PC-12 cells were cultured on PPy to 

determine film property effects on cell viability. Both cell types were cultured on six 

films, thin (10.7 mC/cm2) and thick (84 mC/cm2) films for each dopant (Cl, ToS, PSS) on 

ITO slides. For the PC-12 cell experiment, sterile polycarbonate wells with inner 

dimensions of 1.0 x 1.5 cm2 (made in-house) were secured onto the films with UV-

sterilized high vacuum grease (Dow Corning, Midland, MI). For the Schwann cell 

experiments, wells with inner diameters of 9 mm were made from sterile Press-to-Seal 

Silicone Isolators (Grace Bio Labs, Bend, OR) and were secured onto films with UV-

sterilized high vacuum grease. Before culturing cells, the wells attached to polypyrrole 

films on glass were sterilized for 30 minutes using UV exposure and washed for 10 
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minutes using 1 mL phosphate buffered saline (PBS) for the large wells and 100 µL PBS 

for the small wells. 

Rat pheochromocytoma PC-12 cells from American Type Culture Collection 

were selected for this study because of their ability to differentiate into a neuronal 

phenotype after exposure to nerve growth factor (NGF). PC-12 cells were maintained in 

F12K medium with 10% horse serum and 5% fetal bovine serum on collagen-coated 

polystyrene tissue culture dishes (2.75 μg rat tail Collagen I per 10cm diameter dish, 

Sigma-Aldrich, St. Louis, MO). Cells were exposed to 50 ng/mL NGF (2.5S Murine, 

Promega, Madison, WI) for 5 days prior to seeding on PPy substrates, changing medium 

on the third day, and maintained in a humid 37°C, 5% CO2 incubator. Cells were 

detached using 0.25% Trypsin-EDTA, resuspended and triturated before seeding the cells 

at 20,000 cells per well (13,000 cells/cm2). Cultures grown on PPy were maintained in 

300 μL of medium containing serums, NGF, and 1% penicillin/streptomycin/ 

amphotericin B (PSA) for 24 hours. 

Schwann cells were also selected for this study because Schwann cell migration 

precedes axon regrowth at a neural injury site. Cells were isolated from P4 neonatal rat 

sciatic nerves using a modified Brockes method to obtain 95% cell purity as measured by 

S-100 immunostaining. Schwann cells were maintained in high glucose DMEM medium 

with 10% fetal bovine serum, 3 μg/mL of bovine pituitary extract (Invitrogen, Carlsbad, 

CA), and 2 μM forskolin (Sigma-Aldrich, St. Louis, MO) on 10 cm diameter poly-l-

lysine (PLL) coated tissue culture dishes (2 μg/cm2, Fisher Scientific, Pittsburgh, PA). 

Cells were cultured to 70-80% confluency, then detached using 0.25% Trypsin-EDTA 
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and seeded at 6000 cells per well (9,500 cells/cm2). Cultures grown on polypyrrole were 

maintained in 100 μL of medium containing serum, supplements, and 1% PSA for 24 

hours.  

Measurement of PC-12 and Schwann cell viability on polypyrrole was assessed 

using a luminescent ATP detection assay (CellTiter Glo, Promega, Madison, WI). The 

wells were aspirated and then incubated with 100 μL of fresh medium and 100 μL of 

detection reagent. After 30 minutes, the supernatant was pipetted into a 96-well plate and 

analyzed with a luminescent microplate reader (FLx800, BioTek Instruments, Inc., 

Winooski, VT). Calibration curves for luminescent values correlating to cell numbers 

were created for each experiment.  

Leached products from thick PPy substrates were used to examine cytotoxic 

effects on Schwann cells. Sterile Silicon Isolator wells were secured onto thick PPy films 

and onto PLL-coated tissue culture dishes with UV-sterilized high vacuum grease. Wells 

on PPy films and Schwann cells seeded on PLL plates were both incubated 24 hours at 

37°C with 100 uL of media containing serum and supplements. Following the 24 hour 

incubation, media was aspirated from the Schwann cell cultures and replaced with media 

incubated on the thick PPy films. After cells were cultured for another 24 hours, cell 

viability was measured using an ATP assay. 

Statistics and Error Propagation 

In all calculations, the general relation of propagation of uncertainty was used. To 

determine statistical significance, an n of three or greater was used for all characterization 

techniques. Standard error was reported for all relevant figures. Two-tailed Student t-tests 
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were performed for each of the values of interest for cell studies, contact angle studies, 

and conductivity studies. Statistically significant groups in Figures 3, 5 and 8 are 

identified at the 0.05 level with different letters (A, B, or C); groups with the same letter 

are not statistically significant. Only comparisons that had a p-value of 0.05 or less were 

considered statistically significant.  

3.4 Results and Discussion 

PPy Film Thickness 

Film thickness is an important parameter to consider for cell studies either in vivo 

or in vitro. The electrochemical polymerization of PPy was reported19 to be a 

stochiometric process, with between 2.2 and 2.4 electrons passed per monomer unit 

polymerized. The slight variability in the process depends on the doping level of the 

film19. Unfortunately, subsequent studies suggest that other factors may affect the "yield" 

or efficiency of this reaction, such as oligomers that remain in solution and undesired side 

reactions27. With these findings in mind, our goal was to assess how well film thickness 

may be predicted using standard electrochemical synthesis techniques.  

Figure 3.1 illustrates the correlation between film thickness and charge passed 

per unit area in a log-log plot. A linear trend was fitted to the data with the y-axis 

intercept set to zero. The linear fits for ToS- and PSS-doped films have similar slopes for 

both substrates and R2 values greater than 0.83. Chloride-doped films produced the 

steepest slope (seen as a parallel line shifted upwards in a log-log plot) for both 

conductive substrates, demonstrating that Cl-doped films grow much thicker than PSS- or 

ToS-doped films. Chloride-doped film growth also had very low correlation with charge 
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passed, yielding R2 values of 0.53 for gold and 0.77 for ITO substrates. This translates to 

an average error of 26%, 36%, and 183% between the calculated thickness and the actual 

thickness for PSS-, ToS-, and Cl-doped films, respectively. Perhaps more interesting, 

however, is the observation that for the same amount of charge passed, Cl-doped films 

are over twice as thick as PSS- or ToS-doped films when polymerized on a gold substrate 

and roughly eight times as thick when polymerized on ITO. 

Theoretical, stochiometric calculations were performed based on the equation 

given by Stankovic, et al.31 to compare experimental thickness measurements to their 

predicted values. The slopes of the regression lines in Figure 1 along with theoretical 

values are shown in Table 3.1. Since electropolymerization of PPy requires the passage 

of two electrons per pyrrole ring plus an electron for each dopant ion incorporated, the 

thickness, Th, of the films per charge passed per unit area should be given by: 
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where Q0 is the charge passed, A is the surface area of the working electrode, d is the 

density of doped PPy, y is the degree of polymerization, and Mm and Ma are the 

molecular weights of the pyrrole repeat unit and the dopant anion respectively. Gamma 

(γ) represents the efficiency of the applied current and p is the degree of polymerization. 

The slopes reported in Table 1 use the approximations that γ=1, that p is very large, that 

y=0.3, and that d=1.5 g/mol. Experimental observations for the film growth of ToS- and 
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PSS-doped PPy are relatively near stochiometric predictions, but Cl-doped PPy films 

were thicker than predicted, especially for higher charge passed per area values. Previous 

studies using ClO4 as the dopant have also reported films thicker than theoretical 

predictions31, postulating decreases in density as the primary cause.  

It is well known that synthesis current densities (charge passed per area per time) 

have significant effects on film morphology and conductivity31-33. The main difference 

between the substrates used, ITO and gold, is conductivity. As a result of the higher 

conductivity of gold, electrochemical synthesis on gold substrates tends to occur faster 

than on ITO. Figure 3.2 shows that the current density is indeed greater for those films 

synthesized on gold than those synthesized on ITO for all dopants. Furthermore, Figure 1 

shows a tight distribution on both substrates for all dopants except chloride. Other 

studies33,34 also report that current density during synthesis affects chain length and chain 

disorder, which may explain some of the variability observed when correlating thickness 

to charge passed for Cl-doped films. The optimal current density found by Stankovic for 

tosylate-doped films of 1 mA/cm2 aligns well with the median value found for films 

synthesized on gold substrates. 

Contact Angle Measurements 

The water contact angle of smooth surfaces is a relative measure of the surface 

energy of the material35. Materials with higher surface energies (i.e., materials that are 

more hydrophilic) exhibit better cell adhesion30. Water contact angles for relatively 

smooth films (less than 50 nm root mean squared roughness in our case) for each of the 

dopants were used to compare surface energy as a function of dopant type. These smooth 
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samples were chosen since roughness is a source of error for contact angle 

measurements35. Figure 3.3 shows that PPy films doped with PSS, a polyanionic 

molecule, have more hydrophilic surfaces than those films doped with monoanionic 

dopants such as Cl and ToS. This result is expected and is likely explained by the fact 

that free charges are present in the longer strands of PSS in the PSS-doped films whereas 

no such free charges exist in the Cl- and ToS-doped films. 

Surface Roughness 

Since roughness is an important consideration for cell adhesion, changes in 

roughness as a result of different dopants and different thicknesses must be taken into 

account. We noticed that film growth on our two substrates, gold and ITO, were distinct, 

so comparisons between substrates were also expected to show differences. Also, since 

the roughness of an amorphous material inherently contains a high level of variance, this 

analysis is descriptive of general trends and cannot be used to reproducibly generate films 

with a specific roughness. 

Figure 3.4 shows how roughness increases with thickness for the three dopants 

used; in addition, three typical thickness profiles of thick films obtained using 

profilometry are shown. PSS-doped PPy was by far the smoothest material, with 

roughness remaining almost constant for all thicknesses. Qualitatively, while observing 

the polymerization on the substrate, the PSS-doped PPy film grew evenly across the 

substrate. The fact that PSS-doped PPy adsorbs uniformly on the electrode (with more 

nucleation points) may be caused by the large PSS dopant polyanion adsorbing to the 

electrode and providing a favorable surface for further PPy adsorption27. For thin 
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samples, ToS-doped PPy also maintains essentially constant roughness, but samples 

thicker than a few hundred nanometers increase in roughness as they become thicker. 

Chloride-doped PPy films were much rougher than PSS- and ToS-doped PPy, and 

roughness rapidly increased with thickness. Roughness values obtained are within the 

range of previously published values obtained by scanning tunneling microscopy36. From 

observation, Cl-doped PPy films deposited unevenly during polymerization and usually 

started from only a few nucleation points. When comparing the roughness of samples 

between the gold and ITO substrates, no significant change in roughness was observed 

(data not shown). Although differences in the growth and macroscopic uniformity of the 

films were observed, this did not significantly affect the micrometer scale roughness. 

Mabrouk37 also report no correlation between substrate and surface morphology on the 

nanometer scale based on atomic force microscopy (AFM) data. 

Conductivity Measurements 

Figure 3.5 shows the conductivity of PPy films for the three dopants tested. ToS-

doped PPy films have conductivities ten times higher than either PSS-doped or Cl-doped 

films. The conductivity measured for tosylate-doped films correlates well with the 60 Ω-

1cm-1 value reported by Maddison and Unsworth32. Films that were doped with PSS had 

slightly higher conductivities than Cl-doped films. Since ToS is fundamentally a 

monomer unit of PSS, the observed difference in conductivities between PSS- and ToS-

doped films is likely the result of lower doping levels in PSS-doped films. Due to steric 

hindrances, only a fraction of the charges on a strand of PSS will be able to effectively 

dope PPy aromatic rings. The remaining charges, although entrapped in the film, will not 
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increase the conductivity of the film. For ToS ions, however, it is possible for every 

incorporated ion to dope the film. The difference in conductivity between Cl-doped and 

ToS-doped films is likely caused by multiple factors. Cl has roughly a sixth of the mass 

of ToS, and diffuses out of the films quickly, as supported by the XPS and conductivity 

measurements reported in Figure 8. The washing and drying protocol implemented likely 

reduced the conductivity of the Cl-doped films more than that of ToS-doped films. Our 

own experience and other previous studies38,39 indicate that the conductivity of ToS-

doped films is more stable than Cl-doped films. As reported by Vernitskaya and 

Efimov27, the size and nucleophilicity of the dopant anion itself affects the electrical 

conductivity as well, making ToS-doped PPy more conductive. 

Dopant Stability 

PPy owes its high conductivity to the dopant ions that serve as an electrical bridge 

between polymer molecules. Loss of stability in these doping interactions, therefore, 

leads to a loss in conductivity. For long-term, conductive implants, such as neural probes, 

stable doping is of paramount importance. Two techniques were employed to test PPy 

doping stability from an electrical perspective and a chemical composition perspective. In 

the first, PPy films were stored at room temperature in PBS and DDI water for 0-14 days 

and their conductance was measured daily. In the second technique, PPy films stored at 

room temperature in PBS and DDI water for zero, two, seven, and fourteen days were 

analyzed using XPS measurements for nitrogen, sodium, sulfur and chlorine. Since PPy 

contains one nitrogen atom per monomer unit, the doping ratio of PPy can be calculated 

by dividing the number of dopant ions (either sulfur or chloride in our case) by the 
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number of nitrogen atoms. In the context of XPS measurements, the ratio of atomic 

concentration percentages was used to calculate the doping ratio.  

Figure 3.6 shows XPS and conductance data for PPy films in water and PBS. For 

PSS-doped films, it should be noted that XPS measurements capture each anion in the 

molecule whether it is actually doping the film or just sterically bound to the surface. 

XPS data indicate that some PSS was lost over the first few days, but then stabilized. 

Conductance, however, continued to decrease over time, indicating that even though 

anions were entrapped within the film, they slowly lost their doping interactions. The 

continued degradation in conductance for PSS-doped films can likely be attributed to the 

reduction of the nitrogen in the PPy backbone. The conductance and XPS data show that 

both ToS- and PSS-doped films decayed faster in PBS than in DDI water. This is 

believed to be caused by ions in solution that may either displace dopant ions or 

extinguish the charge interactions between PPy and dopant. The Cl-doped PPy 

conductance decayed more rapidly in DDI water than in PBS because the diffusion 

gradient existing in water was greater than in PBS solution. Unfortunately, this was not 

verified by the XPS data, as the chloride atomic composition in the polymer effectively 

reached zero for both solutions within two days.  

Cell Studies 

PPy films of two thicknesses, thin (10.7 mC/cm2 of charge passed, ~150 nm 

average thickness) and thick (84 mC/cm2, ~650 nm average thickness), and with each of 

the three dopants were compared in terms of their ability to support cell growth. Figure 

3.7a shows phase contrast images of PC-12 cells cultured on the three different PPy 
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substrates. Qualitatively this figure shows that differences in cell spreading did occur for 

our different substrate conditions. PC-12 cells are able to clump together and survive 

through cell-cell interactions without attaching to the substrate, which can partially mask 

differences in cell viability. As such Schwann cells were chosen as a comparative study. 

Figure 3.7b shows corresponding phase contrast images of Schwann cells. Different cell 

morphologies can qualitatively seen for each of the dopants used (inset). Schwann cells 

grown on PSS-doped PPy seem to prefer a thin, spindle-like morphology, whereas films 

doped with the other two dopants seem to prefer alternative more spread morphology. 

Figures 3.8a and 3.8b show that regardless of the cell type used, ToS- and PSS-doped 

thick films resulted in lower cell adhesion versus their corresponding thin film (p < 0.05). 

Leaching studies were performed with Schwann cells and revealed that medium 

incubated on thick ToS films resulted in significantly lower cell numbers, confirming that 

leached dopant molecules may contribute to this decrease (data not shown). Thick 

chloride films performed as well or better than thin films. As leaching of chloride is not 

cytotoxic in these quantities, surface roughness may help promote cell adhesion on thick 

Cl-doped films. Comparing across dopants with PC-12 cells, thick chloride films 

performed the best (p < 0.05). It is interesting to note that negative surface charges on 

PSS-doped films, which have been known to promote protein adsorption and subsequent 

cell adhesion40-42, do not exhibit a significant effect on cell viability of PC-12 cells. On 

the other hand, for Schwann cells thick PSS-doped PPy films are statistically better than 

thick ToS-doped films (p < 0.05). This is of particular importance as serum proteins such 
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as fibronectin and laminin I and II are known to have significant effects on Schwann cell 

behavior, including migration43,44.  

3.5 Conclusions 

PPy is an extremely versatile and promising material for biomedical applications; 

however, to create a film with tightly controlled properties such as roughness, thickness, 

and conductivity, the synthesis process must be well refined and the dopants incorporated 

must be carefully chosen. This study demonstrated that different dopants yield vastly 

different materials properties, which could be important for different biomedical 

applications. For example, in situations requiring high conductivity, such as electrode 

coatings, ToS-doped PPy films are far more conductive than PSS- or Cl-doped PPy films. 

On the other hand, PSS-doped PPy maintains its composition over long periods of time 

and has a smoother, more hydrophilic surface, making it a good candidate for longer term 

implants such as neural probes. Chloride has high surface roughness for thicker films, 

which enhances cell viability, but this material also de-dopes rapidly. With regard to 

electrochemically synthesizing films of a specified thickness, charge passed per unit area 

is a marginal indicator of thickness for PSS- and ToS-doped PPy films, but a poor 

indicator for Cl-doped films. Further investigation is required to explain this variability, 

but we conclude that the practice of reporting charge passed to infer film thickness has 

poor accuracy and is insufficient for applications requiring high precision. The cell 

viability studies showed the importance of both dopant and film thickness, with dopant 

leaching and film surface roughness playing dominant roles in the differences observed. 

As PPy becomes more widely used in a variety of settings with a variety of synthesis 
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parameters used, the most important conclusion may be that careful control over the 

synthesis process is required to consistently produce films or coatings with desired 

characteristics. 
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Table 3.1. Relationship Between PPy Film Thickness and Charge Passed per Area 
 
Dopant Film Growth Rate on 

ITO Substrates 
(nm/mC/cm3) 

Film Growth Rate on 
Gold Substrates 

(nm/mC/cm3) 

Theoretical Film 
Growth Rate 

(nm/mC/cm3)* 
Cl 34.5 8.72 2.27 
ToS 4.91 3.47 3.50 
PSS 3.72 3.47 3.61 
 

*Calculated from Equation [4] (Stankovic, et al. 1994). 
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Figure 3.1 Correlation Between PPy Film Thickness and Charge Passed per Area. 
Thicknesses in nanometers versus charge passed per area are plotted in a log-log plot for 
all three dopants for both ITO (a) and gold (b) conductive substrates. A linear correlation 
was observed for all three dopants for each of the conductive substrates, but Cl-doped 
films exhibited high variability, demonstrating that charge passed is not a good indicator 
of thickness for Cl-doped films. ToS and PSS dopants yielded similar slopes, whereas Cl-
doped films yielded slopes eight fold (ITO; a) and two fold (gold; b) higher, indicating 
that the relationship between thickness and charge passed is highly dependent on both 
dopant and substrate. For all dopants, films grown on ITO films were thicker than films 
grown on gold for equal quantities of charge passed per unit area. This change in yield 
may be related to deposition rate (also measured as current densities). 
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Figure 3.2 Histograms of the Average Current Density (charge passed/(area*time)) 
in Electrochemical Syntheses. Syntheses on ITO (light gray) and gold (dark gray) are 
shown for Cl-doped films (a), ToS-doped films (b), and PSS-doped films (c). Gold 
electrode substrates consistently resulted in higher current density and thus higher 
deposition rates, which may impact the yield or efficiency of the amount of material 
polymerized for a given charge passed. The higher variability in the current density 
during Cl-doped film synthesis may relate to high variability of film thicknesses 
observed. All syntheses were performed under the same conditions: 0.1 M concentration 
of pyrrole and dopant ions, room temperature, neutral pH, and aqueous solvent (distilled, 
de-ionized water). 
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Figure 3.3 Contact Angles for PPy Films. The contact angle for PPy films with Cl and 
ToS dopants are statistically more hydrophobic than PSS-doped PPy films. This is likely 
a result of the free charges found on the longer PSS strands in PSS-doped films. 
Statistically significant groups are identified at the 0.05 level with different letters (A or 
B) above each bar graph. (For Cl and ToS, n=4. For PSS, n=7) 
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Figure 3.4 PPy Film Roughness. Roughness values at various thicknesses for the three 
dopants: Cl (a), ToS (b), and PSS (c). The roughness of Cl-doped films increases with 
thickness, whereas the roughness of PSS-doped films remains almost constant for all 
thicknesses measured. Films synthesized on ITO substrates are denoted as hollow 
symbols, and films on gold substrates are shown as solid symbols. No significant 
difference was observed between these groups. Typical profilometer measurements of Cl-
doped PPy (d), ToS-doped PPy (e), and PSS-doped PPy (f) are shown as a qualitative 
example of the differences in topography.  
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Figure 3.5 Conductivity as a Function of Dopant. Conductivity measurements of 
doped PPy films demonstrate that ToS-doped films are ten times more conductive than 
PSS- or Cl-doped films. PSS-doped films have a slightly higher conductivity than Cl-
doped films. Since PSS is fundamentally a polymerized form of ToS, this difference in 
conductivity most likely relates to the entrapment of a proportion of PSS ions that do not 
actually dope PPy. For a PSS molecule in a PPy film, steric hindrances only allow a 
fraction of the anions on the molecule to contribute to the conductivity of the film. ToS 
ions, in contrast, are able to move more freely to allow stronger doping interactions with 
PPy. On the other hand, the small size and high solubility of chloride make it a less stable 
dopant, and the washing steps of our protocol may have disrupted the doping interactions, 
resulting in de-doping and thus less conductive Cl-doped films. Statistically significant 
groups are identified at the 0.05 level with different letters (A or B) above each bar graph. 
(n = 5) 
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Figure 3.6 Dopant Stability in Physiological Conditions. Conductance measurements 
of thick PPy films (84 mC/cm2) doped with each of the three dopants (Cl, ToS, and PSS) 
immersed in either DDI water (a) or PBS (c) are shown over a fourteen day time period. 
The doping ratios (ratio of dopant ions to pyrrole rings) calculated from X-ray 
photoelectron spectrographs show chemical composition data for films stored in water (b) 
or PBS (d). For PSS, both XPS and conductance data show a decrease over the first few 
days with conductance data continuing to decrease over the entire period even though the 
chemical composition stabilizes. This suggests that even though PSS molecules remain 
entrapped within the film they slowly lose their doping interactions. The conductance and 
XPS data show that both ToS- and PSS-doped films decay faster in PBS than in DDI 
water because of salt interactions. Because of the larger diffusion gradient, Cl-doped 
films degraded faster in DDI water than in PBS. 
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Figure 3.7 Phase Contrast Images of Cell Cultures on PPy Films. (a) PC-12 cells 
were cultured for 24 hours on sterilized films and phase contrast images were taken for 
both thin films (10.7 mC/cm2 of charge passed) and thick films (84 mC/cm2). 
Qualitatively this figure shows that differences in cell spreading did occur for our 
different substrate conditions. PC-12 cells tend to aggregate and survive as a result of 
cell-cell interactions without attaching to the substrate, which can partially mask 
differences in cell viability. Scale bar = 250 μm. (b) Schwann cells were cultured for 24 
hours on sterilized films and phase contrast images were taken for thin films (10.7 
mC/cm2 of charge passed). Different cell morphologies are observed for each of the 
dopants used (inset). Schwann cells grown on PSS-doped PPy adopted a thin, elongated 
bipolar morphology whereas cells on Cl- and ToS-doped films exhibited a spread 
morphology. Scale bar = 250 μm. Inset Scale bar = 50 μm. 
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Figure 3.8 Cell Viability on Thick and Thin PPy Films. For all samples, Schwann (a) 
and PC-12 (b) cells were cultured for 24 hours on sterilized films. Viable cell numbers 
were calculated by luminescent ATP detection using a calibration curve. Regardless of 
the cell type used, ToS- and PSS-doped thick films (84 mC/cm2) resulted in lower cell 
adhesion compared to their corresponding thin films (10.7 mC/cm2 of charge passed). 
Thick chloride films performed as well or better than thin films, possibly because of 
changes in surface roughness. (a) Schwann cells cultured on thick and thin films of each 
dopant type (average ± standard error). A PLL-coated plate was used as the positive 
control. Statistically significant groups are identified at the 0.05 level with different 
letters (A, B, or C) above each bar graph. n = 16. (b) PC-12 Cells cultured on thick and 
thin films of each dopant type (average ± standard error). A collagen-coated plate served 
as the positive control. Statistically significant groups are identified at the 0.05 level with 
different letters (A, B, or C) above each bar graph. n = 9. 
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CHAPTER 4. SCHWANN CELL RESPONSE ON POLYPYRROLE 

SUBSTRATES UPON ELECTRICAL STIMULATION 

 
4.1 Summary of Chapter 

Current injury models suggest that Schwann cell migration and guidance are 

necessary for successful regeneration and synaptic reconnection after peripheral nerve 

injury. The ability of conducting polymers such as polypyrrole to exhibit chemical, 

contact, and electrical stimuli has led to much interest in their use for neural conduits. 

Despite this interest very little research has investigated the effect that electrical 

stimulation using polypyrrole has on Schwann cell behavior. Here we investigate the 

mechanism by which Schwann cells interact with polypyrrole in the presence of an 

electric field. We explored the effect that adsorption of different serum proteins on 

polypyrrole upon the application of an electric field has on Schwann cell migration and 

secretion of key biomolecules (i.e., NGF, BDNF, and CNTF). The results show an 

increase in average displacement with electrical stimulation, resulting in a net anodic 

migration. Moreover, indirect effect of protein adsorption due to the oxidation of the film 

upon the application of electrical stimulation was shown to have a larger effect on 

migration speed than on migration directionality. These results suggest that SC migration 

speed is governed by integrin mediated interactions with adsorbed proteins; whereas SC 

migration directionality is governed by electrically mediated phenomena.   These results 

will prove invaluable in optimizing conducting polymers for their different biomedical 

applications such as nerve repair.  
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4.2 Background and Motivation 

Currently it is believed that Schwann cell (SC) migration precedes and enhances 

axonal repair in the peripheral nervous system1, 2. Migration from both the distal and 

proximal ends of injury sites have been observed in vivo2. Furthermore these migratory 

cells have been shown to guide axon reinnervation2, control synaptic formation3, and 

induce faster axon regeneration1. This has led to interest in understanding how different 

external cues presented by biomaterials impact SC migration. 

 Soluble chemical factors affect SC migration at several different levels. 

Numerous growth factors are known to mitigate SC migration. These include growth 

factors that promote migration such as nerve growth factor (NGF) 4, glial growth factor II 

(GGF2) 3, 5, insulin-like growth factor 1 (IGF-1) 6, and β neuregulin (βNRG) as well as 

growth factors that inhibit migration such as brain-derived neurotrophic factor (BDNF) 7. 

In addition to growth factors, complex sugars and proteoglycans have been shown to 

promote SC migration8.  

 Contact guidance and force mitigated mechano-transduction also have an 

important role in SC migration and maturation.  Laminin 1, laminin 2 (merosin), and 

fibronectin all interact with integrins to promote migration. Specifically Milner et al. 

showed that laminin 1 and 2 promote migration through β1 integrins, whereas fibronectin 

promotes migration through α5 integrins9. Furthermore, aligned collagen gels10 and  

collagen:poly([epsilon]-caprolactone) (C/PCL) gels11 have been shown to promote and 

orient migration. Mechanistically this contact guidance is thought to occur through 

mechano-transduction. Specifically, Chew et al. 12 used microarray analysis to 
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demonstrate that aligned SCs cultured on patterned substrates down regulate the 

expression of neurotrophins and neurotrophic receptors while up regulating the 

expression of myelin specific gene (P0). Furthermore, Rosner et al. 10 showed that by 

introducing transforming growth factor – β1 (TGF β1) into cell culture medium, SCs 

could more acutely detect the aligned collagen fibrils through the up regulation of β1 

integrins. 

 SCs have multiple means by which they interact with electrical cues. Of these the 

most basic is their interaction with electrical cues through voltage-activated ion channels. 

SCs contain several types of voltage-activated ion channels including sodium channels, 

two types of calcium channels (HVA Ca2+; LVA Ca2+), four types of potassium channels 

(Kir, KD, KA, Kca), and chloride channels. Ransom et al. 13 showed that chloride channels 

play an important role in glioma cell migration and studies by Lascola et al.14  indicated 

that for glial cells Cl- channels are intrinsically connected to the cell’s cytoskeleton. 

Furthermore, because calcium ions act as ubiquitous secondary messengers, they may 

influence SC migration; however, this is controversial as Ca2+ seems to be absent from 

SCs unless co-cultured with DRGs. SC migration is affected by several different types of 

extracellular cues. Therefore, a better understanding of how these cues integrate and 

interact to dictate SC behavior on scaffolds that contain multiple stimuli is essential in 

engineering superior biomaterials and scaffolds for future use. 

Polypyrrole (PPy), a conducting polymer that is easily synthesized both 

chemically and electrochemically, has been investigated for use in neural probes 15 and as 

a scaffold to promote axonal elongation for use in nerve guidance channels16. Moreover, 
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this biomaterial inherently contains all three types of stimuli (i.e., electrical, physical, 

chemical) described above. The extent by which these stimuli are present has been well 

characterized for different synthesis paradigms16-18. Despite this there has been little 

effort made to link the degree by these stimuli present on the conducting polymer affect 

cellular outcomes.  

Recent studies show that Schwann cell (SC) migrations from dorsal root 

ganglions are affected by electrical stimulation on PPy:PLGA wet spun hybrid fibers19. In 

addition, another study has shown that electrical stimulation through a PPy:Chitosan 

blend up regulates SC secretion of NGF and BDNF20.  However, both studies used hybrid 

materials and/or co-cultures that simultaneously exhibit chemical, contact, and cellular 

stimuli, thus making it difficult to assess the direct effect of electrical stimuli via PPy on 

SC behavior. Moreover, a parametric study evaluating the effect different electrical fields 

transmitted through PPy and the indirect effect of protein adsorption on PPy has on 

Schwann cell behavior has yet to be accomplished.  As such, we believe that a detailed 

understanding of Schwann cell migration on PPy is warranted.   

4.3  Materials and Methods 

Polymer Synthesis and Substrate Assembly 
 

Polypyrrole was synthesized electrochemically (ΔVSCE = 0.72 V) in an aqueous 

media containing pyrrole monomer (0.1 M) and polystyrene sulfonate anions as dopants 

(0.1 M) using a three electrode cell (Figure 4.1). The accessible surface area of the 

indium tin oxide-coated (ITO) working electrode was restricted to 12.5 cm2. The passage 
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of charge (135.68 mC) was used to monitor the polymerization reaction to control film 

thickness (109 nm) and roughness (10 nm).  

Synthesized films were rinsed with DDI water and allowed to dry overnight. To 

serve as electrodes during stimulation, copper tape was placed 25 mm apart on the 

polypyrrole films. The films were then affixed using polydimethysiloxane (PDMS) to the 

bottom of previously cut 10 cm diameter petri dishes (Figure 4.2). The PDMS was then 

allowed to cure for 12 hours before sterilization and cell culture was performed. For 

sterilization, a 20 minute UV exposure and two 10 minute washes with 70 % filtered 

(0.22 µm) ethanol were performed. 

 
Schwann Cell Isolation and Culture 
 

Cells were isolated from P4 neonatal rat sciatic nerves using a modified Brockes 

method to obtain 95% cell purity as measured by S-100 immunostaining. Schwann cells 

were maintained in high glucose DMEM medium with 10% fetal bovine serum, 3 μg/mL 

of bovine pituitary extract (Invitrogen, Carlsbad, CA), and 2 μM forskolin (Sigma-

Aldrich, St. Louis, MO) on 10 cm diameter tissue culture dishes coated with poly-l-lysine  

(PLL, 2 μg/cm2, Fisher Scientific, Pittsburgh, PA). Cells were cultured to 70-80% 

confluency, then detached using 0.25 % trypsin-EDTA and seeded at 10,000 cells per 

PPy substrate. Cultures grown on polypyrrole were cultured with 1 % PSA in addition to 

the cell medium. 

Time Lapse Imaging 

PPy films at different oxidation states were pre-incubated individually with three 

different proteins (fibronectin (FN), laminin (LN), Nerve Growth Factor (NGF)) at 
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concentrations known to affect Schwann cell (SC) migration. These conditions can be 

seen on Table 4.1.  Next, 10,000 SCs in 1 mL of culture medium were allowed to adhere 

for 30 minutes to the polypyrrole film in an incubator. After which the remaining 9 mL of 

medium was added to the dish and the entire dish placed in a time lapse chamber (37oC, 5 

% CO2) and connected to a potentiostat (CH Instruments). Cell adhesion was then 

monitored using an Olympus IX70 microscope (10 X magnification) in conjunction with 

the SensiCam plug-in from Image J (NIH) for 2 hours.   Next, cells were subjugated to a 

2 hour electrical stimulation; migration both during stimulation and 16 hours post-

stimulation was monitored. Table 4.1 shows the conditions for electrical stimulation 

during time lapse; though it should be noted that for these conditions no pre-stimulation 

was performed only pre-incubation with the protein of interest.  After the 20 hour cell 

incubation, cell medium was saved for post-analysis and cells were fixed using 4 % 

paraformaldehyde (30 minutes, 37oC). Immunohistochemistry for SC specific S-100 as 

well as DAPI nuclear stain was performed. S-100/DAPI ratios were calculated to verify 

that culture purity was maintained at above 95%. An S-100 count in nine equally-sized 

quadrants spanning the entirety of the substrate was used to calculate total number of SCs 

per substrate to use in normalization of protein secretion data. Time lapse movies were 

analyzed for average displacement, migration speed, and directionality. 

To determine migration directionality, an arrow was drawn on the bottom of the 

ITO slide to mark the location of the anode. This arrow was imaged prior to the time 

lapse recording. For each time lapse movie, individual cells were translated to the origin 

and the resultant net displacement vector (i.e., average displacement vector) was drawn 
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from the origin. The resultant angle between this vector and the anode was then 

calculated for each cell track (Figure 4.4.a). All cell tracks for each substrate condition 

were then binned into four equally sized quadrants (i.e., working electrode, counter 

electrode, right, or left; Figure 4.4.b). 

Protein Dot Assays 
 
 PPy slides were synthesized as described above. For those without electrical 

stimulation a PAP pen was used to create a hydrophobic barrier. Protein solutions (i.e., 10 

µg/mL FN, 10 µg/mL LN, 50 ng/mL NGF, or 10% FBS growth medium) were prepared. 

Slides were then placed in an incubation chamber to minimize evaporation. For each 

solution one slide was used and three 40 µL dots were deposited on the PPy slide. In 

addition each slide had one Dulbecco’s Phosphate-Buffered Saline (DPBS) dot as a 

control. The incubation chamber was placed inside of an incubator (37oC) for 2 hours. 

The subsequent slides were washed three times with DPBS. Samples were then incubated 

with their corresponding antibodies in 3% goat serum overnight at 4oC. The primary 

antibodies were for FN monoclonal mouse anti-FN (1:100), for LN rabbit anti-LN 

(1:100), and for NGF rabbit anti-mouse NGF (1:200). For the 10% FBS growth medium 

all three antibodies were used. Following the primary antibody incubation, a secondary 

antibody incubation was performed for 1 hour at room temperature.  The secondary 

antibodies and their dilutions were Alexa 488-conjugated anti-mouse IgG (1:600, 

Molecular Probes), Alexa 568-conjugated anti-rabbit IgG (1:300, Molecular Probes), and 

Alexa 568-conjugated anti-rabbit IgG (1:200, Molecular Probes) for fibronectin, laminin, 

and NGF respectively. After the 1 hour incubation, three washes with DPBS were 
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performed. Samples were then mounted with 1:1 glycerol:PBS solution, inverted, and 

imaged using an Olympus IX70 fluorescence microscope (20 X magnification). 

  For those films that were electrically stimulated, two strips of copper tape were 

placed 25 mm apart to serve as working and counter electrodes. A polycarbonate well 

was affixed onto the PPy slide using PDMS. Each substrate was placed into an incubator 

and connected to a potentiostat before protein dots (40 µL) were added. For each protein 

solution (i.e., LN, FN, NGF, 10% FBS) three dots on one slide were used and incubated 

for 2 hours at 37oC while an electrical field (0.1 V) was administered.  Primary, 

secondary antibody incubation and imaging were performed as described above. 

 Each sample was imaged using an Olympus IX70 fluorescence microscope. For 

each dot, nine images were acquired such that the entire dot was spanned. In addition, an 

image was taken of the PPy with no protein and PPy incubated with DPBS for controls.  

The exposure for each condition was kept constant at 200 ms.  The experiment was 

repeated three times.  

SDS Elution and Micro-BCA 

Pre-adsorbed protein was eluted from the PPy films using 4 % sodium dodecyl 

sulfate in DPBS. 25 mm2 PPy substrates were electrochemically synthesized (95.38 mC 

charge passed). Copper tape was placed 25 mm apart, and polycarbonate wells were 

affixed to the films using PDMS. Cell medium containing 10% fetal bovine serum was 

incubated (37oC) on top of the film for 2 hours for the non-stimulated controls. For 

stimulated films, a voltage of 0.1 V was applied across the films while they were being 

incubated. Afterwards, films were washed twice with DPBS with each wash taking 5 
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minutes. This was done to remove non-specifically bound proteins. Finally, 1 mL of 4% 

SDS was incubated at 37oC for 1 hour on top of a 25 mm2 PPy substrate. 150 µL of 

solution was then used to run the micro-BCA assay according to the manufacturer’s 

(Thermo Scientific, Rockford, IL) protocol. 

NGF, BDNF and NT-3 ELISAs 
 

After the 20 hour time lapse microscopy, the Schwann cells were counted and the 

culture medium was collected to determine the quantity of NGF, BDNF, and CNTF 

secreted by the cultured Schwann cells. Cell culture supernatants were centrifuge (300 x 

g) and assayed using an ELISA kit following the manufacturer’s instructions (Promega 

Emax Immunoassay). The plates were read at 450 nm and analyzed using a microELISA 

reader (Synergy HT). The concentrations of NGF, BDNF, and CNTF secreted by 

Schwann cells were normalized to cell number in each group. 

Statistical analysis 
 

In all calculations, the general relation of propagation of uncertainty was used. To 

determine statistical significance, an n of three or greater was used. Standard deviation 

was reported for all relevant figures. Two-tailed student t-tests were performed for each 

of the values of interest. Data comparisons with a p-value < 0.05 were considered 

statistically significant 

4.4 Results and Discussion 

Time lapse movies of Schwann cells (SCs) cultured on PPy subjected to electrical 

stimulation were acquired over 20 hours (Figure 4.3a and Figure 4.3b).  SCs showed an 

increase in both average displacement and migration speed upon the application of 
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electrical stimulation (0.1 V, 2 hours, Figure 4.4) versus un-stimulated collagen controls. 

Moreover, in the presence of stimulatory protein (FN, LN, or NGF) the application of 

electrical stimulation statistically (n=4, p<0.05) increased the average displacement of 

SCs versus the non-stimulated controls (Figure 4.4). It is noteworthy to mention that in 

both cases (non-stimulated and stimulated) SCs did have a statistical increase (n=4, 

p<0.05) in net migration speed versus both the electrical stimulation and un-stimulated 

collagen controls. However, for both the pre-incubated and non-pre-incubated substrates 

no statistical increase in average displacement was observed between substrates subjected 

to electrical stimulation.   

Next, to investigate the effect that different electric fields have on SC migration 

speed, average displacement, and directionality for three different electric fields (i.e., 0.1, 

0.5, 1.0 V) were analyzed. The average displacement of the SCs shows a maximum value 

at the 0.5 V e-stimulation (e-stim) condition (Figure 4.5.a). This maximum however is 

not statistically significant between the 1 V and 0.5 V conditions.  All stimulation 

conditions showed a statistical increase in average displacement versus the no stimulation 

and un-stimulated collagen-coated controls. Figure 4.5.b shows that the migration speed 

had a statistical maximum at 0.5 V. All stimulation conditions produced a statistical 

increase in migration speed versus the no stimulation and collagen coated controls. In 

addition, PPy no stimulation control showed a statistical increase in migration speed 

versus the PPy coated un-stimulated collagen control. This is likely due to the fact that 

without previously adsorbed proteins on the PPy films more stimulatory proteins from 

serum could adsorb on the un-stimulation control than the un-stimulated collagen control.  
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To determine directionality of the migration paths upon the application of electrical 

stimulation, the migration paths were binned into four equally-sized quadrants. The 

resultant migration was anodal (i.e., towards the working electrode, W.E.) and reached a 

maximum directionality at the 0.5 V condition (Figure 4.5.c). The no stimulation 

condition produced cell migration that was statistically equal in all directions. 

It is well known that increased adsorption of proteins occurs upon the application 

of electrical stimulation21. In addition LN, FN, and NGF are cues known to promote SC 

migration both in vitro and in vivo4, 8.  Moreover, all three of these factors are known to 

exist in measurable quantities in serum-containing cell medium. As such, it was of 

interest to assess what the effect pre-stimulation during protein incubation had on SC 

average displacement and migration speed. In addition, to determine the extent by which 

this pre-stimulation effects SC average displacement and migration speed two different 

protein concentrations and three different electric fields were tested.  There is no 

statistical increase in average displacement over the entire voltage range tested for a 

single protein concentration (Figure 4.6.a-c).  For all three proteins, the higher 

concentration yielded an increase in average displacement. For one condition (LN 1.0 V), 

a statistical increase does exist between the higher and lower concentrations.  While there 

was no general trend for the average displacement as a function of pre-stimulation 

condition, trends were observed for migration speed (Figure 4.6.d-f). For the lower 

protein concentrations (i.e., 10 µg/mL LN, 10 µg/mL FN, 50 ng/mL NGF) migration 

speed increased with increasing voltage. These differences in migration speed were 

statistically significant. This is consistent with the hypothesis that incomplete surface 
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coverage of proteins on the surface of the film permits more stimulatory proteins to 

adsorb to the film upon oxidation of the film through electrical stimulation. For the 

higher protein concentrations (i.e., 100 µg/mL LN, 100 µg/mL FN, 100 ng/mL NGF) 

different behavior for different proteins were observed. Figure 4.6.d shows that for the 

higher concentration of LN (i.e., 100 µg/mL) the maximum migration speed was 

observed for the 0 V pre-stimulation condition and had a statistical decrease for each 

subsequent voltage condition. Several possibilities exist for this behavior. One 

hypothesis, is that the over adsorption of stimulatory proteins caused SCs to become 

immobilized on the film. Another hypothesis is that a change in LN conformation upon 

the application of an external electric field caused LN to no longer have a stimulatory 

affect on SC behavior. Since the application of an external electric field on previously 

incubated PPy substrates seems to only induce a statistical decrease in migration speed at 

the higher voltages (i.e., 1.0 V; Figure 4.7.f) it is possible that an interplay between these 

two phenomena is occurring for this condition. Figure 4.6.e shows that the application of  

an electric field during pre-incubation has an optimal effect at the 0.5 V condition for the 

higher concentration of FN; whereas, the optimal migration speed was observed at 0.1 V 

for the higher concentration of NGF.  For FN it is possible that an over oxidation of the 

PPy film resulted in an over adsorption of stimulatory protein resulting in a decrease in 

SC migration at voltages above 0.5 V. Given that a maximum in migration speed was 

also observed at the 0.5 V condition on previously incubated PPy substrates (Figure 

4.7.d) it is also possible that a conformation change resulted in a stimulatory effect 

whereas an overly strong electric field reversed that stimulatory effect. To elaborate, it is 
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known that FN exposes hidden epitopes upon the application of specific cellular forces20. 

It is possible that the application of an external electric field causes FN to expose hidden 

domains that promote SC migration and that an overly strong electric field results in 

either destruction of those epitopes or masking of those epitopes through the adsorption 

of more proteins on the film.  For the higher protein concentration NGF coated substrates 

(i.e., 100 ng/mL) where electrical stimulation was applied during cell culture, SC 

migration speed was statistically invariant as function of voltage applied (Figure 4.7.e). 

As such, it is most likely that the maximum migration speed that occurs in the pre-

stimulated conditions (Figure 4.6.f) was due to the adsorption of an optimal amount of 

NGF and not due to any conformational changes.  

To further elucidate the effect that electrical stimulation had on films that were 

previously adsorbed with stimulatory proteins, electrical stimulation was performed 

during time lapse microscopy. Cells were allowed to adhere for 3 hours before a 2 hour 

electrical stimulation was performed and allowed to migrate for 15 hours post electrical 

stimulation. Figure 4.7 shows average displacement and migration speed for SCs as a 

function of electrical stimulation for high and low pre-adsorbed protein conditions.  For 

the higher concentration of FN (100 µg/mL; Figure 4.7.a), there was a statistical 

difference in average displacement between stimulated conditions (i.e., 0.1, 0.5, 1.0 V) 

and non-stimulated conditions. Although there was no statistical difference in average 

displacement between the stimulation conditions, a maximum occurred at the 0.5 V 

condition. A similar trend was observed for the lower concentration of FN (10 µg/mL).  

All stimulation conditions resulted in a higher average displacement. In addition, there 
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was a statistical difference between the 0.5 V condition and the 0.1 V condition. 

However, no statistical difference was observed between the 1.0 V condition and both the 

0.5 V and 0.1 V conditions as a result of high variability between sample sets.  

Figure 4.7.b illustrates the average displacement for SC migration on NGF- 

coated PPy.  A clear maximum occurred for the higher concentration of NGF (100 

ng/mL) at 0.5 V and is statistically different from both the 0.1 V and 1.0 V.  Similarly, an 

apparent maximum was observed at the 0.5 V condition for the lower concentration of 

NGF (50 ng/mL); however, this maximum is not statistically significant from the 1.0 V 

condition. Despite this it is clear that the application of electric field does influence the 

average displacement of migrating SCs in the presence of NGF. The average 

displacement for LN showed a unique trend among the three protein solutions. An 

apparent maximum average displacement value at 0.5 V was observed for the lower 

concentration of LN (10 µg/mL; Figure 4.7.c). However, this apparent maximum was not 

statistically significant from the 0.1 V and 1.0 V conditions. The higher concentration of 

LN (100 µg/mL) produced a distinct maximum in average displacement at 0.5 V with a 

rapid decrease in average displacement for the 1.0 V condition. DAPI and S-100 staining 

post-migration revealed no significant cell death. However, cell migration speed 

decreased both when a 1.0 V electrical stimuli was applied directly to the cells (Figure 

4.7.f) and when a 1.0 V electrical stimuli was applied during prestimulation (Figure 

4.6.d).  

Upon the application of electrical stimulation, Schwann cell migration increased 

monotonically for the lower protein concentrations (Figure 4.7.e-f).  LN, FN, and NGF 
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are components of serum-containing medium. It is possible, therefore, that at the lower 

protein concentration there was insufficient surface coverage and the increase in cell 

migration speed during electrical stimulation was a result of the adsorption of additional 

stimulatory proteins. For the higher protein concentrations, a maximum was observed for 

the FN 0.5 V condition (Figure 4.7.d); however no statistical differences were seen for 

the high NGF over the entire stimulation range (Figure 4.7.e). For LN there was no 

statistical difference between the first two stimulation conditions (i.e., 0.1 and 0.5 V) and 

the no stimulation control in migration speed (Figure 4.7.f); however, as previously 

mentioned a decrease in migration speed is observed at the highest voltage condition (1.0 

V).  

To test whether the increase in average displacement resulted in migration 

directionality, the migration paths were binned into four equally-sized quadrants (Figure 

4.8.a-b). Migration toward the working electrode (anodal migration) was observed for all 

conditions (Figure 4.8.c-h).  The optimal voltage for directionality was around 0.5 V. For 

most conditions, there was no statistical difference between the fraction of cells migrating 

toward the anode for the 0.5 V versus the 0.1 V or 1.0 V condition. However, taking into 

consideration the average displacement in combination with migration directionality, the 

data suggest that the electric field at 0.5 V directed cellular migration more than that at 

1.0 V. This is further supported by Figure 4.9, which suggests that this directionality is 

caused by a larger current being sustained over a larger time domain for the 0.5 V than 

for the 0.1 and 1.0 V conditions.  This is possibly the result of over oxidation of the PPy 
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film upon the application of an electric field greater than 0.5 V, which is consistent with 

previous studies23. 

Immunofluorescence was used to assess whether an increase in protein adsorption 

was measurable upon the application of electrical stimulation and which proteins 

adsorbed onto the PPy film during cell culture. A qualitative increase in protein 

adsorption was observed between the non-stimulated and stimulated conditions (Figure 

4.10.a,b).  Figure 4.10.c shows that levels of proteins adsorbing from the 10 % FBS are 

comparable to those protein levels produced during the lower concentration protein pre-

incubation. The data suggest that LN versus FN and NGF is preferentially adsorbed from 

cell culture medium. However, due to conformational changes that can and probably do 

occur during adsorption, the actual levels of functional proteins may be drastically 

different.  In addition, using SDS to remove proteins adsorbed during pre-stimulation we 

determined protein concentration levels using a micro-BCA assay (Figure 4.11). The 

results confirm that electrical stimulation does increase protein levels versus no 

stimulation.  

From the saved supernatant, protein secretion levels were measured using an 

Enzyme-Linked Immunosorbent Assay (ELISA) for NGF, ciliary neurotrophic factor 

(CNTF), and brain derived neurotrophic factor (BDNF) for pre-stimulated films that had 

LN, NGF, and FN adsorbed to them.  There was a statistical increase (n=3, p<0.05) in 

NGF levels for all three conditions (Figure 4.12). However, no increase in BDNF or 

CNTF levels was observed.  
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4.5 Conclusions 

In this chapter, we have investigated the mechanism by which Schwann Cells 

interact with polypyrrole in the presence of an electric field. Electrical stimulation 

increased average displacement resulting in a net anodic migration.  Current transmitted 

through the conducting materials is hypothesized to be a mitigating factor in the net 

anodic migration as the optimal condition for directionality was 0.5 V, which 

corresponded to the greatest amount of current conducted through the material. 

Moreover, the indirect effect of protein adsorption possibly due to the oxidation of the 

film with electrical stimulation was shown to contribute largely to migration speed rather 

than migration directionality.  An increase in the oxidation state of the PPy through pre-

stimulation resulted in increased levels of adsorbed proteins. Schwann cells interact with 

these increased levels of proteins by secreting more NGF.  These results will prove 

invaluable in optimizing conducting polymers for their different biomedical applications.  

One such biomedical application is the use of PPy as a neural conduit. The data presented 

here suggest that for optimal regeneration the PPy conduit should present stimulatory 

proteins such as NGF on the surface of the material and have the current go towards the 

distal end of the conduit during electrical stimulation. This would result in SCs quickly 

migrating from the proximal end of the injury to the distal end. This directed increase in 

SC migration to the distal end would result in an increase rate of neural regeneration and 

possibly an increase in functional recovery. In the next chapter, I will discuss the creation 

of novel polypyrrole:poly(lactic-co-glycolic acid) that addresses some of the limitations 

(e.g., insufficient signal to noise ratios) of polypyrrole in neural interfaces.  
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 Table 4. 1 Electrode Stimulation Conditions. 
 

 0 V 0.1 V 0.5 V 1 V 
Fibronectin 

(µg/mL) 
10 10 10 10 
100 100 100 100 

 
NGF 

(ng/mL) 
50 50 50 50 
100 100 100 100 

 
Laminin 
(µg/mL) 

10 10 10 10 
100 100 100 100 

 
Control 
(µg/mL) 

0 0 0 0 
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Figure 4.1 Three-electrode cell. A three electrode cell was used to electrochemically 
synthesize polypyrrole:poly(styrene-4-sulfonate) films (black rectangle) on indium tin 
oxide electrodes.  A platinum mesh was used as a counter electrode and a saturated 
calomel electrode was used as a reference electrode. 
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Figure 4.2 Polypyrrole (PPy) substrate used for Schwann cell time lapse experiments. A 
poly(styrene4-sulfonate) doped polypyrrole film was affixed using poly(dimethylsiloxane) 
(PDMS) to the bottom of a 10 cm petri dish with a 20 mm hole. Copper tape served as working and 
counter electrodes for electrical stimulation pre-cell incubation and during cell incubation. 
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Figure 4.3 Representative phase contrast micro-graphs of time lapse experiments. 
(a) Neonatal P5 Schwann cells cultured on PPy:PSS substrates pre-incubated in 10 
µg/mL fibronectin (FN) solutions with no post or prestimulation. Images are 3 hours 
apart. (b) Cells cultured on PPy:PSS substrates pre-incubated in 10 µg/mL FN solution 
with electrical stimulation (0.5 V, 2 hours) during time lapse. Images are 3 hours apart; 
the first image is 1 hour before electrical stimulation, and the second image is just after 
electrical stimulation. Arrow indicates the direction of the current. Scale bars = 250 µm. 
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Figure 4.4 Electrical stimulation directs SCs but does not affect migration speed. 
Migration speed (top) showed no statistical difference between the electrically-stimulated 
and un-stimulated films (black vs. grey). Average displacement (bottom) does show a 
statistical difference between the electrically stimulated and un-stimulated films (black 
vs. grey).  Different letters mean statistically distinct groups (n=4, p<0.05). 
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Figure 4.5 An optimal voltage exists for stimulating Schwann cells through the 
conducting polymer PPy. (a) Average SC displacement from their original coordinates 
(t=0) shows that all electrical stimuli promote directionality of migration compared to un-
stimulated controls with an apparent optimum at 0.5 V (n= 4, p<0.05). (b) Migration 
speed for electrically stimulated substrates were statistically greater than for SCs on un-
stimulated controls with an optimum at 0.5 V (n=4, p<0.05). (c)  Anodic migration (i.e., 
towards the W.E.) is observed with a statistical  optimum at 0.5 V (n=4, p<0.05). 
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Figure 4.6 Increasing levels of stimulatory proteins affects migration speed but not 
directionality of Schwann cell migration. (a-c) There is no statistical increase in 
average displacement over the entire pre-stimulation range for one protein condition. (d-
f) For the lower protein concentrations a statistically significant increase in migration is 
observed at increasing voltages. For the higher protein concentrations a maximum in 
migration was observed at a specific voltage or 0 V (LN) condition. 
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Figure 4.7 Electrical stimulation on previously coated PPy films during Schwann 
cell culture has distinct effects on directionality and migration speed. (a-c) SC 
average displacement has a maximum at 0.5 V. (d-f) SC migration speed for each of the 
protein condition.  
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Figure 4.8 Electrical stimulation on pre-adsorbed PPy substrates results in Schwann 
cell anodal (i.e., toward W.E.) migration. (a,b) Binning protocol for assessing cell 
migration directionality. (c-h) Statistically significant fractions of cells migrate towards 
the working electrode rather than any other quadrant versus the 0 V control (N=4, 
p<0.05). 
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Figure 4.9 Current profiles of electrical stimulation show that the 0.5 V condition 
has the largest sustained current. Current profiles were recorded for the electrical 
stimulation through PPy during cell culture. The results show that the 0.5 V electrical 
stimulation condition yielded the largest sustained current. It is hypothesized that this is 
due to over oxidation of the PPy film at the 1 V condition and a lower driving force for 
current for the 0.1 V condition. 
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Figure 4.10 Key proteins adsorb onto PPy substrates. a) No LN control. b) 0 V control 
during LN adsorption (100 µg/mL, 2 hours). c) 0.1 V stimulation during LN adsorption 
(100 µg/mL, 2 hours).d) Adsorption of LN, FN, and NGF from cell culture medium is at 
comparable levels with those used in preadsorption (10 µg/mL of LN and FN, 50 ng/mL 
NGF). 
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Figure 4.11 Electrical stimulation increases protein adsorption on polypyrrole 
(PPy). 4 % sodium dodecyl  sulfate in DPBS was used to elute pre-adsorb proteins from 
polypyrrole films that were stimulated and un-stimulated control. The solutions were then 
analyzed using a protocol from a micro-BCA assay.  
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Figure 4.12 Increase in protein adsorption resulted in an increase in NGF secretion 
by Schwann cells. Supernatant from the time lapse experiments were collected and NGF 
ELISAs were performed as per the manufacturer’s protocol. Pre-adsorb proteins on PPy 
films caused an increase in NGF secretion.  Different letters mean statistically distinct 
groups (n=3, p<0.05). 
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CHAPTER 5. UNIQUE ELECTROCHEMICALLY SYNTHESIZED 

POLYPYRROLE:POLY(LACTIC-CO-GLYCOLIC ACID) BLENDS FOR 

BIOMEDICAL APPLICATIONS 

___________________________________________________ 

5.1 Summary of Chapter 

 A novel semiconducting biomaterial composed of salt leached poly(lactic-co-

glycolic acid) (PLGA) and chloride-doped polypyrrole (PPy-Cl) was created using a 

simple, yet flexible, synthesis technique. The three-step method consists of 1) spin 

casting a solution of PLGA-salt, 2) salt leaching combined with pyrrole infusion, and 3) 

electrochemical synthesis of PPy-Cl. This technique resulted in unique micron- and nano-

scale surface morphology that can be modulated by altering the synthesis conditions and 

endows the films with electrical properties beneficial for microelectrode applications. 

Specifically, for all conditions that created a subsequent PPy:PLGA film, advantageous 

electrical properties were quantified by a decrease in impedance and good conductance, 

as compared to negative controls. This decrease in impedance measured up to 87 percent 

versus plain PPy films. Since the biocompatibility of both PPy and PLGA is well known, 

the PPy:PLGA blends may have several biomedical engineering applications, where good 

conductance and  low impedance are desired. Also, the films generated can be easily 

removed from their conducting substrate for tissue engineering applications or can 

remain on their conducting substrates for neural probe applications that would benefit 

from the unique surface morphology of these hybrid films. 
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5.2 Background and Motivation 

  Conducting polymers (CPs) have been extensively studied for their applicability 

to a number of biomedical devices, such as biosensors1-5, drug delivery platforms6-9, 

tissue scaffolds10-17, and neural probes18-23, because CPs are electro-conducting, like 

metals, but are also physically and chemically similar to organic materials in that they are 

easily modified and more apt to be biocompatible. The most commonly explored CP is 

polypyrrole (PPy) because of its well-controlled and characterized electrochemistry24, 25  

and established biocompatibility25, 26. PPy has many other advantageous properties, 

including ease of preparation and high conductivity. For these reasons PPy is commonly 

selected as a scaffold material to generate electro-conducting biomedical devices.  

  The many benefits of PPy have motivated many researchers to attempt to 

overcome the application-relevant limitations of this polymer which include non-

biodegradability, low surface roughness (depending on synthesis technique), lack of 

porosity, and poor material robustness. For many applications electrochemically 

synthesized PPy is utilized because it offers a greater number of advantages over 

chemically synthesized PPy, despite the fact that the former synthesis technique generates 

film/scaffold surfaces with less topography/roughness. For example, electrochemical 

synthesis permits tighter control over polymerization and results in improved, though not 

ideal, polymer matrix robustness27 and higher material conductivity24-25. For these 

reasons, electrochemical synthesis of PPy (and other CPs) is usually favored. Regardless, 

the relatively smooth surface topography and mechanical strength of electrochemically 

synthesized PPy is often considered non-ideal for many applications. High surface 
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roughness is critical to achieve high sensitivity and signal to noise ratio for biosensors 

and neural probes, respectively, as well as, enhanced cell motility within tissue scaffolds. 

An increase in biosensor sensitivity as a result of an increase in sensor surface roughness 

(i.e., increased surface area that can come in contact with the analyte) has been 

demonstrated with PPy inverse opal biosensors5. Not only does an increase in neural 

probe surface roughness reduce impedance, as demonstrated with PPy and PEDOT based 

probes21-23, but it also enhances integration into surrounding tissues and reduces gliosis, 

which improves neural probe signal detection21. Rougher surfaces have all been shown to 

improve the migration of vascular and corneal cells across poly(methyl methacrylate) 

substrates28. Thus, a rough conductive tissue scaffold may be desirable for particular 

tissue engineering applications. In addition to the latter, good mechanical robustness of 

CP matrices is often crucial for device handling and durability. Therefore, optimization of 

electrochemically synthesized PPy to increase its surface roughness and to further 

improve its mechanical properties is essential. 

  There have been limited efforts to address the afore mentioned limitations; 

however, often these limitations are indirectly addressed, to some extent, as a result of 

altering the PPy dopant15-18 for the purposes of incorporating other materials that enhance 

the biological properties of the electroactive scaffold. For example, Cui et al. discovered 

that the incorporation of a silk-like polymer containing cell-adhesive fibronectin 

fragments (SLPF) into electrochemically synthesized PPy neural probes resulted in very 

rough films18. Consequently, in addition to being cell adhesive, the increase in surface 

area of the PPy coated neural probes lowered impedance and therefore improved 
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neuronal signal detection. PPy has also been doped with other biopolymers, such as 

hyaluronic acid16, heparin17, dermatan sulfate15, and collagen15, to improve PPy 

application to tissue scaffolds. Not only did the incorporation of these large biopolymers 

into PPy impart bioactivity and increase surface area, but also it frequently generated 

mechanically stronger PPy constructs.   

  Since blending (whether through doping or physical entrapment) polymers results 

in a hybrid material sharing the properties, to some extent, of both original polymers, 

research has been conducted to specifically improve the robustness of PPy (and other 

CPs) by blending PPy with polymers that have more favorable mechanical properties. For 

instance, Onoda et al. generated PPy-PVA composites that had improved mechanical 

robustness, while also maintaining good conductivity; however, these composites also 

appeared to have low surface roughness (although this property was not characterized)29. 

PPy has also been blended with a methacrylate-, ethylene glycol-, and acrylamide-based 

hydrogel to create PPy composites with mechanical integrity and higher surface area30, 31. 

Other CPs have been blended with cellulose32, 33 to produce stronger films. Although 

much of this research has resulted in mechanically stronger PPy matrices, electrical 

properties and surface area are frequently unimproved and/or the process for composite 

preparation is complicated. Few efforts have been made to specifically improve both film 

robustness (and delaminating ability) and surface area using a facile preparation 

technique. 

  Our objective was to develop a straightforward, flexible method for creating 

electrochemically synthesized PPy films that were mechanically robust, and therefore 
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easily removed from the electrode surface if necessary, and had desirable (high) surface 

roughness, while maintaining good conductivity. Polylactic-co-glycolic acid (PLGA) was 

selected to reinforce our PPy matrices because PLGA is a thermoplastic that is 

mechanically robust and pliable, biodegradable, FDA approved and insoluble in water 

(thus serving as a good mold during electrochemical polymerization in aqueous 

conditions). In addition, PLGA, and other similar polymers, such as polylactide and 

polyglycolide, have already been demonstrated to be valuable for a number of biomedical 

applications34-39, including those incorporating CPs11, 13, 40. In particular, both Lee et al.11 

and Quigley et al.13 developed scaffolds of PPy-coated PLGA fibers for the purposes of 

enhancing peripheral nerve regeneration. In addition to generating desirable 

topographical features, the presence of PLGA also rendered the PPy scaffold 

mechanically strong enough to be delaminated and easily manipulated. Additionally, Shi 

et al. developed PPy nanoparticle-PLGA composites that are more robust, but 

unfortunately have low conductivity and low surface roughness40. The method of 

incorporating PLGA into the PPy matrix is considered very important because PPy-

coated polyester fibers, such as those developed by Lee et al.11 and Quigley et al.13, must 

be formed through chemical synthesis and are known to be susceptible to fracture and 

delamination41, and in many cases composites  with low conductivity can result40. In 

addition, PLGA films have very little intrinsic surface roughness, and limited porosity 

due to the tightly packed amorphous nature of PLGA. In order to electrochemically 

generate PPy:PLGA matrices that are conductive and have surface roughness it was 

necessary to first develop a porous PLGA network on our electrode surface. Salt leaching 
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is commonly employed to generate porous PLGA35, 37, 42-51; therefore, we proposed to 

generate salt-leached PLGA films throughout which PPy would be electrochemically 

deposited. To our knowledge, the electrochemical synthesis of PPy:PLGA films has not 

previously been reported. Additionally, compared to unmodified chloride doped PPy 

films, this method resulted in more robust PPy films that were easily delaminated from 

the electrode and had high surface area, high conductivity, and low impedance. Simply 

altering the salt size and or PLGA:NaCl weight percentage of the original PLGA film 

permitted the modification of film thickness, roughness, and impedance. In addition, the 

PPy:PLGA composites are made of biocompatible materials and therefore are good 

candidates for neural probe applications and potentially also tissue engineering 

applications, such as peripheral nerve regeneration.  

5.3 Materials and Methods 

Materials 

  All reagents were used as supplied without further purification unless specified. 

Ultra-high purity water was used throughout. Pyrrole (98%), sodium chloride (NaCl), and 

isopropanol (99%) were purchased from Sigma-Aldrich (St. Louis, MO). Pyrrole was 

purifed prior to use by passing it through a small aluminium oxide plug. Poly(di-

lactide)/glycolide (85:15 i.v.) was purchased from Polysciences (Inc, Warrington, PA). 

Platinum guaze for electrochemical deposition was purchased from Sigma-Aldrich 

(Milwaukee, WI).  Dichloromethane (DCM), ACS reagent, was purchased from Fisher 

Scientific (Fair Lawn, NJ). 
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Gold slide preparation 

  Gold-coated slides with a defined working area (293 mm2) were prepared from 

masked untreated, frosted, plasma cleaned microscope slides (25 x 35.50 mm). Tape was 

used to create the mask. The masked slides were further cleaned by sonication in 

distilled, deionized water for ten minutes, followed by sonication in isopropanol, and 

were stored in isopropanol until use. An Edwards Auto 500 thermal evaporator was used 

to first deposit 4–8 nm of chromium and then deposit 40 nm of gold over the chromium. 

After gold deposition the tape was removed leaving gold-coated slides with a 293 mm2 

defined conductive surface area.  

Salt-leached PLGA substrate preparation  

  Two different weight fractions of PLGA to sodium chloride (PLGA:NaCl) were 

explored for the preparation of the salt-leached PLGA films: 1) 20:80 (w/w%) and 2) 

40:60 (w/w%). Also, two different salt crystal size ranges, 150–180 µm and 45–53 µm, 

were utilized in each PLGA:NaCl formulation. Therefore, four PLGA:NaCl film 

formulations were generated: 1) 20:80 (w/w%) PLGA:NaCl using 150–180 µm NaCl 

crystals, 2) 20:80 (w/w%) PLGA:NaCl using 45–53 µm NaCl crystals, 3) 40:60 (w/w%) 

PLGA:NaCl using 150–180 µm NaCl crystals, and 4) 40:60 (w/w%) PLGA:NaCl using 

45–53 µm NaCl crystals. For the 20:80 (w/w%) and the 40:60 (w/w%) formulations 100 

mg or 267 mg, respectively, of PLGA was weighed out and dissolved in 1 mL of DCM. 

NaCl salt crystals were crushed using a mortal and pestle and sieved through two 

stainless steel Fisher Scientific Company U.S.A. Standard Test Sieves before being added 

to the PLGA solution. Two sieves, either the 150 and 180 µm or the 45 and 53 µm sieves, 
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were used in series. Salt crystals ranging from either 150–180 µm or 45–53 µm in size, 

respectively, were isolated between the two sieves. For future reference salt crystals 

consisting of the larger size distribution will be referred to as large whereas those 

consisting of the smaller distribution will be referred to as small. After sieving, the 400 

mg of salt was mixed in with the PLGA solution. The subsequent solution was then spin 

coated onto a gold slide with a Specialty Coating System Spin Coat G3-8 (Indianapolis, 

IN) at 2000 rpm for sixty seconds and placed in a Fisher Scientific Isotemp Vacuum 

Oven Model 280 A (40°C, -30 in. Hg) for ten minutes to completely dry the resulting 

PLGA film. The dried PLGA films were soaked in 40 mL of purified 0.1 M pyrrole 

solutions for twelve hours. To test for temperature dependence of this step, two 

temperatures were attempted (4°C and 23°C). Two controls were established: 1) gold-

coated slides with no PLGA:NaCl film and 2) gold-coated slides spin coated with PLGA 

containing no salt (PLGA(NS)). Control PLGA(NS) films were generated in the same 

manner as the 20:80 (w/w%) salt-leached films; however, no salt was added. Also, 

PLGA-no salt films were soaked in pyrrole, as described above, prior to further 

modification.    

Electrochemical synthesis of polypyrrole 

  The electrochemical synthesis of PPy was achieved using a three-electrode 

electrochemical setup and an electrolyte solution consisting of an aqueous solution of 0.1 

M pyrrole and 0.1 M NaCl. For the three-electrode setup, each previously salt-leached 

and pyrrole soaked PLGA-coated gold slide was used as the working electrode. A 

platinum mesh with approximately the same working surface area (i.e., 293 mm2) as the 
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working electrode served as the counter electrode, and a saturated calomel electrode was 

used as the reference electrode. An oxidizing potential of 820 mV, supplied by a 

potentiostat (CHI 6273C), was applied until 18 C of charge had passed through the 

electrode. The resulting electrochemically synthesized (EC) PPy:PLGA hybrid materials, 

(EC-PPy:PLGA) were sonicated and rinsed in DDI (~ 80 MΩ) water for one minute and 

five minutes, respectively, before they were left to dry in a vacuum desiccator overnight. 

To test whether films could be used as freestanding films they were removed from the 

gold substrate by applying a leading edge of DCM using a 22 gauge needle and syringe to 

locally dissolve the PLGA near the gold substrate. The overall synthesis protocol is 

illustrated in Figure 5.1. Electrochemically synthesized PPy-Cl controls (EC-PPy 

Control) were synthesized on gold slides following the same procedure as described 

above.  

Chemical synthesis of polypyrrole 

  An aqueous solution of 14 mM pyrrole and 52.5 mM iron chloride52 was used in 

30 mL of DDI water and allowed to react with a previously pyrrole soaked PLGA-coated 

gold slide for twelve hours at 4°C. In this way PPy was chemically synthesized in the 

presence of the 20:80 (w/w%) PLGA:NaCl films, 40:60 (w/w%) PLGA:NaCl, and the 

control PLGA(NS) films. The resulting hybrid films were then sonicated for one minute 

in DDI water and rinsed with 5 mL of DDI water to remove any unattached aggregates. 

The fully rinsed films were allowed to dry for two days in a vacuum oven before use. 

Chemically synthesized PPy on PLGA(NS) (C-PPy:PLGA(NS)) films and PPy-Cl 
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controls (C-PPy Control) were prepared from PLGA(NS) coated gold slides and gold 

slides, respectively, following the same procedure as described above. 

SEM and STEM  

  Scanning Electron Microscopy (SEM) was used to characterize the finished free 

film surface topography. Briefly, two 25 mm2 samples were taken from each film and 

mounted on an SEM stub. One of the films was used to image the top of the surface of 

each film whereas the other was placed front-side down, such that the back of films could 

be imaged. In the case of chemically synthesized PPy:PLGA (no salt leaching) films, the 

films could not be delaminated and therefore a fragment of the film on the glass slide was 

mounted on an SEM stub and only the top of the film was imaged. All films were imaged 

using a Zeiss Supra 40 VP scanning electron microscope. For higher magnification in 

addition to spatial elemental analysis using EDS a Hitachi S-5500 Scanning Electron 

Microscope/Scanning Transmission Electron Microscopy was used. An EDS scan was 

performed of both the tubular and flat structures of the apical surface for the small salt 

size electrochemically synthesized PPy:PLGA film. 

Profilometry 

  Film thickness and roughness measurements were performed using a Dektak 6M 

Stylus Profiler (Veeco). A 20 by 10 mm strip from the center of each free film was cut 

and subsequently taped with copper tape flushly onto glass slides. The average step 

height was then measured. The profilometer was allowed to transverse the entire 10 mm 

distance of the film strips. The roughness (Rq) was calculated using Equation 1: 
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where L is 10 mm and y(x) is the average height above or below the median line for any 

given position.  For each EC-PPy:PLGA condition, four different films were tested and 

their roughness’s tabulated.  Each of these films was then saved for subsequent 

conductance analysis. 

X-ray photoelectron spectroscopy 

  X-ray photoelectron spectroscopy (XPS) was used to characterize the elemental 

composition of both the apical and basal surfaces for each EC-PPy:PLGA film condition. 

XPS was carried out on a Kratos AXIS Ultra XPS system employing a monochromatic 

Al Kα1 source. The binding energy of the instrument was calibrated using Au 4f7/2, 

Ag3d5/2 and Cu2p3/2 at 84, 368.3 and 932.6 eV, respectively. Typical operating conditions 

were: 1×10-9 Torr chamber pressure; 15 kV; and 150 W for the Al X-ray source. High-

resolution elemental scans were collected with a pass energy of 20 eV using takeoff 

angles of 90 degrees between the sample and the analyzer.  

  Briefly, two 25 mm2 samples were taken from each film. The samples were 

subsequently rinsed in DDI water for five minutes and then allowed to dry in a vacuum 

oven overnight. Immediately after drying, samples were mounted and core level X-ray 

emissions were measured for N(1s), Cl(2p), Au(4 f), Cr(2 p ), O(2 s), and N(1s) using 

XPS.  
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Resistance and impedance measurements 

  Previously described EC-PPy:PLGA films used for roughness and thickness 

characterization were also analyzed for conductance. Alligator clips were attached to the 

copper tape that had been previously used to tape the films on the glass slide. A multi-

current step technique was run using a CH Instruments electrochemical analyzer (CHI 

6273C). In this technique, different currents were applied across the electrodes and their 

corresponding voltages monitored. Each current was maintained for sixty seconds and a 

zero current was applied for ten seconds between different currents to allow for charge 

discharge. The currents applied were then plotted against their corresponding voltages 

and the resistance of the sample was determined through Ohm’s law. For each condition, 

four different films were tested and their resistances tabulated.  

  Impedance measurements were taken for each of the EC-PPy:PLGA and C-

PPy:PLGA film conditions. These films were used as the working electrode in a three-

electrode setup. A platinum mesh and a saturated calomel (SCE) electrode were used as 

the counter and reference electrode respectively. The film and counter electrode were 

positioned approximately 1 cm apart and were submerged, along with the reference 

electrode, in 40 mL of Dulbecco’s modified-PBS. The impedance of the film was 

measured using a CH Instruments electrochemical analyzer, where an initial voltage of 

zero and a frequency range from 1 – 100,000 Hz was used. For comparison across 

different synthesis conditions impedance values were determined at a fixed frequency of 

1000 Hz, which is the most applicable frequency for a neural probe application.  
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Statistics and error propagation 

  In all calculations, the general relation of propagation of uncertainty was used. To 

determine statistical significance, an n of three or greater was used for all characterization 

techniques. Standard deviation was reported for all relevant figures. Two-tailed student t-

tests were performed for each of the values of interest for roughness, conductance, and 

impedance studies. Data comparisons with a p-value < 0.05 were considered statistically 

significant and are indicated with distinct asterisks (i.e., *, **, or ***) in Figure 5.5, 5.6, 

and 5.7.  

5.4 Results and Discussion 

  A novel salt-leached PPy:PLGA polymer blend was prepared in four steps 

(Figure 5. 1) to generate free standing matrices. First, salt-leached PLGA films were 

created by spin casting a NaCl salt slurry, PLGA solution in DCM. Salt size, weight 

%, and spin casting velocity, can be varied to control the thickness, surface 

topography, and impedence of the final PLGA film generated. Next, PLGA films 

were soaked in pyrrole, which was critical to generate PPy growth/deposition 

throughout the PLGA network. Without this step electrochemical synthesis did not 

proceed, although the details of this step could also be easily varried to change the 

hybrid film preparation and properties. The final two steps consisted of PPy synthesis 

and film delamination, where desired. PPy synthesis was performed either 

electrochemically (EC) or chemically (C) to generate corresponding hybrid films (i.e., 

EC-PPy:PLGA or C-PPy:PLGA) with different properties. For the two weight 
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percentage conditions tested, 20:80 (w/w%) and 40:60 (w/w%), the former resulted in 

PLGA films with a balance of good mechanical properties and porosity, which 

generated uniform electrochemically synthesize hybrid PPy films. Therefore, all 

characterization of EC-PPy:PLGA films was performed exclusively on the PPy:PLGA 

films using 20:80 (w/w%) PLGA:NaCl matrices prepared with 145-153 µm (EC-

PPy:PLGA(L)) or 45-53 µm salt crystals (EC-PPy:PLGA(S)). Salt size, salt to PLGA 

weight percentage, and polymerization method are all parameters that can be 

manipulated individually or in any combination to permit the tuning of PPy:PLGA 

film properties.  

  To test the significance of the pyrrole soaking step in generating the 

electrochemical films, the soaking step was either omitted or performed at two 

temperatures (4°C and 23°C) for the preparation of EC-PPy:PLGA(S) films. The 

charge passed during electrochemical synthesis was monitored. As mentioned 

previously, no PPy film was generated without soaking the PLGA in pyrrole. PPy was 

successfully synthesized on both pre-soaked PLGA films; however, the film soaked at 

23°C showed approximately two times the charge passed as its counterpart soaked at 

4°C (Figure5. 2). As expected, these results suggest that pyrrole was more prevalent 

throughout the film soaked in pyrrole at 23°C, allowing PPy synthesis to more readily 

occur. The improved penetration/saturation of pyrrole throughout the PLGA film can 

be explained by increased diffusion at higher temperatures and or by a looser PLGA 

network at higher temperatures, which enhanced pyrrole penetration into the network.  

  The flexibility to electrochemically or chemically synthesize PPy within the 
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PLGA film, where both techniques generate hybrid films with improved 

topographical and electrical properties, as compared to regular PPy films, is 

considered advantageous. However, hybrid films synthesized electrochemically 

differed greatly from those synthesized chemically. Electrochemically synthesized 

films had unique PLGA preparation-dependent morphology, pyrrole polymerization 

controllability, and improved mechanical properties, which allowed the films to be 

delaminated from the gold substrate. As expected, using PLGA as a base substrate for 

these hybrid films successfully permitted controlled delamination of 

electrochemically synthesized films. The improvement in mechanical properties of the 

electrochemically synthesized films versus EC-PPy Control films was most evident 

by the lack of curling exhibited by the films upon removal from their conductive 

substrate (Figure 5.1.b). To our knowledge, the only other attempt to 

electrochemically deposit PPy in the presence of an inert surface was performed by 

Wang et al.26 Their method and product differed greatly from ours because PPy was 

generated in solution and precipitated onto the surface of the interior walls of a 

silicone tube. In our case we have PPy growth throughout a PLGA network. Overall, 

the ability to synthesize these novel electrocondutive hybrid materials using a facile 

bench top method provides many advantages over other hybrid material synthesis 

techniques31, 53. 

Physical and chemical characterization of hybrid films 

  PLGA films prior to PPy deposition were characterized for thickness and 

roughness using both profilometry and SEM. PLGA films were found to have a 



115 
 

thickness of 1.4 ± 0.2 µm with a roughness of 320 ± 0.03 nm. SEM images of the 

apical surface of salt-leached PLGA films prior to PPy deposition revealed the 

presence of structures consistent with protruding PLGA coated cuboidal structures 

that appear hollow, which would correspond well with leached salt crystals (data not 

shown). The SEM images of both the C-PPy:PLGA and EC-PPy:PLGA films show 

unique surface topography compared to EC-PPy Control films and even compared to 

C-PPy:PLGA films (Figure 5.3 and Figure 5.4). The micrographs reveal that the 

protrusions remaining in the PLGA are coated by PPy upon electrochemical synthesis. 

Moreover, by analyzing the basal side of these films (Figure 5.4 c,d) one observes 

empty cavities (confirmed by AFM) and a morphology significantly less pronounced 

than that seen for the apical surface of the films. In addition, the morphology of the 

basal surface appears to be very similar to PLGA in that it is fairly smooth with 

regular pockmark features. Interestingly, a unique tubular morphology (Figure 5.3.a) 

was only observed on EC-PPy:PLGA(S) films and not on EC-PPy:PLGA(L) films 

(Figure 5.3.b, d). Instead, dome like structures were observed on EC-PPy:PLGA(L) 

films. Both structures are thought to originate from the electrochemical synthesis of 

PPy on pre-existing PLGA features. From our experience and knowledge in the field, 

not only has PPy never been electrochemically deposited throughout a PLGA matrix, 

but dome-like and tubular structures, which enhance surface area, have never before 

been observed on the surface of PPy films. In the case of EC-PPyPLGA(S) films, it is 

hypothesized that the application of a voltage during the electrochemical 

polymerization step induces an ion flow at the cavity sites from the working electrode 
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to the counter electrode which in turn applies a force on the PLGA film at the cavity 

site. The current flux (i.e., the current per area) will be greater for the films derived 

from small salt crystals than for the those derived from large salt crystals, thus 

possibly applying a larger force per area on the EC-PPy:PLGA(S) films. The end 

result may be an "extrusion" of the polymer in the direction of ion and possible water 

flow, and thus the formation of tubes. To test this hypothesis, an experiment where 

both EC-PPy:PLGA(S) and EC-PPy:PLGA(L) films are subjected to the same voltage 

gradient in an ionic solution that lacks pyrrole monomer needs to be performed. 

Analysis of the resulting films by electron microscopy would elucidate whether or not 

the application of an electrochemical current to the PLGA films is the cause of the 

unique dome and tube-like surface morphology.  

  In contrast, the chemically synthesized films did not present the same unique 

tubular or dome structures. Instead, chemically synthesized films showed PPy 

aggregates on top of a PLGA film (Figure 5.4 a,b), which can predominantly be 

explained by pyrrole polymerization in solution, followed by the precipitation of 

insoluble PPy aggregates at the surface. Some polymerization within the salt-leached 

PLGA film is expected where the iron oxidant is able to diffuse in. This may explain 

the presence of two films in Figure 5.4.f. These results suggest that the topographical 

properties of PPy:PLGA hybrid films are tunable depending on preparation 

conditions.  

  XPS of the electrochemical films was performed on the front and back of both 

small and large salt size films. It was assumed that chlorine (Cl) and nitrogen (N) 
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content corresponded to dopant ion (Cl-) and pyrrole concentration, respectively. 

Therefore, the results show that the doping ratio, as measured by the atomic ratio 

between Cl and N, was approximately 0.30, which is on the order of that typically 

seen in PPy films (Table 5.1). Moreover, XPS results show that any remnant sodium 

chloride salts present either due to incomplete salt leaching or due to incomplete 

rinsing after PPy synthesis were completely removed from the films because sodium 

content was negligible. Additionally, removal of these films from the gold substrate 

was shown to be possible without any gold (Au) or chromium (Cr) cross-

contamination since Au and Cr concentrations on the basal film surface were close to 

zero. Finally, PLGA content at the surface of the films was estimated by taking the 

ratio of oxygen (O) divided by two to N ((O/2)/N) (to account for the two O per 

PLGA monomer as compared to the one N per pyrrole unit). The resulting value was 

expected to represent the number of PLGA monomers relative to PPy monomers, 

assuming over-oxidation of PPy, resulting in O at the surface, was minimal. This was 

confirmed by a low O/2 to N ratio, 0.25, for EC-PPy Control films that were exposed 

to air for the same duration as experimental EC-PPy:PLGA films. This value is 

consistent with reported literature values for O to N ratios for ferric chloride 

synthesized PPy-Cl films of 0.3252. Therefore, calculated O/2 to N ratios ranging 

from 2.0–5.0 for both the apical and basal surfaces of the films suggests that PLGA 

exists throughout the PPy:PLGA scaffolds (as opposed to being specifically localized 

to the basal or apical surface). A slight majority (ratio = 4.0–5.0) of PLGA was found 

to exist on the basal side of the film, suggesting PPy synthesis started at the electrode 
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(basal side) and continued throughout the salt-leached PLGA films, but then 

predominantly occurred at the apical surface of the PLGA films. It is our belief that 

evidence for electrochemical growth of PPy within a nonconductive substrate, such as 

that presented here, has never before been demonstrated. Furthermore, the integration 

of PLGA into PPy generates a film with improved mechanical integrity that can be 

easily delaminated from the electrode surface (Figure 5.1.b). 

  To gain a better understanding of the spatial arrangement of the PLGA and the 

PPy within the EC-PPy:PLGA(S) films, STEM/EDS was performed. The unique 

tubular morphology was specifically of interest here. Figure 5.5.b demonstrates that 

the surface of the tubular structure of the hybrid materials consist predominantly of 

PLGA  (red in overlay) with heterogenously dispersed pockets of PPy (blue in 

overlay). The non-tubular regions appear to have increased coverage of the PLGA 

scaffold with PPy (Figure 5.5.a). This PPy layer has a nano-scale surface morphology 

resembling that of EC-PPy Control films. 

  Finally, although SEM characterization qualitatively demonstrates an increase 

in roughness of the front surface of electrochemically and chemically synthesized 

salt-leach PPy:PLGA films compared to their corresponding PPy Control films, 

profilometery was used to quantitatively compare these differences. For the 

electrochemical synthesis, the charge passed for all three films was kept constant at 

18 C. Both EC-PPy:PLGA(S) and EC-PPy:PLGA(L) films showed a statistically 

significant increased roughness compared to the EC-PPy Control films (Figure 5.6.a). 

The measured roughness of EC-PPy Control films is on the same order of magnitude 



119 
 

as the roughness of other PPy:Cl films reported in the literature25, 54. Moreover, the 

EC-PPy:PLGA(S) films showed a statistically significant increase in roughness 

compared to EC-PPy:PLGA(L) films, corresponding to the unique morphology only 

observed on the EC-PPy:PLGA(S) films. As a result of the inability to control the 

amount of PPy deposited on PLGA films during chemical synthesis, a direct 

comparison between C–PPy:PLGA films and the EC-PPy:PLGA films is not possible. 

However, profilometry analysis (Figure 5.6) revealed that the EC-PPy:PLGA films 

seem to have a rougher surface than their chemically synthesized counterparts (that 

likely have more PPy deposited on them), which in turn are rougher than the EC-PPy 

Control films. Moreover, the roughness comparison of the C-PPy:PLGA films ((S) 

and (L)) to the C-PPy:PLGA(NS) and C-PPy Control films (Figure 5.6.b) shows a 

statistically significant difference in roughness. There is, however, no statisically 

significant difference between the roughness of C-PPy:PLGA(S) films and C- 

PPy:PLGA(L) films (Figure 6.b). It should be noted that the chemically synthesized 

films did not hold up to sonication as well as those that were electrochemically 

synthesized and this could be a contributing factor in the roughness differences. The 

C-PPy:PLGA(NS) films were particularly prone to loss of PPy that had aggregated at 

the surface, indicating that the salt-leached equivalent films must have had some PPy 

incorporated within the PLGA matrix. Furthermore, the nearly complete loss of PPy 

on the C-PPy Control films suggest that the PLGA serves as a “sticky” surface, to 

some extent, onto which PPy can adhere. Still, the fact that the electrochemically 

synthesized films were quantitatively rougher than those that were chemically 
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synthesized was consistent with the lack of micronscale surface features on the C-

PPy:PLGA films in comparison with EC-PPy:PLGA films, as observed in the SEM 

micrographs. 

Electrical properties of PPy:PLGA films 

  To determine whether the films exhibited the conductive properties associated 

with PPy, despite blending it with PLGA, resistance was measured using a 

multicurrent technique for both (EC-PPy:PLGA(L) and EC-PPy:PLGA(S) films as 

well as EC-PPy Control films. To make a direct comparison, the EC-PPy Control was 

prepared under the same conditions as the EC-PPy:PLGA films. Figure 5.7 shows 

that the resistance for all three films (n=4) are stastically the same. This suggest that 

the PPy synthesized on and within  PLGA films has the same inherit electrical 

properties as PPy films synthesized without the presence of the PLGA. Conductance 

analysis of C-PPy:PLGA films was also performed and showed in no statistical 

differences (data not shown). 

  To test whether an increase in PPy:PLGA film roughness would lead to a 

decrease in impedance compared to that of regular PPy films, impedance 

measurements were made for both EC-PPy:PLGA and C-PPy:PLGA films. Figure 

5.8.a shows a representative graph comparing the impedance measurents for the 

electrochemically synthesized films. As can be seen in this figure, the EC-PPy:PLGA 

films have lower impedance values up to 87 percent at the biologically relevant 

frequency of 1000 Hz than that corresponding to EC-PPy Control films. Moreover, 

the EC-PPy:PLGA(S) films, which have rougher surfaces according to profilometry, 
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exhibit a lower impedance than that of EC-PPy:PLGA(L) films at the 1000 Hz 

frequency. Figure 5.8.b shows that the average impedance of films, derived from 

each salt condition, at 1000 Hz showed a stastically significant decrease in impedance 

compared to the PPy Control (n = 4, p < 0.05). In addition, the average impedance of 

the rougher small salt size PPy:PLGA films was stastically smaller than that of the 

large salt size PPy:PLGA films (n = 4, p < 0.05). 

  C-PPy:PLGA films were also characterized for impedance. Impedance 

measurements similar to those previously described for EC-PPy:PLGA films were 

obtained. Figure 5.8.c demonstrates that the C-PPy:PLGA films do indeed have a 

lower impedance than the C-PPy Control films (n = 4, p<0.05). However, no 

statistically significant difference in impedance was observed between the C-

PPy:PLGA(L) and C-PPy:PLGA(S) films. This is consistent with SEM and 

profilometry data, which does not suggest any significant difference in surface 

morphology or roughness between these two types of films. Finally, a C-

PPy:PLGA(NS) films were tested for impedance (data not shown). These films 

demonstrated impedance measurements characteristic of an insulator. This was 

expected because the connectivity between the gold substrate and the PPy film was 

disrupted by the insulating PLGA layer (data not shown). This suggests that, as 

expected, salt-leaching PLGA provides connectivity between the gold substrate and 

the pyrrole during synthesis, and therefore, also PPy after synthesis. To test this 

hypothesis, electrochemical synthesis of PPy on PLGA films with no salt was 

attempted without success. These observation are consistent with theory and previous 
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results55, 56 that suggest that increased surface roughness lowers the magnitude of 

impedance. That is, surface roughness causes a material to act more like a resistor 

rather than a capacitor. The lower impedance due to increase surface roughness makes 

this ideal for any application needing a low signal-to-noise ratio (e.g., neural probes 

and biosensors).   

5.5 Conclusion 

  A novel semiconducting biomaterial blend composed of salt leached PLGA and 

PPy-Cl was prepared using simple, yet flexible, synthesis technique. This three-step 

method consists of 1) PLGA-salt spin casting, 2) salt leaching combined with pyrrole 

infusion, and 3) electrochemical or chemical synthesis of PPy-Cl. Electrochemical films 

provided several benefits versus their chemically synthesized counterparts. The films 

generated through electrochemical means have two major advantages over their 

chemically synthesized counterparts. They can be easily removed from the underlying 

conducting substrate for tissue engineering applications and show preparation dependent 

unique micro- and nano-scale surface morphology which may be advantageous for both 

tissue engineering and neural probe applications. For all conditions that created a 

subsequent PPy:PLGA film, advantageous electrical properties were observed, as 

quantified by a decrease in impedance versus negative controls. This decrease in 

impedance measured up to 87 percent compared to EC-PPy Control films. The low 

impedance values associated with these hybrid PPy:PLGA films could prove very 

beneficial for obtaining a high signal-to-noise ratio for neuronal signal detection in 

microelectrode applications (e.g., neural probes and biosensors). Given the flexibility in 
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synthesis, inherent biocompatibility of the materials used, the unique surface 

morphology, and the electrical properties, these hybrid materials may be advantageous 

for multiple biomedical application including tissue engineering, biosensors, and neural 

probes. Future research goals include: 1) determining whether the application of an 

electrochemical gradient is the mechanism by which tubular and dome structures are 

formed; 2) exploring alternative methods of creating porous PLGA films to generate 

PPy:PLGA scaffolds with different porosity and surface morphology; and  3) 

investigating cell interactions with these unique blends. 
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 Table 5.1. Elemental composition of apical and basal surfaces of both large (150-180 

µm) and small (45-53 µm) salt leached electrochemically synthesized polypyrrole : 

poly(lactic-co-glycolic acid), EC-PPy:PLGA(L) and EC-PPy:PLGA(S), films as 

determined by x-ray photoelectron spectroscopy (XPS) are shown. XPS data for the 

apical surface of EC-PPy Control films has been included for comparison. 
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Figure 5.1. (a) Schematic showing the preparation of polypyrrole : poly(lactic-co-

glycolic acid) (PPy:PLGA) hybrid films. (i) PLGA and sodium chloride salts are mixed 

in DCM and spin coated at 2000 rpm for 60 seconds on a gold substrate. (ii) Salts are 

leeched out in water and film is allowed to soak with shaking in 0.1 M solution pyrrole 

for 12 hours at desired temperature (i.e., 4oC or 25oC). (iii) Soaked film is subjugated to 

an oxidating voltage (0.82 V vs. SCE) whilst monitoring current for approximately 30 

minutes. (iv) Film is allowed to dry and then if need be removed from gold substrate with 

help from a leading edge of DCM applied using a glass syringe. (b) A photograph of the 

back of a delaminated electrochemically synthesized PPy:PLGA film (dimensions: 1.5 

cm x 2.5 cm). (c) A photograph of half of the front of the same delaminated 

electrochemically synthesized PPy:PLGA film from (b) being suspended with tweezers 

(dimensions: 1.0 cm x 2.5 cm). 



130 
 

 

Figure 5.2. Electrochemical synthesis of polypyrrole:poly(lactic-co-glycolic acid) 

(PPy:PLGA) films depend strongly on pyrrole soaking temperature. Pyrrole soaking the 

salt leached PLGA films at 4oC resulted in a poorer resultant PPy:PLGA films than 

soaking at 25oC. This was quantified by monitoring the current passing through each 

electrode upon electrochemical synthesis. The 25oC PPy:PLGA film showed a 12.5% 

increase in current passed versus its 4oC counterpart.   
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Figure 5.3. Scanning electron microscopy images of electrochemically synthesized 

polypyrrole : poly (lactic-co-glycolic acid) (PPy:PLGA) films show unique surface 

topography. The apical surface of the EC-PPy:PLGA(L) (150-180 µm salt size) (a) do 

not possess tubular like structures, whereas the corresponding apical surface of  EC-

PPy:PLGA(S) (45-53 µm salt size) (b) do. Moreover, analysis of the images of the basal 

surface of both films (c,d) suggest a PLGA rich region and suggests that the structures 

seen at the apical surface are hollow. Finally, the cross sectional micrograph (e) shows 

good co-localization between the PLGA and PPy films. 
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Figure 5.4. Scanning electron microscopy images of polypyrrole : poly (lactic-co-

glycolic acid) (PPy:PLGA) chemically synthesized films do not exhibit the same unique 

micron scale surface morphology as those synthesized electrochemically (Figure 3).  The 

apical surface (a,b) shows a heterogeneous deposition of PPy aggregates and a poorer 

incorporation of PPy with the underlying PLGA film as compared to their 

electrochemical counterparts. The basal surfaces of the C-PPy:PLGA(L) (150-180 µm 

salt size)  (c) and C-PPy-PLGA(S) (45-53 µm salt size) (d)  films show characteristic 

PLGA morphology. PPy aggregates coat C-PPy:PLGA(NS) films (e) but exhibit a poor 

integration of PPy with PLGA. A cross sectional view of the chemically synthesized 

films (f) exemplifies the poor integration between the PPy and PLGA components.   



133 
 

 

Figure 5.5. Scanning transmission electron microscopy (STEM) in combination with 

energy dispersive x-ray spectroscopy (EDS) of tubular (a) and non-tubular portions (b) of 

electrochemically synthesized small salt (45-53 µm) leached polypyrrole:poly(lactic-co-

glycolic acid) (EC-PPy:PLGA(S)) films are presented. (a) Shows EDS overlay of PLGA 

(oxygen, red) and PPy (nitrogen, blue) rich areas on an STEM image of the tubular 

structure observed for EC-PPy:PLGA(S) films. The PLGA was shown to form a scaffold 

in conjunction with PPy to stabilize the tubular structure. (b) Shows EDS overlay of 

PLGA (oxygen, red) and PPy (nitrogen, blue) rich areas on an STEM image of the flat, 

non-tubular morphology observed on these films. Here, PPy, rather than PLGA, 

dominates the elemental composition. 
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Figure 5.6. The roughness of polypyrrole : poly (lactic-co-glycolic acid) (PPy:PLGA)  

films is significantly greater than that of PPy Controls correlating well with an increase in 

effective surface area. (a) Electrochemically synthesized PPy:PLGA films have tunable 

surface roughness. EC-PPy:PLGA(S)  (45-53 µm salt size) films show a statistically 

significant increase in roughness compared to EC-PPy:PLGA(L) (150-180 µm) films, 

which in turn show a statistically significant increase in roughness compared to PPy-Cl 

films (EC-PPy Control) of the same charge density passed. (b) Chemically synthesized 

films show a statistically significant increase in surface roughness as compared EC-PPy 

control films; however, no statistically significant differences were found between the 

roughnesses of C-PPy:PLGA(L) and C-PPy:PLGA(S) films. Statistical significance is 

denoted by a distinct number of asterisks in both (a) and (b) (n=4, p<0.05).  
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Figure 5.7. The conductance of polypyrrole : poly (lactic-co-glycolic acid) (PPy:PLGA) 

films is on the order of that of free standing PPy-Cl films. A two-electrode setup was 

used to measure voltage as a function of current passed through EC-PPy:PLGA films 

salt-leached with 150-180 µm crystals, EC-PPy:PLGA films salt-leached with 45-53 µm 

crystals, and PPy-Cl control films (n=4 for each type of film). Average resistances plus 

standard deviations were calculated using Ohm’s law. No statistically significant 

differences in conductance between electrochemically synthesized PPy:PLGA films and 

corresponding PPy Control films, of the same charge passed, were found for either salt-

leached film investigated.  
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Figure 5.8. The impedance of PPy:PLGA films is several orders of magnitude less than 

that of PPy Control. (a) Electrochemically synthesized PPy:PLGA films salt-leached with 

large (150-180 µm) (EC-PPy:PLGA(L)) or small (45-53 µm) salt crystals (EC-

PPy:PLGA(S)) exhibit a smaller magnitude of impedance than their corresponding PPy 

Control films over the entire frequency range probed. (b) The decrease in impedance at 

103 Hz observed for EC-PPy:PLGA(L) and EC-PPy:PLGA(S) films relative to the PPy 

Control films, corresponds to the relative increase in film roughness of the EC-

PPy:PLGA films compared to the control. (c) At 103 Hz the magnitude of impedance for 

both chemically synthesized PPy:PLGA films salt-leached using one of the two salt 

crystal sizes  are statistically smaller than that for PPy Control films. Statistical 

significance is denoted by a distinct number of asterisks (n=4, p< 0.05).  
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CHAPTER 6.  CONCLUSIONS AND FUTURE WORK 

 

6.1 Summary 

 In this chapter I would like to outline conclusions from my work concerning the 

conducting polymer polypyrrole, PPy. In the previous three chapters we have 1) 

characterized the conducting polymer, PPy, with regards to variables that are of 

biomedical relevance 2) determine the effect electrical stimulation through PPy has on 

Schwann cell migration and secretion of key chemical stimuli and 3) develop a novel 

hybrid PPy:PLGA material for possible neural electrode or biosensor applications.  

 In chapter 3 we have shown that the optimal dopant for PPY for Schwann cell 

culture is poly-styrene-sulfonate (PSS). Doping with PSS yielded the most hydrophilic 

and stable PPy substrate. Moreover, despite being slightly less conductive and rough than 

other dopants PPy:PSS yielded the most adhered Schwann cells (SC).  

 In chapter 4, we have shown that using PPy:PSS substrates SC migration and 

secretion can be modulated. We further investigated the mechanism by which Schwann 

cells interact with polypyrrole in the presence of electric fields.  We attempted to separate 

the effect electric currents and electric fields had on SC migration from the in direct 

effects electrical stimulation has when passed through conducting polymers. Specifically 

the application of electrical stimulation through conducting polymers results in over 

oxidation of the film an increase in protein adsorption. We have shown that this affect 

mostly acts on Schwann cell migration speed rather than migration directionality.  
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 In chapter 5, we have developed a novel semiconducting biomaterial composed of 

salt leached poly(lactic-co-glycolic acid) (PLGA) and polypyrrole. This was done using 

simple  lab bench approach that can be modulated readily by altering synthesis 

conditions. These films carry advantageous electrical and mechanical properties versus 

free polypyrrole films. In addition the flexible synthesis technique allows for the films to 

be kept on their underlying conductive substrates or be removed from their conducting 

substrate for tissue engineering applications.  

 The subsequent two appendices consist of work done by myself on gaining insight 

into the fundamental biology of moving cells on biomaterials. The first appendix outlines 

work done developing a computational model to better describe and predict neural cell 

motility on biomaterials containing combinatorial cues. The second appendix outlines 

work done developing an analytical model that describe actin-fascin network formation 

under theoretical pressures commonly found at the moving end of migrating cells.  

 In the future, work should be done determining adsorption isotherms for each of 

the proteins above using radio-labeling rather than the immunoflourescence techniques 

used. In addition, the data suggest that conformational changes may be occurring when 

electrical stimulation is being applied on previously coated PPy films. Vogel et al.1 has 

shown that FN exposes hydrophobic domains upon the application of mechanical forces. 

As such I believe that FN, LN, and NGF might expose hidden epitopes upon the 

subjugation of an electric field. Using FRET and bis-ANS staining it would be possible to 

map those epitopes as shown by Vogel et al.1 
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 This work should be further supported by the use of molecular dynamic 

simulations exploring the adsorption of these proteins on polypyrrole. Work done by 

Fonner et al.2 has developed a computational model for polypyrrole films. Using this 

model as a basis a molecular mechanics model could be developed to in silico model 

protein adsorption onto these conducting films as a function of oxidation state. This work 

can then be vetted using experiments described above. 

 Moreover, work should be done to link the effect of protein adsorption to 

Schwann cell migration and directionality mechanistically. The integrins that mediate 

Schwann cell migration have been well documented3. Milner et al. has shown that there 

are four β1 integrins as well as two αv integrins that are found in migrating Schwann cells 

on PLL culture dishes. Using antibodies that block these integrins a study should be done 

to show which integrin, if any, mediates SC migration on PPy. Integrin mediated 

migration is closely linked with force mechanotransduction. Since electric fields have 

been known to affect cytoskeleton reorganization4, actin-GFP rat SC should be used in 

combination with time lapse microscopy to image in real time cytoskeletal reorganization 

upon the application of electric fields. In addition the use of knock-out mice, knocking 

out key secondary messenger proteins such as FAKs, should be used to determine what 

the mechanism of cell migration is upon this stimulation.  

 Since it has been observed that electrical stimulation through conducting 

polymers affect a wide spectrum of cellular activities, cell differentiation on conducting 

polymers upon the application of electrical stimulation should be explored. What is 
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particularly interesting about this project is that inherent electric fields help guide and 

form synapses in spinal cord development5, 6.  While a couple of studies using electrical 

stimulation through media has been performed mesenchymal stem cells4, neural stem 

cells 7, and embryonic bodies8. However, no extensive work has been done on the effect 

of electrical stimulation on neural progenitor cells.   

 I would propose that work be done using mid-brain neural progenitors cultured on 

PPy and subjected to different electrical stimulation paradigms.  These paradigms could 

include multistimulation, galvanostatic stimulation, and potentiostatic stimulation. To 

control for cell doubling and quantify cell number BrdU should be used. In addition, 

quantification of the extent of differentiation upon the application of electrical 

stimulation should be performed using real time polymerase chain reaction (RT-PCR) on 

differentiated cell specific genes (i.e., MAP2k1, Nestin, Olig1, and GFAP). This work 

could have significant impact in treatment of neurological disorders such as Parkinson’s 

and Alzheimer’s.  
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APPENDIX I. COMPUTATIONAL MODEL PROVIDES INSIGHT INTO THE 

DISTINCT RESPONSES OF NEURONS TO CHEMICAL AND 

TOPOGRAPHICAL CUES 

________________________________________________________________________ 

I.1 Summary of Chapter 

Neuronal cell polarization (i.e., establishment of an axon) and axon guidance are 

mediated and controlled by mechanical and chemical signals from the environment. 

Unfortunately, an integrated approach to study cell-substrate interactions in a unified 

framework incorporating structural and chemical effects of the substrate has been 

lacking. In this paper, we present a new model combining experimental and 

computational methods to better understand the distinct behavior of E18 hippocampal 

neurons in response to topographical versus immobilized chemical cues. We present 

results from our coarse-grain physiological computational model that correctly describes 

previously-observed phenomena and predicts behavior that was subsequently tested 

through new experiments. The model differentiates topographical from chemical cues via 

a difference in cue spacing in these two substrates. Using the feature size spacing for 

topographical cues and a minimum step size, governed by the physics of filopodia 

protrusion, for chemical cues, the model successfully mimics the trend observed in 

experimental polarization probability for four different topographical feature sizes and 

constant chemical cue spacing. Our results not only show good agreement with 

experiments, but also provide novel suggestions for development of substrates for finer 

control of neuronal cell polarization.  
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I.2 Background and Motivation 

Extracellular signaling regulates neuronal behavior in differentiated and 

undifferentiated systems 1-6. In embryological neural development, each newborn neuron 

first migrates to a specific location before extending an axon and dendrites 7-9. After 

neurons migrate, they follow a process of polarization, during which cells extend neurite 

processes equally in all directions. An axon typically forms after a neurite has extended 

15 μm farther than other neurites 10.  This process of formation of an axon is called 

axogenesis or polarization. In vitro neuron growth studies on polarization suggest a 

definitive role of extracellular cues in this process. In these experiments, the neurite that 

finds a more favorable substrate transforms into an axon, while other processes become 

dendrites 5. After the axon is clearly established, the combination of signals at the growth 

cone determines the specific pathway by which axons travel toward their target cells and 

establish connectivity 11-13. In addition, a similar scenario arises in peripheral nerve 

injuries, where the regenerating axons sprout growth cones that migrate along the 

surrounding substrate, guiding axon extension. For these last two processes, it is the 

integration at the growth cone of soluble chemo-attractants and chemo-repellants 14, as 

well as insoluble signals located on other cells or in the extracellular matrix (e.g., 

laminin) which dictates axon migration speed and direction 15, 16. 

Numerous environmental stimuli, including substrate topography 17, growth 

factors 18, chemical and structural components of the extracellular matrix (ECM) 19, 

conducting materials 20, and support cells 21, have been investigated with the purpose of 

inducing axogenesis and axon guidance in neurons. Although some progress has been 
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made in investigating neuronal behavior in response to competitive stimuli 22, the cellular 

mechanisms that underlie the observed neuronal behavior have yet to be fully understood. 

Furthermore, even though topographical control of cells has been well documented 23, 

there exists little information on the mechanisms for why topography is typically more 

dominant than immobilized chemical cues for stimulating neuronal polarization 22, 24. 

Moreover, axon decision making in the presence of competitive cues has not been fully 

investigated. This problem is further complicated because most direct competition 

schemes used to investigate the distinct behavior between chemical cues and 

topographical cues present the chemical cue in an immobilized fashion (haptotactic) 

rather than the more favorable soluble form (chemotactic) 24, 25. Although there is a 

proposed metabolic pathway for immobilized chemical factors, such as neurotrophins, it 

is difficult to isolate the effect of immobilized chemical cues versus topographical cues 

because almost all topographical cues, at some scale, present chemical cues and vice 

versa. This is problematic, as without a complete understanding of how competitive cues 

affect axon decision making, it will be difficult to fabricate an optimized engineered 

neural scaffold.  

Neurotrophins are a group of growth factors that have been extensively used in 

investigating neuron development and behavior to extracellular stimuli 26-28. 

Neurotrophins promote different effects on neurons, in particular trophic effects (i.e., 

neurite growth), chemotatic effects (i.e., neurite orientation), cell survival, and 

differentiation. Nerve growth factor (NGF) is the most studied and characterized 

neurotrophin and has been reported to play a role both in polarizing cells and on the 
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guidance of individual growth cones. Hippocampal cells that have been exposed to NGF 

polarize faster; it has been proposed that this effect depends on ceramide based cascades 

produced through the binding of the p75NTR receptor 29, 30. On the other hand, NGF action 

on individual growth cones has been extensively investigated and related to increases of 

GTPases Rac1 and Cdc42, mediators of actin polymerization in neurites 31. In addition to 

trophic effects, NGF has a chemotactic effect on neurons, in which neurites sense 

gradients of growth factor and extend up the gradient toward higher concentrations 3. The 

advantage of using or studying NGF over other chemical cues is that NGF retains its 

biological activity when immobilized 6, 18. This allows the researcher, through surface 

functionalization techniques, to develop novel substrates that can be used to directly 

compare biologically active chemical cues (i.e., surface receptor-mediated cues) to other 

adhesive chemical cues (i.e., integrin-mediated cues) 22. Results from such studies can 

provide insight into the differences between surface-receptor mediated biological 

pathways and mechanosensory pathways that involve cytoskeletal machinery such as 

laminin, known to induce axogenesis 5, 8.  

Recent studies have demonstrated that physical structure and topography have 

significant effects on cellular behavior such as the spreading of fibroblasts 32-34. 

Specifically for neurons, micron scale topography can promote contact guidance, which 

is observed in natural physical cues provided by glial cells 9, 35, 36.  In an attempt to mimic 

the topographical features found in the body, artificial substrata have been designed with 

microstructures using lithographic techniques 24. It is hypothesized that topography 

induces neuronal polarization as a result of local differences in tension that the growth 
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cone experiences. The exact mechanism by which this occurs is not well understood. 

Therefore modeling and the use of computer simulations to understand complex natural 

phenomena may be useful to explain how neurons interact with external cues.  

Current physiological models of neuronal polarization have focused primarily on 

a specific component of the neuron rather than the entire neuron. Several models involve 

solving a system of ordinary differential equations (ODEs) or partial differential 

equations (PDEs) that describe a simplified compartment to model a sub-cellular feature 

of the neuron. Examples of this are the models that describe the diffusion of a key protein 

from its fabrication site at the cell soma to the growing end of the neurite 37-40. These 

models have addressed a number of interesting issues such as neurite initiation, 

elongation, and branching. Other models have also addressed issues related to 

cytoskeletal mechanics in the growth cone or neurite outgrowth 41.  

In spite of these efforts, a cellular-level understanding of how substrate 

topography and chemical cues influence neurite extension and axon formation has been 

elusive. In this paper, we address this issue by developing a novel model to describe 

neuronal behavior to competitive stimuli as well as to individual cues. Our model 

captures all three of the major neurite processes observed in vitro and believed to also 

occur in vivo, namely, initiation, polarization, and axon path-finding. In addition, the 

model is inherently stochastic and is governed by the distance between adhesion sites. 

Finally, the model explains neuronal behavior on a specific biomaterial surface and 

shows excellent agreement with published experimental results. The model also outlines 
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numerous avenues for further experiments to develop a comprehensive and systems level 

understanding of neuron-substrate interactions.  

I.3 Materials and Methods 
 

Our model is based on both theoretical and experimental results. The main focus 

is to develop an integrated model that will distinguish between neuron-substrate 

interactions that are purely chemical in nature and interactions that have a topological and 

a chemical component. In addition, our goal is to develop a model that is not only able to 

capture results of existing studies but is also capable of predicting results in future 

experiments.  

Development of Algorithm 
 
  Our model is based on the assumption that the distance between distinct cues (i.e., 

“cue-to-cue” distance) is the key parameter in describing and predicting neuronal cell 

behavior to different extracellular cues. Mogniler et al. 42 have shown that the minimum 

filopodia length both experimentally measured and theoretically predicted is between 0.5-

1.5 μm. We utilize an intermediate value of 1 μm within this range as the minimum step 

size, nmin, to model a surface coated homogeneously with NGF. For topography, the cue 

distance was assumed to be equal to twice the feature size (i.e., the width of a ridge or 

microchannel). This was used since it was assumed that on average a growing neurite 

will span from ridge to adjacent ridge, and that the intrinsic stiffness of the neurite 

inhibits the transition from perpendicular migration across the ridge to parallel neurite 

outgrowth along the length of the ridge. The intrinsic stiffness of the neurite originates, in 

part, from the high persistence lengths of the actin and microtubule cytoskeletal 
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components; as a result, the neurite cannot bend at sharp angles between ridges. As 

mentioned previously, this distance between adjacent ridges or microchannels (i.e., "cue-

to-cue" spacing for topographical features) by definition is twice that of the feature size 

(i.e., the width of each individual ridge and/or valley). Figure AI.1 illustrates 

schematically how the extracellular topographical and chemical cues were treated in the 

computational algorithm. 

We used this scheme to differentiate between substrates with topographical and 

chemical cues and to select a trial configuration for the system. The initial configuration 

starts by defining the initial number of neurites and randomly distributing them on the 

periphery of the cell soma. The initial number of neurites was set to 10 because this is 

within an order of magnitude of the experimentally observed average number of neurites 

in hippocampal neurons, as first reported by Banker and Cowen 43. The excluded area of 

the cell soma is modeled as a circle with a diameter of 15 μm. Moreover, the excluded 

area for each neurite is defined as a rectangle with a width of 3 μm. Both the excluded 

areas of the cell soma and neurites are within the experimentally-determined dimensions 

for hippocampal neurons. Before each move of a neurite, the model assesses whether the 

lattice coordinate is free or is excluded by either the cell soma or of one of the growing 

neurites. For a given time step “j”, each growing neurite on both topography and 

chemical substrates moves to a new set of coordinates as defined by the following set of 

equations: 



149 
 

    

min*
)tan(

1min**

*
)tan(

1**

1,,

1,,

1,,

1,,

ncycyc

nbxcxc

zcyy

zbxx

jiji

jiji

jiji

jiji

+=

+=

+=

+=

−

−

−

−

θ

θ

   [1] 

In Equation 1, xi,j, yi,j are the x and y coordinates for the ith neurite at the jth time step for 

the topographical substrate scenario, whereas xci,j, yci,j are the equivalent values for the 

chemical substrate scenario. The angle θ is the angle chosen by the neurite for the 

subsequent step. For example, an angle of 90 degrees would imply that the neurite 

chooses to move in the same direction as the previous step, whereas an angle of 0 or 180 

degrees would imply a move that is perpendicular to the previous step. In Equation 1, b 

and c are constants equaling -1 or 1 depending on the angle chosen, whereas z is twice 

the feature size, λ, for the topographical scenario. The angle θ can vary from 0 to 180 

degrees.  

Before the new coordinates are accepted, they are tested against both an excluded 

volume criterion and an acceptance probability. An acceptance probability is introduced 

to model the intuitive fact that as a given feature size or cue-to-cue distance increases, the 

probability that a growing neurite will be able to span that distance will decrease. The 

acceptance probability functionality is modeled as an exponential and is defined as: 

 )exp( *
,

l
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where Δr is the displacement vector of the ith neurite for the jth time step, and l* is the 

effective characteristic length of the growing neurite. It should be noted that the 
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acceptance probability functionality, as defined in Equation 2, is chosen to describe the 

neuronal behavior to these cues as previously observed by Gomez et al. 24. It thus has no 

direct relation to the transition probability as defined by the Canonical Ensemble 

formulation. Furthermore the acceptance probability of the reverse move is assumed to be 

zero. This is a reasonable assumption since the reverse move of a neurite within a single 

step is energetically prohibited because of the high persistence of actin filaments and 

microtubules.  

Simulations of the topography and chemical scenarios were performed in parallel, 

and results were compared after each simulation to assess whether either had reached the 

polarization criteria. A neuron is defined as being polarized when one of its neurites 

becomes at least 15 μm longer than all other neurites. This criterion is based on previous 

experimental observations as first reported by Goslin et al. 10. Each simulation was 

repeated 10,000 times to ensure ergodicity and independence on initial conditions. A 

complete state diagram for the algorithm used in our simulations is found in Figure AI.2.  

Feature sizes for the topographical scenario are varied from small (1 μm) to large 

(1000 μm) to capture the effect of feature size on polarization. In these cases all other 

variables (i.e., minimum step size, nmin; number of neurites, n; characteristic length, l*) 

were maintained constant. We also investigated the effects of characteristic length, l*, on 

polarization by varying the characteristic length (10, 17.7, 50, 110 μm). Finally, to test 

the dependence of our model on the minimum step size, nmin, the algorithm was 

implemented for three different step sizes (0.5, 1, 1.5 μm). Table AI.1 lists the 

parameters used in the simulations to obtain the results below. 
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Experimental Methods 

To ensure that our model is able to capture and predict novel features of neuron-

substrate interactions, we not only compared our results to existing experimental data but 

also carried out several novel experiments to test and validate our theoretical calculations. 

The following sections briefly describe our experimental methods.  

Microfabrication of Physical Cues 
 

 Microchannels (i.e., ridges) of 1, 2, 5, and 10 μm in width and 400 nm in depth 

were created on polydimethylsiloxane (PDMS) using standard soft lithography 

techniques. Microfabrication of these devices consists of three steps 22. First, electron 

beam (E-beam) lithography was used to make a silicon mask with the desired ridge 

patterns (i.e., topographical cue spacing). Second, standard etching and microfabrication 

techniques were used to make a silicon master with the final microchannel dimensions 

from the silicon mask. Finally, soft lithography was used to make a replica mold of the 

master from PDMS. The detailed procedures are described below. 

 Silicon wafers, with a SiO2 layer, were first spin-coated with 4% poly(methyl 

methacrylate) PMMA resist in chlorobenzene (Microchem, Newton, MA). An E-beam 

lithographic tool (Raith-50 and XL-30 SEM, LaB6 source) with an area dose of 220 

μAs/cm2 and beam current of 0.215 nA was subsequently used to create microchannels of 

1, 2, 5, and 10 μm spacing on the PMMA resist. 

Following the resist development, a thermal evaporator (Denton) was used to 

deposit a 100 nm chromium (R.D. Mathis, Long Beach, CA) film and this was 

subsequently followed by a lift-off with acetone. After this step, a reactive ion etcher 
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(Plasma Technology) was used to etch off 400 nm of the SiO2 layer with a mixture of 

CHF3 and O2. Before the master could be used for replica molding of PDMS (Sylgard 

184, Dow Corning, Midland, MI), the master was silanized with tridecaflouro-1,1,2,2-

(tetrahydrooctyl)trichlorosilane (Gelest, Philadelphia, PA).  

 Soft lithography was employed to make PDMS substrates. To make PDMS, a 

10:1 w/w mixture of base to curing agent was mixed rapidly and degassed for 30 minutes 

before being poured into a 10 cm Petri dish containing the master. The thickness of the 

PDMS film was controlled at 3 +/- 0.01 mm and allowed to cure under vacuum for 24 

hours. All PDMS substrates with microchannels were sonicated in 70% ethanol for 15 

minutes, UV-sterilized for 3 hours, and placed in a 3 cm diameter 6 well multiwell tissue 

culture dish. Substrates were then coated by incubation with a solution of polyallylamine 

in water (7 mg/mL) overnight and washed twice with distilled-deionized (DDI) water.  

Immobilization of NGF 
 

 We performed NGF photochemical fixation using a phenyl-azido group. The 

method used was developed by Matsuda et al. 44 and modified by Ito and colleagues for 

immobilization of growth factors 6, 18, 45. Briefly, the method begins with the synthesis of 

N-4-(azidobenzoyloxy)succinimide through the addition of dicyclohexylcarbodiimide 

(Sigma-Aldrich, St. Louis, MO) (6.7 g) in tetrahydrofuran (75 mL) to a solution of N-

hydroxysuccinimide (Sigma-Aldrich) (3.7 g) and 4-azidobenzoic acid (TCI America, 

Portland, OR) (4.8 g) in tetrahydrofuran (75 mL). Separation of urea side products from 

the target product, azido-NHS, was then performed through filtration and crystallization 

with isopropyl alcohol/diisopropyl ether (Sigma-Aldrich). Next, a solution of 15 mg of 
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polyallylamine (Aldrich) in 10 mL of phosphate buffered saline (PBS, pH = 7.4) was 

added to a solution of 13 mg of the azido-NHS in 5 mL of N,N-dimethylformamide and 

stirred for 24 hours at 4oC. The solution was then treated to three cycles of ultrafiltration 

(10,000 Da NMWL; Millipore, Billerica, MA) followed by washes with 10 mL of 

distilled-deionized (DDI) water. After the final purification step a volume of ~300 μL of 

photosensitive polyallylamine (PAA-azido) was obtained. 

 The PAA-azido conjugate was diluted in DDI water to obtain a final volume of 

1.2 mL (1:4). 50 μL of this solution was then cast on a PDMS substrate (1 cm2), air dried 

in a vertical flow hood, and exposed to UV radiation with a UV lamp (Blak-Ray, 22 

mW/cm2, λmax = 365 nm) for 15 seconds. This was followed by three washes with 0.05 M 

HCl and two washes with PBS. A second layer of the photosensitive polyallylamine (50 

μL) was then cast on the substrate and processed as described above. Finally, a layer of 

NGF was cast and immobilized on the substrate using the UV lamp conditions mentioned 

above, except no washes with HCl were performed. This yielded a final surface 

concentration of NGF of 0.11 ng/mm2 as previously determined by Gomez et al 24. For 

controls, in the final step PBS only was added instead of NGF solution.  

E18 Hippocampal cell culture 
 

E18 hippocampal neurons were used for the cell studies. They are ideal in 

investigating polarization because they only form one axon 10, 22. For cell culture, treated 

PDMS substrates were transferred to sterile glass slides, washed twice with sterile water, 

air dried, and stored at 4oC. Before cell culture, sterile PDMS wells (1.25 cm X 1.25 cm 

X 1.5 cm) were placed such that they encased the treated PDMS substrates. Next, 
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embryonic rat hippocampal cells (E18) were isolated from commercially-obtained 

hippocampus tissue (Brainbits, Springfield, IL). The isolation involved dissolving the 

extracellular matrix of the brain in papain (Worthington, Lakewood, NJ) in Hibernate E 

medium (BrainBits) (4 mg/mL) at 30oC for 25 minutes, followed by physical trituration 

with a fire-polished Pasteur pipette. Further isolation was accomplished through 

centrifugation (Sorvall Legend RT) of the resulting solution for 2 minutes at 200 X g. 

The cell pellet was then dissolved in 1 mL of culture medium, counted, and plated on 

substrates (1.0 X 103 cells/cm2) with culture medium. Culture medium consisted of 

Neurobasal Medium (Invitrogen, Carlsbad, CA) supplemented with 2% B-27 

(Invitrogen), L-glutamine (Fisher, Waltham, MA, 0.5 mM), L-glutamic acid (Sigma-

Aldrich, 25 μM), and 1% antibiotic-antimycotic (Sigma-Aldrich, 10,000 units/mL of 

penicillin, 10 mg/mL of streptomycin, and 25 μg/mL of amphotericin). For negative 

controls, PDMS substrates were coated only with PAA-azido. 

Polarization Analysis and Time Study 
 

 Cells were cultured at 37oC, 5 % CO2 in a Forma Series II incubator for four 

different time periods (3, 12, 20, and 48 hours) to determine whether, given sufficient 

time, all cells did indeed polarize on both types of substrates. After each time point both 

the PDMS substrates containing topographical and chemical features were fixed with 4% 

paraformaldehyde (Sigma-Aldrich), 4% sucrose (Fisher) in PBS for 20 minutes. This was 

followed by permeabilization with 0.1% Triton-X100 (Sigma-Aldrich) in 3% goat serum 

(Sigma-Aldrich) in PBS for 20 minutes, and blocking for 1 hour at 37oC with 3% goat 

serum-PBS.  
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 Samples were incubated with antibodies for tau-1 (axonal marker) (Chemicon, 

Temecula, CA, 1:200) in 3% goat serum overnight at 4oC, followed by incubation with 

fluorescently labeled secondary antibodies (Alexa 546-conjugated, Molecular Probes) for 

6 hours at 4oC. DAPI staining was then used to distinguish cells from debris. Samples 

were then mounted with a 1:1 glycerol:PBS solution, inverted, and imaged using an 

Olympus IX70 fluorescence microscope. To determine whether the criteria defining 

polarization was met, cells were imaged first using DAPI, then in phase contrast (to 

determine number of neurites and neurite lengths), and finally were imaged using the anti 

tau-1 antibody. 

 Based on published criteria, a hippocampal cell is defined as being polarized 

(stage 3) when one of its neurites stains positively for tau-1 4, 10, 46-48 and is at least 15 μm 

greater than all of the remaining neurites. For each substrate, five random images were 

obtained and the number of polarized cells and total number of cells were counted.  

Statistics and Error Propagation 

 For statistical and error purposes five randomly selected images were acquired for 

each substrate and time point. Statistics for both the total number of cells and polarized 

cells were calculated. This includes the averages and standard deviations for each of these 

populations. Error for fraction of polarized cells was determined using error propagation. 

For this case, the error for fraction of polarized cells, σF.P, was determined by: 
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In Equation 3, σp, σn, p, and n are the standard deviation for the polarized cell population, 

standard deviation for the total number of cells, the average number of polarized cells, 

and the average total number of neural cells, respectively. 

I.4 Results and Discussions 

Computational Results 
 
 Our computational results show that for a given chemical concentration as the 

topographical feature size increases, the probability of observing polarization on the 

topographical substrate increases up to a critical point. Above this critical point, which is 

marked by the effective characteristic length l* of the neurites, the neuron perceives the 

topographical substrate as a planar surface (Figure AI.3). This is indicated by the 

behavior of the system at several characteristic lengths, l*, as shown in Figure AI.3. We 

observed that the maximum polarization occurred at the feature size equal to the 

individual neurite’s characteristic length, suggesting that the characteristic length 

provides a measure of the effective sensing radius of each individual neurite.  

Figure AI.4 depicts the effect of larger topographical feature sizes (i.e., ridge-to-

ridge distance) on the overall behavior of the system. Again the functionality dependence 

of the axogenesis probability was investigated for different neurite characteristic lengths. 

Figure AI.4 shows that as feature sizes reach their asymptotic values the neuron 

effectively can no longer “sense” the topographical environment and thus chemical cues 

are predicted to induce axogenesis first. That is, as topographical feature size increases, 

so does the probability of axogenesis up to the given persistence length of the individual 

neurites. Beyond that persistence length chemical cues begin to dominate. This is quite 
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interesting since there is no inherent bias in the simulation between chemical cues and 

topographical cues other than the cue-to-cue spacing in each scenario.  

Another interesting result of our simulation is that it models the dependence of 

polarization on the minimum filopodial step size, nmin. To capture this effect, we studied 

three distinct nmin values. These values were within the linear domain of filopodia 

lengths that are limited by buckling rather than by membrane resistance and diffusion 42. 

The three nmin values were: the inflection point occurring between the “limited by 

membrane resistance” and “limited by buckling” domains (0.5 μm), the average value for 

the “limited by buckling” domain (1.0 μm), and the inflection point located between the 

“limited by buckling” and “limited by diffusion” domain (1.5 μm). Mogilner et al. found 

that the optimal actin bundle for filopodia protrusion occurred at this inflection point (1.5 

μm). Figure AI.5 shows the results of our simulations at these three nmin values for two 

characteristic lengths, l* = 17.7 and l* = 110 μm. Our results demonstrate that at the 

larger nmin values, chemical and topographical cues become equally probable to induce 

polarization first. In accordance with previous simulations, the inflection point was 

observed around the values of the characteristic lengths for Figure AI.5. It is important to 

note that in all our simulations the probability that either topography or chemical cues 

wins always equals one. This is because our model assumes that at long times either 

topography or chemical cues will cause all neurons to undergo axogenesis. This is 

actually consistent with our own earlier observations that neurons were able to polarize 

after long times (~ 3 days) irrespective of the nature of the substrate.  

 



158 
 

Experimental Results 
 
 Experiments were performed to test the results of our simulations. Representative 

images of cells observed on the topographical (a) and immobilized NGF (b) substrates 

are provided in Figure AI.6.  Figure AI.7 shows the fraction of polarized cells observed 

on topographical substrates containing a given feature size. The fraction of polarized cells 

for a given feature size was calculated by counting the relative number, versus control, of 

polarized E18 hippocampal cells observed on a given feature size and dividing that 

number by the relative total number of cells polarized, versus control, on both the feature 

size and NGF-immobilized substrates. The NGF-immobilized substrate was prepared 

such that the surface concentration of NGF was equal to 0.11 ng/mm2. For the probability 

of polarization calculations cells were cultured for 20 hours and control was just a PDMS 

substrate with PAA-azido coated surface. Results shown in Figure AI.7 are qualitatively 

very similar to the computational results given in Figure AI.3. A direct comparison is 

shown for the two best simulations in Figure AI.7. At the initial nmin value of 1.0 μm, 

we discovered that the best correlation with experiments was for l* = 110 μm. This nmin 

value was found by Mogilner et al. to be the average length of filopodia whose lengths 

were limited by buckling rather than by membrane resistance or diffusion. For nmin = 

1.5, we found a better correlation with experiments for l* = 110 μm.  

We also performed a time-course experiment to determine whether both chemical 

and topographical cues result in 100% polarization of neurons at equilibrium. The data 

from this experiment were plotted as the fraction of polarized cells, defined as the 

average number of polarized cells in each sample view divided by the total number cells 
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on any given substrate, against the incubation time, Figure AI.8. Figure AI.8 shows 

agreement with previous studies and also validates our hypothesis that all substrates 

asymptotically reach 100% polarization at equilibrium.  

The results of our computational model provide a novel plausible basis for the 

topographical bias in neuronal polarization observed in previous studies 22, 24 and in our 

own recent experiments, Figure AI.7. Our simulations demonstrate good agreement with 

previous and new experiments and support the hypothesis that topographical 

microchannels (i.e., ridges) in the substrate regulate neuron polarization.  

Although our model is able to mathematically match experimental data, our 

model has a couple of limitations. First, our model is focused on the cellular length-scale 

and is unable to capture molecular level mechanical or signaling events. A multi-scale 

modeling approach, incorporating our model with molecular events, is currently under 

development. Second, mechanical effects of the substrate are also beyond the scope of 

our model. Mechanical properties of substrates have been known to influence processes 

such as differentiation, growth rate, and development 49-52. These effects, through various 

mechanotransduction channels, will influence overall behavior and provide novel insights 

into neuron-matrix interactions. However, despite this assumption, our model provides a 

reasonable first order approximation to experiments showing that mechanical properties 

of the substrate are a second order effect in determining axogenesis in response to 

substrates having both topographical and immobilized chemical ligands. 

Base on our results, experiments can be proposed that provide a more detailed and 

quantitative picture of cell-substrate interactions. First, larger topographical features need 
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to be designed such that we can explore our hypothesis that at a sufficiently large feature 

size we will observe a maximum beyond which the probability for enhanced polarization 

in response to topographical features compared to chemical features will decrease. 

Detailed characterization of the surface to capture the homogeneity of chemical cues is 

also critical in developing more accurate models. It is our hope that by expanding this 

model and incorporating migration and signaling, we will not only improve the 

connection with experiments but also hope to identify novel targets for designing multi-

functional substrates for rapid and efficient polarization of neurites. 

I.5 Conclusions 

 Our computational model, rooted in recent developments in neural engineering 

and biomaterials, successfully describes experimentally-observed trends in the interaction 

of neurons with functionalized substrates. Our model is not only able to reproduce 

existing experimental results, but it also successfully predicts results for novel 

experiments. The tight correlation between the computational model and experiments 

suggests that cue spacing is the major determinant for axon polarization. Additionally, we 

predict that the role of topographical spacing will peak around the characteristic length of 

the neurite and beyond this critical distance chemical cues will be as effective as 

topography. We hope that models such as ours will provide both experimentalists and 

theoreticians with new ideas to develop integrated and multi-scale approaches to quantify 

the complex interactions between neurons and substrates in an effort to develop new 

biomaterials.  
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  Table A.1 Model Variables  
 

Symbol Definition Range of Values
l* Characteristic length 10, 17.7, 50, 110 μm

α Acceptance probability -

λ Feature size 1-1000 μm

Displacement vector
ri,j of the ith neurite -

for the jth time step

The minimum step size
nmin a growth cone can make 0.5-1.5 μm

equal to chemical step
size

Ni The number of initial 10
neurite processes
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End 
of neurite
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Figure A1.1 Individual neurite migration as captured by the computational model 
on topographical and chemical substrates. (a) This figure shows the topographical 
system in question with characteristic feature size λ and the growing end of one neurite. 
In this figure, the red circle represents the j-1 position of a single neurite i with excluded 
area equaling 3 μm (figure not drawn to scale).  The grey striped rectangles represent the 
ridges while the white rectangles represent the valleys. Before each move, a coordinate 
system is defined and an angle ranging between 0 to 180 is randomly selected and a new 
coordinate for the center of the next circle in the chain is defined based on that angle and 
twice the feature size λ. (b) Shows the system as defined by the computational model for 
the chemical substrate.  Everything in (b) is analogous to what is shown in (a) except that 
the star shapes in the background represent immobilized nerve growth factor (NGF).  
Since the nerve growth factor’s individual spacing (~ 0.02 μm) is so small in comparison 
with the neurite it can be considered as a continuum. As such, it was argued that the 
minimum step size is dependent on the minimum size of filopodia on each growing 
neurite (nmin) rather than the cue-to-cue spacing for immobilized NGF. 
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Figure A1.2 State Diagram.  The above state diagram shows the logic tree for the 
algorithm used in our computational model. Briefly, the computation starts a timer, inputs 
initial conditions (l*, λ, nmin), and goes through two parallel paths. Path 1 leads to the 
topographical domain whereas path 2 leads to the chemical one. In each path, a random 
angle is chosen for each migrating neurite and new x, y coordinates are either accepted or 
rejected through an acceptance probability. 
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Figure A1.3 Computer Simulation of Neuron Polarization on substrates with experimentally relevant 
feature sizes. (a) Shows the predicted probability of polarization for E18 hippocampal neurons cultured on a 
PDMS substrate containing topography (Top) versus that predicted for those cells cultured on a substrate 
containing immobilized nerve growth factor (NGF). The figure shows the entire range of topographical 
features investigated (1-100 μm) in this simulation for four characteristic lengths of interest (10, 17.7, 50, 110 
μm). (b) Demonstrates the same plot as in (a) at a smaller x-axis scale for direct comparison with experiments 
performed. 
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Figure A1.4 Computer Simulation of Neuron Polarization at large feature size 
asymptote. This figure shows what our model would predict, for the four characteristic 
lengths investigated, at very large feature sizes. As feature size tends to relative infinity 
we would logically predict that chemical cues should start to win out. This hypothesis 
is corroborated by our model. 

1 10 100 1000
0.0

0.5

1.0

 

 

Pr
ob

ab
ilit

y

Feature Size (µm)
1 10 100 1000

0.0

0.5

1.0

 

 

Pr
ob

ab
ilit

y

Feature Size (µm)



170 
 

 
 

0 10 20 30 40 50 60 70 80 90 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

Pr
ob

ab
ilit

y
Feature Size (µm)

0 10 20 30 40 50 60 70 80 90 100
0.0

0.5

1.0

 

 

Pr
ob

ab
ilit

y

Feature Size (µm)

a) b)

0 10 20 30 40 50 60 70 80 90 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 

 

Pr
ob

ab
ilit

y
Feature Size (µm)

0 10 20 30 40 50 60 70 80 90 100
0.0

0.5

1.0

 

 

Pr
ob

ab
ilit

y

Feature Size (µm)
0 10 20 30 40 50 60 70 80 90 100

0.0

0.5

1.0

 

 

Pr
ob

ab
ilit

y

Feature Size (µm)

a) b)

 
 
 
 
 
 
 
 

  
 
 
 

Figure A1.5 Computer simulations dependence on minimum step size (nmin) for two 
possible characteristic lengths. (a) The characteristic length, l*, used was equal to the 
persistence length of a single actin filament (17.5 μm). (b) The characteristic length, l*, 
used was equal to the persistence length of a single microtubule (110 μm). 
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Figure A1.6 Effect of individual stimuli on axogenesis. A-B) Hippocampal neurons, 
seeded at ~50,000 cells/cm2 and cultured for 20 hours, exhibit different levels of 
polarization depending on the type of cue present. Fluorescent images (Tau-1 labeled) are 
shown above for 1 μm topographical features (a), and 0.11 ng/mm2 of immobilized nerve 
growth factor (NGF) (b). Double and single asterisks denote examples of hippocampal 
neurons that have and have not undergone polarization. Scale bar = 50 μm. 
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Figure A1.7 Neuron polarization probability increases as a function of topographical 
feature size in comparison to a constant chemical surface concentration. Here (a) and 
(b) shows the best two possible fits of our model to experimentally derived results. (a) The 
minimum step size allowed was 1.0 μm. From those simulations we found that l* = 110 μm 
gave the best fit to experiments. (b) At the asymptotic nmin value of 1.5 μm we found that 
our computational model yielded better agreement with experiments. Again from this 
simulation we found that l* = 110 μm gave the best fit to experiments. 
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Figure A1.8 At equilibrium all substrates, both chemical and topographical, tend to 
have the same extent of polarization. Here a constant concentration (0.11 ng/mm2) of 
immobilized nerve growth factor (NGF) was used to compare extent of polarization 
versus different feature sizes as a function of time. This result corroborates our 
assumption that at equilibrium both chemical and topographical cues cause the same 
extent of polarization.  
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APPENDIX II. ACTIN-FASCIN BUNDLE FORMATION UNDER PRESSURE 

__________________________________________________ 

II.1 Summary of Chapter 

Studies of the dependence of fascin:actin bundle formation on thermodynamic 

properties are important for understanding cell processes such as migration and 

differentiation. We report a novel approach utilizing an expanded equilibrium 

polymerization Flory-Huggins type model to model fascin:actin bundle formation under 

pressure. A free energy expression that considers both polymer solution physics and both 

the deactivation of fascin and propagation of fascin:actin bundles was derived for this 

system. Using this free energy expression, we report the composition’s dependency on 

pressure while varying: fascin to actin molar ratios [1,3, and 6], initial F-actin 

concentration [9.52 X 10-9 – 5.7 X 10-8 mM], specific volume, and Kdeact. Bundle 

formation was shown to increase as a function of pressure and to be limited by F-actin. 

Furthermore, our model was able to quantitatively predict an optimal size parameter for 

the deactivated fascin molecule (sF = 4645) and for the deactivation equilibrium constant 

(Kdeact = 2.66 X 108). These results present a novel approach to study fascin cross-linking 

of actin bundles and provide avenues for future experiments to develop a more 

comprehensive understanding of cell-matrix interactions.
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II.2 Background and Motivation 

Filopodia are highly dynamic structures that extend from the lamellipodia of 

migrating cells1, 2. The cytoskeletal composition of Filopodia consists of F-actin polymers 

cross-linked into bundle like morphology through fascin3-6. Fascin is a small, 55 kDa, 

protein that has both a protein kinase C and actin binding domain and is deactivated upon 

phosphorylation of the serine 39 residue7. In addition to migration dynamics, it is 

believed filopodial dynamics determine axon branching8 and guidance9. A number of 

studies have shown that topographical cues promote axogenesis, the formation of axon in 

neurons, and axon guidance 10-16, which have been studied through both experimental and 

computational methods17. It is believed that differences in tensile forces seen by the 

filopodia may determine the cell behavior observed. These forces are seen by the 

migrating cell through the assembly and disassembly of focal contacts 18, 19. These focal 

contacts provide a mechano-sensory capability to the cell by linking membrane bound 

integrins with cytoskeletal components such as actin filaments18, 20.  

Recent studies have shown that filopodia length determined experimentally can be 

modeled as a good first order approximation using simple mechanical arguments 21. 

These arguments are based on the mechanics of actin and fascin cross-linked bundles. 

Stewman et al have used a lattice model with Pots-like spins in combination with a 

Kinetic Monte Carlo algorithm to understand the dynamics of actin self assembly into 

filopodia like bundles22.  However, pressure effects of the equilibrium polymerization of 

both actin and fascin cross-links have never been addressed adequately. In order to 
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develop a better understanding of filopodia mechanics, structure and dynamics, we have 

developed a computational approach based upon the Flory-Huggins model first 

developed by Another approach is presented by Dudowicz et al. 23-26.   Previous 

extensions of this theory have been extended to study actin growth under pressure 27, 28, 

however the role of fascin, or the self assembly of these polymer chains into filopodia 

like bundles through fascin cross-linking has never been addressed.  In this work, an 

extended Flory-Huggins model is used to determine actin and fascin equilibrium 

polymerization under theoretical pressure. Understanding bundle formation under 

theoretical pressure may help develop second generation models describing how cells 

interact with their substrates and specifically how cells interact with topographical cues 

on those substrates. 

II.3 Methods 

Model Development 

Our model is based on the following reaction mechanism:  

 (1)   F*  →←     F )exp(
Tk

f
K

B

deact
deact

∆−
=  

 

 (2)       Pj-1 + P + xiF* →←      Pj   ∞==∀
∆−

= −
− ....2tan)exp( jtconsi

Tk
f

K
B

linkx
linkx

 

 In the above reaction mechanism, reaction 1 describes the deactivation of active 

fascin through the phosphorylation of the ser39 amino acid. The formation of F-actin 

fascin polymer networks is described in equation 2. For simplicity sake several 

assumptions were made. First it was assumed that all actin present in our system was 
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fully reacted F-actin polymer with the same extent polymerization. As reported by Tseng 

et al.29, F-actin has an extent of polymerization ranging from 119-255 actin monomer 

units. The effect of bundle of formation was investigated for F-actin polymers that had an 

extent of polymerization within this range. For simplicity it is assumed that the growth of 

a bundle network occurrs only sequentially and that the number of fascin cross-links 

between each polymer strand is a constant depending on the extent of polymerization, i, 

of the F-actin polymer strands. A schematic of how we propose actin bundles form from 

fascin: actin networks can be seen in Figure AII.1. 

 In reaction 2, xi denotes the average degree of cross-linking between F-actin 

polymers composed of i actin monomers.  As a simple approximation it was assumed that 

this degree of cross-linking had a linear dependency on the degree of polymerization of 

the actin polymer (i.e., on i). This linear dependency on the degree of polymerization is 

supported from previous studies reported in literature5. Aratyn et. al observed that in 

filipodia is one fascin cross-link for every 25-60 actin monomers. This linear dependency 

can be represented in an equation as: 

 mixi =   [1] 

 In order to determine the slope of this linear equation we considered actin 

filaments to be hexagonally packed in the bundles. As a consequence, every second 

monomer in the helix would be aligned with an adjacent filament and accommodate a x-

link. In the upper limit, where every available site has a cross-link, this would lead to a 

fascin:actin ratio, “m”, equal to ¼. Next we develop our modified Flory-Huggins model 

by starting with a simple cubic lattice with N sites (z = 6). If we consider the total number 



 

178 
 

 

of lattice sites available in our system to be composed of two components: the number of 

species in our system and the size each species takes up versus a reference. With that in 

mind, we can write the total number of lattice sites, NT, to be equal to: 

∑
∞

=
−++++++=

2
** )( *

j
jlinkxipppFFFFvvssT nsxsjnsnsnsnsnsN  [2] 

 In Eq. 2, ns, nv, nF, nF*, np, nj are the corresponding number of solvent, vacuum, 

deactivated fascin, activated fascin, unreacted actin polymer, and number of bundles 

composed of j polymers in our system respectively. Whereas, ss, sv, sF, sF*, sp, sp*, and sx-

link are the lattice sites occupied by the aforementioned species with the latter two being 

summed up in the last term of equation 1 to take into consideration size changes between 

unreacted and reacted species when incorporated in the bundle. Three of these size 

parameter, sF, sp*, sx-link corresponding to the lattice sites occupied by deactivated fascin, 

cross-linked polymer, and cross-linking fascin respectively, can be changed to better fit 

experimental data or a higher order model.  

 Next we use this total number of sites to define volume fractions for each of the 

species involved. These volume fractions are defined as: 
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 In Eq. 3, *Fφ  and Fφ , Pφ are the lattice volume fractions for activated fascin, 

deactivated fascin, and unreacted F-actin polymer respectively. The last term in equation 

three jφ   is the lattice volume fraction for the bundle composed of  j actin polymers. The 

size of each unit in the bundle is a linear combination of the sizes of the reacted actin 

polymers, sp*, and the xi reacted fascin cross-links, sx-link. 

Following a similar theoretical construct as the equilibrium polymerization fluid lattice 

model 28, 30 we develop a Helmholtz free energy equal to: 
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 In Eq. 4, the first term considers any free energy contribution small ions may 

contribute in the overall free energy. The volume associated with these small ions is 

considered negligible and is not explicitly considered.  The next six terms following, fsalt, 

take into consideration the translational entropy contribution for each of the distinct 

species in our system.  Terms seven through ten account for the dimensionless specific 

free energy of each species in our system. The final six terms account for the solvent-

solvent, polymer-polymer, bundle-F-actin, bundle-deactivated fascin, solvent-bundle, 

fascin-fascin, and solvent-polymer Flory Huggin’s interaction parameters. In developing 

these pair-wise interaction parameters it was assumed that for the bundle the interaction 

[4] 
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between bundle-bundle and freely diffusing polymer is the same as the fascin cross-links 

and are not accessible to interact. 

 In equation 4, the dimensionless specific free energy of each species was used to 

calculate the specific free energy contribution for each species. For the deactivated fascin 

monomer the dimensionless specific free energy is given by: 

 
Tk

f
f

B

deact
F

∆
=  [5] 

Since empty sites are not thermodynamic quantities we can write: 

0ˆ =vf  

 We define the free energy of unreacted  polymer and  activated fascin monomers 

and solvent molecules,  ( sFp fff ˆˆˆ * ) respectively, to be equal to zero defining the 

zero entropy state. For the cross-linked bundle, we employ a modification to the Flory-

Huggins theory similar to the treatment by Lu et. al31 that considers the configurational 

energy of a bundle with extent of polymerization j and the free energy involved in 

forming a crosslink between to actin polymers: 

2)1ln(11
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= − jz
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f

j
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b

linkx
j

 
[6] 

 It should be noted that in Eq. 6, we assume that any swelling of our network is 

negligible and as such we neglect the elastic entropy of our network due to swelling.   

The Δfx-link term is the free energy associated with each cross-linking event, and j is the 

number of F-actin polymers that form the bundle. Finally the thermal energy term, kBT, is 

present to account for the thermal energy available in the local environment. 
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 We now proceed to our treatment of chemical equilibrium. For each of the 

proposed reactions we assume that we are at chemical equilibrium. At chemical 

equilibrium the change in chemical potential must be identically equal to zero and as such 

we write: 

 0=du  [7] 

for each reaction. Therefore, with this simplification in hand we get from reaction 1 and 2 

 FFFF µµµµ =⇒=− ** 0  [8]            

  

 ** )2()1(0)2()1( FiPjFiPj xjjxjj µµµµµµ −+−=⇒=−−−−  [9] 

Combining the definition of chemical potential with our definition for lattice fractions, 

we get for our chemical potentials to be equal to: 
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Using these definitions and the free expression determined in equation 4 and solving for 

the conditions of chemical equilibrium one can get after some algebra: 
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In Eqs. 11 and 12, δF, a and b are defined as: 
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A constraint we have in following expression is that in order for equation 12 to have a 

closed form overall all possible species (i.e., to infinity) the variable “a” must satisfy the 

following inequality: 

                                                                             [14]          

.  Finally plugging in the equilibrium constants from our reactions we get our final 

expressions for jφ and *Fφ
: 
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In Eq. 16, o
actinφ  and o

F *φ  represents the initial concentration of actin and fascin 

respectively used in the simulation.   

Next we add the constraint using the thermodynamic relationship:  
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where νo is the volume occupied by one water molecule (νo = 30 Ǻ) gives us a 

relationship that relates the free energy derived in equation 5 to thermodynamic pressure.   

With equations 15 and 16 we now have three equations with three unknowns (i.e.,

),,,(,, **
o
F

o
actinTFp TPfN φφφφ = ). 

Numerical Methods and Parameter Estimation  

 Several simplifications need to be made to the free energy expression on equation 

4 before it can be used to solve our system. First it was assumed that our system is at 

infinite dilution such that jFFPs φφφφφ ≈≈≈>> * . In addition we assume the Flory-

Huggins parameters for all species interactions are all of the same order of magnitude, 

therefore we get that only the solvent interactions are necessary in order to accurately 

describe our system. This assumption is a result of the lack of reliable quantitative 

molecular level data, theoretical or experimental, on fascin kinetics and interaction in 

bundle formation.  Based on these assumptions, we can rewrite equations 13 as: 
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 Substituting these simplified expressions into our mass balance given in equation 

15 and using Matlab’s fsolve numerical solver to solve our two variables as a function of 

the total number of lattice sites, NT. Equation 16 was then solved numerically fully 

determine the composition of our system as a function of pressure.  Due to the 

complexity of the system several parameters had to be estimated from experimental 

conditions whereas others were determined to fit the numerical constraints that were 

implemented in order to get physically realizable data.  

 We also assumed that the volume fraction of actin is much less than the volume 

fraction of solvent and as such we anticipated that the number of vacant sites nV is 

determined by the solvent only. Therefore, we define in numerical algorithm the volume 

fraction of vacant sites to be equal to the volume fraction of vacant sites in the lattice 

model of water (R~O(10-2))28.  Furthermore, we determined the Flory-Huggins solvent-

solvent interaction parameter to have the functionality equal to that determined 

previously from fits to the compressibility of pure water over the range pressures of 

interest (i.e., χss = 1200/T for pressure ranging from 1-10 atm28). Next, the interaction 

parameters, χsp, χsb, and χsF needed to be determined. Unfortunately, no directly 

applicable experimentally data existed for us to determine these interaction parameters.    

[18] 
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As a result, estimations needed to be made to determine these parameters with the 

following constraints. First, Flory-Huggins theory gives us the functional form of these 

interaction parameters to be directly dependent on the microscopic energy between the 

two species, εij, and inversely dependent on the thermal energy in the system (kBT). 

Furthermore, we assume that all these parameter are of the same order of magnitude and 

that these interaction parameters satisfied the mathematical constraints that exponential 

“a” be less than and that 2*a+b be of the O(-100). From these constraints χsp, χsb, and χsF 

were determined. Using the hydrodynamic diameter of actin and fascin in solution the 

numerical values for the size constants were defined as follows 
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 This leaves, sF, sx-link, sp* to be  “user-defined” parameters in our model.  Based on 

previous studies of actin and to keep the model simple, we assumed that sF* = sx-link and 

sp* = i*sp where i was the extent of polymerization of each F-actin polymer.  

Finally, for Kx-link experimentally determined data from in vivo experiments32 were used 

to define this value as 6.7 X 106.  Unfortunately no explicit data was found for Kdeact , 

however, as the deactivation of fascin is known to be mediated by the phosphorylation of 

a ser-39 amino acid a good starting point for the equilibrium was to assume that a full 

energy transferred occurred between the hydrolysis of ATP to ADP and to use that free 

energy (i.e., ΔGHydrolysis). This gave us a starting value for Kdeact of 2.66 X 108. This 

variable was changed up and down to orders of magnitude to see the dependence of our 

system on the concentration of available activated fascin. 

[19] 
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II.4 Results and Discussions 

 Figure AII.2 shows the results of model for the system’s composition (i.e., pφ , 

Fφ , *Fφ , and jφ ) as a function of theoretical pressure.  Here three different initial 

conditions are plotted on a semi-logarithmic plot to show the dependence of these curves 

on the initial actin to fascin molar ratios. The figure shows that as theoretical pressure 

increases the volume fraction of F-actin and activated fascin decreases corresponding to 

an increase in the total volume fraction consisting of bundles. Furthermore, the activated 

and deactivated fascin volume fraction increase upon increase in the initial ratio of actin 

to fascin (while keeping the volume fraction of bundle polymer constant). This leads us 

to conclude that for the conditions used, our reaction is F-actin limited and not fascin 

limited.  We also note that the volume fraction of activated fascin is significantly less 

than that of the deactivated fascin. We believe this due to the large equilibrium constants 

for both reactions leading a competition between the deactivated fascin and the bundle 

polymer. The compositions’ pressure dependence in this plot is simply due to the 

multispecies nature of reaction two rather than any changes in conformation between the 

reactants and products as the size parameters between the products reactants were kept 

constant.  

 Next we consider the effect of keeping the fascin-to-actin ratio constant (i.e., 

[F]/[A] = 6) while varying the initial actin concentration. Figure AII.3 shows the results 

for each of the species involved upon varying the concentration from 9.52 X 10-9 to 5.7 X 

10-8 mM. Again we notice that the system is limited by the actin concentration. As 
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expected the concentration of bundle increases as the actin, and conversely the fascin, 

concentration increase. 

 Figure AII.4 shows the dependence of changing the size parameter sF on fascin 

and deactivated fascin composition.  Here again, we note that the as one changes the size 

parameter of sF from being equal to sF* equilibrium is pushed towards the activated 

species at higher pressure. Furthermore, in figure aII.4 we fixed the size parameter for sF* 

to be equal to 4600. This was determined by approximating the size of activated fascin 

from experimental data in physiological conditions. However as this was an 

approximated value we were interesting in seeing how the system responded to 

perturbations around this value while keeping sF constant at 4640. Figure AII.5 shows 

how our system responded to these perturbations. We noticed that with increasing sF* 

concentrations a corresponding decrease in unreacted polymer and increase in bundle 

composition occurs (c,d). Both of these trends are consistent with our results from figure 

2 and 3 showing that actin is the limiting reactant for bundle formation for an actin:fascin 

molar ratio of 1:6. 

 We note that in Figures 4 and 5 the dependence of the unreacted polymer and 

bundle on sF and sF* is different. We hypothesized that this was due to a minimum in the 

system’s free energy occurring around the sF ~ 4645 whereas the free energy has no such 

minimum. To test this hypothesis the free energy was plotted against sF and sF* over the 

range of interest (Figure AII.6) and a minimum was observed for sF but not for sF*. Since 

systems will tend to minima in free energy, the our results suggest that sF ~ 4640 is the 

optimal value for this parameter.   
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 Finally, Figure AII.7 shows the dependence of changing the Kdeact on the system 

composition. For clarity, we only report results of unreacted F-actin and bundle 

compositions, as other results are qualitatively similar. Our results shows that by 

changing Kdeact one can predict the dependence of the initiation of bundle formation has 

on pressure. Moreover, this figure is consistent with the experimental data showing that 

the deactivation of fascin is regulated by the phosphorylation of the ser39 amino acid. 

Thus we observe that in order for bundles to form at atmosphere Kdeact must be equal to 

2.66 X 108. This value calculated from the hydrolysis of ATP at physiological conditions 

(i.e., 1 atm) and as such confirms aforementioned experiments. 

II.5 Discussion and Conclusion 

 While our model is able to capture a number of key processes in fascin 

crosslinking, accurate comparison with experiment was difficult due to lack of reliable in 

vitro or in vivo experimental data. As a result, a number of parameters had to be 

approximated, making our results qualitative. Nonetheless, ours is the first attempt of its 

kind, rooted in first principles, to include fascin structure, chemical and mechanical 

properties in a model of actin-fascin bundle formation. Our model predicts that the 

formation of bundles is F-actin limited and becomes more favorable upon increase in 

theoretical pressure. Therefore, this model gives us a better understanding of how 

fascin:actin bundles develop under pressure and may lead to development of improved 

cell physiological models describing how cells interact with their substrates as they grow 

and migrate on complex natural and synthetic environments.  
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Figure AII.1  Bundle formation from actin and fascin precursors. The schematic 
above shows how we visualize fascin:actin bundles forming from bundles, actin, and 
fascin precursors.  For all calculations the number of fascin cross-links per actin 
monomer was kept at theoretical upper limit (m=0.25) and the extent of polymerization i 
was kept constant. In the above figure l(i) and W(j) correspond to the extent of 
polymerization (255) of each f-actin polymer and the extent of polymerization for the 
bundles. In all simulations T = 293, Sp = 2320, χSP = -3933.5/T, and χSS = 1200/T. 
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Figure AII.2 Bundle formation is favored at higher theoretical pressure and 
indifferent to different fascin:actin molar ratios.  The above graphs show the 
calculated volume fraction for fascin (φF, [a]), activated fascin (φF*, [b]), unreacted F-
actin polymer (φP, [c]), and bundles (φj, [d]) for different molar fascin:actin ratios and a 
function of theoretical pressure. In the above graphs, a and b are plotted in semi-log form 
whereas c and d are in linear scale. The parameter use are: sF = 4640, sF* = 4600, Kx-link = 
2.66 X 108, Kdeact = 2.66 X 108, and [A] = 9.52 X 109 M. 
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Figure AII.3 F-actin is the limiting reagent in bundle formation. The above graphs 
show the calculated volume fraction for fascin (φF, [a]), activated fascin (φF*, [b]), 
unreacted F-actin polymer (φP, [c]), and bundles (φj, [d]) for different actin concentration 
keeping fascin:actin ratio constant and as a function of theoretical pressure. The 
parameters used are: sF = 4640, sF* = 4600, Kx-link = 6.7 X 106,  Kdeact = 2.66 X 108 and 
[F]/[A] = 6 
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Figure AII.4 Increasing the specific volume of deactivated fascin results in an 
increase in activated fascin. The above graphs show the calculated species composition 
for fascin (φF, [a]), activated fascin (φF*, [b]), unreacted F-actin polymer (φP, [c]), and 
bundles (φj, [d]) as a function of theoretical pressure and increasing specific volume 
parameters for deactivated fascin, sF. The parameters that were kept constant were: sF* = 
4600, Kx-link = 6.7 X 106,  Kdeact = 2.66 X 108, [F]/[A] = 6, and [A] = 9.52 X 10-9 mM. 
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Figure AII.5 Increasing the specific volume of the activated fascin results in a 
decrease in both activated fascin and bundle volume fractions. The above graphs 
show the calculated species composition for fascin (φF, [a]), activated fascin (φF*, [b]), 
unreacted F-actin polymer (φP, [c]), and bundles (φj, [d]) as a function of theoretical 
pressure and increasing specific volume parameters for activated fascin, sF*. The 
parameters that were kept constant were: sF = 4640, Kx-link = 6.7 X 106,  Kdeact = 2.66 X 
108, [F]/[A] = 6, and [A] = 9.52 X 10-9 mM. 
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Figure AII.6 An optimal value for sF exists at a free energy minimum whereas no 
such free energy minimum occurs for sF*. In the above graph the derived Helmholtz 
free energy normalized for thermal energy is plotted against both volume size parameters 
for deactivated (sF, [a]) and activated (sF*, [b]). A local minimum in free energy at sF = 
4645 suggest an optimal value for the deactivated fascin volume size parameter. No such 
minimum exist in b explaining the difference in the subplots for φP and φj  in Figure 4 
and 5. The parameters that were kept constant were: sF* = 4600 {a}, sF = 4640 {b}, Kx-link 
= 6.7 X 106,  Kdeact = 2.66 X 108, [F]/[A] = 6, and [A] = 9.52 X 10-9 mM. 
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Figure AII.7 Kdeact determines the pressure upon bundle initiation. The graphs show 
the dependence of the volume fraction for unreacted polymer (φP, [a]) and bundles (φj, 
[b]) as a function of pressure for different Kdeact. The Kdeact determined from the full 
energy transfer of the hydrolysis of ATP to ADP was equal to 2.66 X 108. This graph is 
consistent with the experiments showing that deactivation of fascin is mediated by the 
phosphorylation of the ser39 amino acid as bundle formation at atmospheric pressure 
only occurs for the Kdeact equal to 2.66 X108. The parameters that were kept constant 
were: sF* = 4600, sF = 4640, Kx-link = 6.7 X 106, [F]/[A] = 6, and [A] = 9.52 X 10-9 mM
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