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Creating effective cellular interfaces that can provide specific cellular signals is 

important for a number of fields ranging from tissue engineering to biosensors. 

Electroconducting polymers, especially polypyrrole (PPy), have attracted much attention 

for use in numerous biomedical applications since they provide a potential platform for 

local delivery of electrical stimuli to target tissues. To effectively modulate cellular 

functions at neural interfaces, it is essential to incorporate a range of extracellular cues 

into conducting polymers according to specific applications, such as nerve guidance 

conduits and implantable neural probes.  

 

For nerve regeneration scaffolds, three dimensional forms are desired for control 

of critical properties, such as porosity, mechanical strength, and topography. However, 

most researchers have worked on conventional two-dimensional PPy films, which cannot 

mimic a native three-dimensional architecture. Thus, a portion of my work has focused 

on introducing three-dimensional nanofibrous features into PPy. I have investigated 

various coating conditions to obtain uniform and conductive nanofibers. Effectiveness of 
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electrical stimulation through the conducting nanofibers was confirmed by in vitro PC12 

cell culture. The effects of different conducting nanofiber topographies (random and 

aligned) on cell adhesion and neurite outgrowth were examined in conjunction with 

electrical stimulation.  

   

The benefits of immobilized-NGF could be combined with electrical stimuli, 

which could be an ideal platform for neural tissue engineering scaffolds. Thus, I have 

modified conducting polymers to display neurotrophic activity. Nerve growth factor 

(NGF) was chemically immobilized on two dimensional and three dimensional PPy 

substrates. Specific chemical conjugation was achieved and characterized using diverse 

techniques. Immobilized NGF was as effective as exogenous NGF in medium in inducing 

neurite development and extension. NGF immobilized on functionalized PPy substrates 

was stable in a physiological solution and under electrical stimulation, indicating 

effective prolonged activity.     

 

I also investigated another important application of conducting polymer-based 

materials for neural interfacing - passivating electrodes with a biocompatible 

polysaccharide, hyaluronic acid (HA). I synthesized electrically polymerizable HA by 

chemically conjugating amine-functionalized pyrrole derivatives with HA. This coating 

was stable under physiological conditions for three months and resistant to enzymatic 

degradation. In vitro studies have shown the minimal adhesion and migration of 

astrocytes on the HA-coated electrodes. Implantation of HA-coated commercial probes 

into rat cortices for three weeks revealed attenuated reactive astrocyte responses from the 

coated wires, and the importance of glial interaction with non-conducting sites was 

demonstrated.     
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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. Creating effective cellular interfaces enables a number 

of applications ranging from tissue engineering to biosensors. Thus, I have utilized 

electroconducting polymers that can transfer electrical signals at interfaces with neural 

tissues. Incorporating other beneficial properties into conducting polymers is pivotal in 

order to improve and modulate functions of electroconducting neural interfaces. 

Specifically, I have modified conducting polymers to display neurotrophic activity, 

nanofibrous features, and a biocompatible polysaccharide (i.e., hyaluronic acid, HA) 

layer.  

My research focus is developing advanced conducting biomaterials for neural 

tissue interfaces. My thesis describes general concepts of neural tissue engineering, 

conducting polymers, conducting nanofibers for neural tissue engineering scaffolds, 

further modification with neuroactive molecules, and passivating neural electrodes with 

biocompatible polymer. My doctoral dissertation is organized into six chapters. In 

Chapter 1, current challenges and recent approaches in neural tissue engineering are 

described in detail. Also, specific factors affecting neuronal responses and their uses in 

neural tissue engineering fields should be carefully considered with respect to designing 

neural interfaces. 
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Chapter 2 presents background on polypyrrole (PPy), including its 

physicochemical properties, synthetic methods, modification, and biomedical 

applications. Recent efforts to develop conducting scaffolds for neuronal tissue 

engineering using PPy are described. As my main thesis work has utilized PPy, this 

chapter presents information regarding how I have functionalized PPy to achieve specific 

neural responses. 

Chapter 3 describes a fabrication method for creating three-dimensional 

conducting nanofibrous scaffolds by chemical coating PPy onto electrospun PLGA 

nanofibers to create. I investigated coating conditions to obtain uniform and clean 

conducting nanofibers (PPy-PLGA). In vitro cell culture of PC12 cell and embryonic 

hippocampal neurons were performed to study effects of fiber features (i.e., alignment) 

and electrical stimulation conditions. The results of theses studied are published in 

Biomaterials. 

In Chapter 4, the results from Chapter 3 are further expanded to fabricate 

neurotrophin-immobilized conducting nanofibers. To this end, functionalized pyrrole 

monomer was chemically synthesized and used. First, nerve growth factor (NGF) was 

immobilized onto PPy films to investigate biological effectiveness and stability of NGF-

immobilized PPy films. Next, this immobilization technique was used to tether NGF onto 

PPyPLGA nanofibers. Finally, these electrically conducting and neurotrophic 

nanofibrous scaffolds were used to study their effectiveness for neuronal tissue 

engineering applications. A part of the results of theses studied are published in Journal 

of Royal Society Interface, and another part of the results is in preparation for publication. 
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Chapter 5 describes how a novel pyrrole-hyaluronic acid (PyHA) conjugate was 

synthesized for surface modification to improve biocompatibility of neural electrodes. 

This PyHA conjugate can be electrochemically deposited onto conducting substrates 

without impairing electrical properties of the underlying electrode materials. These 

PyHA-coated electrodes prevented cell adhesion and migration of cortical astrocytes and 

fibroblasts. In vivo implantation studies were also performed using PyHA-modified 

commercial neural probes. Brain tissue reactions with the PyHA-coated probes were 

evaluated three weeks after implantation into rat motor cortices. A part of the results of 

theses studied are under revision for publication (Acta Biomaterialia). Also, in vivo 

studies are in preparation for publication. 

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.    

 

1.2 Neural Tissue Engineering 

Since cellular behaviors can be modulated based on artificial materials, tissue 

engineering has enabled a number of clinical and laboratory benefits; however, there 

have been challenges in developing biomedical devices and biomaterials for neuronal 

regeneration. To do so, specific environments should be engineered without significant 

adverse effects  [1, 2]. In this chapter, current clinical challenges in neural tissue 

engineering and strategies to design artificial scaffolds and prostheses are discussed.  
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Factors affecting neuronal behaviors and thus critical parameters in designing scaffolds 

are also detailed in terms of types, mechanisms, and application examples.  

 

1.3 Clinical Challenges 

The nervous system is composed of central nervous system (CNS) and peripheral 

nervous system (PNS). The CNS consists of the brain and spinal cord, whereas the PNS 

consists of sensory neurons and motor neurons [3]. More than 50,000 surgical procedures 

for peripheral nerve regeneration are annually performed in the United States [4]. Also, 

over 1.5 million people are affected by traumatic brain injuries per year in the Unites 

States [5]. Damage to both the CNS and the PNS are caused by degenerative diseases and 

injuries. However, there is little effective clinical treatment for restoration and 

regeneration of injured nerves because of the complexity of nervous systems [6, 7].  

For PNS treatment, autologous nerve grafts (autografts) are the gold standard for 

connecting the distal and proximal nerve ends. Although the treatment with autografts is 

successful for short nerve gaps, the use of autografts for larger nerve gaps often results in 

loss of tissue at the donor sites and ineffective regeneration [8, 9]. Allografts and 

xenografts are not clinically used because they carry the risk of immunogenic response 

and disease transmission [6].  

Functional axonal recovery of injured CNS is a greater challenge [10, 11]. The 

damaged CNS has an environment that is inhibitory to axonal regeneration. Reactive 

astrocytes and other cells (e.g., microglia, macrophages) become activated at the injured 

sites and secrete various inhibitory compounds (e.g., cytokines, radicals, inhibitory 
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polysaccharides) that form fibrotic scar tissue around the injured nerve tissue and prevent 

axonal regeneration into the injured nerve tissue [12, 13]. For example, chondroitin 

sulfate proteoglycan (CSPG), which is upregulated at the injured nerve sites, inhibits 

axon regeneration and neural viability [14]. 

 

1.4 Approaches for Neural Tissue Engineering  

Interfacing substrates capable of providing neurons with multiple signals are 

beneficial for numerous neural engineering applications, ranging from artificial nerve 

guidance conduits (NCGs) to neural prostheses [4, 15]. Due to the complexity of nervous 

systems and the lack of current practical treatment for injuries in the nervous systems, the 

development of artificial biomimetic constructs has been extensively studied [6, 16, 17]. 

Thus, engineering biomaterials for neural tissue engineering have been aimed at 

modulating the normal wound-healing process by controlling cellular contents and/or 

providing neurotrophic or anti-inhibitory activity [4]. Here, two major applications in 

neural tissue interfacing (i.e., NCGs and neural prosthetics) are detailed in the following 

sections. 

 

1.4.1 Tissue Engineering Scaffolds: Biomimetic Nerve Guidance Conduit (NGC)  

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

artificial NGC to bridge the gap of a severed nerve [17]. NCGs are aimed at guiding 

regenerating axons and preventing in-growth of scar-forming tissue from the outer side, 

using both synthetic and natural materials [6]. Neurons in vivo interact with their 
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environments while receiving various signals, such as biochemical (e.g., nutrients, 

growth factors, extra-cellular matrix (ECM) components), physical (e.g., topography, 

stiffness), and electrical signals, from their environment [16]. Therefore, NGCs capable 

of representing these multiple cellular stimuli is ideal to modulate specific cellular 

responses and thus obtain functional nerve regeneration, for instance accelerating the 

recovery of cell function and modulating cellular development [18, 19]. A biomimetic 

approach should display appropriately combined cues in a controlled fashion for nerve 

regeneration. Nanofibers or nanofibrous architectures can mimic the ECM features and 

endow interconnecting pores and high surface area [20].  Axonal regeneration is key in 

functional recovery of both injured CNS and PNS [11]. Thus, much research has focused 

on fabricating scaffolds to achieve axonal formation, growth/guidance, and functional 

reconnection [6, 16]. Factors influencing neuronal responses ideally have to be 

effectively incorporated together for in vivo neural engineering applications [16]. Each 

factor will be discussed in detail in the following sections.  

 

1.4.2 Neural Prosthetic Probes  

Neural prosthetic probes have been used to stimulate and record neural activity in 

the brain. For patients with degenerative CNS disease, stimulation with electrical 

potential has been reported to restore some neural function [3, 13, 21]. For example, the 

symptoms of Parkinson's can be alleviated by electrical stimulation through neural 

prosthetic devices [22]. In addition, neural recording has utilized neural probes to 

precisely record action potentials and their patterns adjacent to the electrodes. However, 
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implanted electrodes often lose performance within a few months due to low signal-to-

noise ratio and high impedance between the implanted electrode and neural tissues [21, 

23, 24] as a result of glial scar tissue surrounding the implanted electrodes [13, 21]. 

Consequently, for better production of neural probes, much research is focused on 

minimizing inflammatory glial cell response and enhancing neural viability at the 

surfaces of implanted electrodes [3, 13, 15, 21]. For example, anti-inflammatory drugs 

have been administrated or locally delivered to minimize reactive gliosis [15, 25]. Also, 

incorporation of neurotrophins [26] and extracellular matrix (ECM) components, such as 

laminin [12, 27] and fibronectin [28], and their fragments [29, 30], onto the electrodes 

has been explored for the purpose of preferentially promoting neuron growth on the 

modified electrode and evading glial cell responses. Coating neural electrodes with 

synthetic polymers was also attempted [31]. Lu et al. coated a poly(vinyl 

alcohol)/poly(acrylic acid) hydrogel on electrodes and found that glial fibrillary acidic 

protein (GFAP) immunoreactivity was reduced in cortices implanted with the hydrogel-

coated electrodes compared to those with unmodified electrodes after 6 weeks 

implantation [31]. Although the different approaches described above look promising, 

they did not completely avoid astrogliosis and long-term studies are still needed.  

 

1.5 Design Factors of Biomaterials for Neural Tissue Engineering 

For neural regeneration, it is critical to incorporate and combine various 

extracellular signals into materials [4]. Environmental factors include topography, 

bioactive molecules (e.g., neurotrophins, ECM components, adhesive molecules), 
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electrical fields/currents, and support cells (e.g., glia) [16]. For example, Figure 1.1 

illustrates the properties of ideal NGCs able to combine multiple extracellular cues. 

These various factors can influence almost all neurons and glial cells in nerve tissues, 

such as activation, migration, axon establishment, axon elongation, and neural network 

connection. Therefore, each factor’s biological roles should be well understood and well-

translated to engineered biomaterials. 

 

1.5.1 Physical Cues: Contact Guidance 

Contact guidance was first recognized as one of the mechanisms by which glial 

cells promote the migration of neurons [32]. Neurons have strong contacts with ECM 

compounds (e.g., collagen, fibronectin, proteoglycan) and glial cells, whose features 

consist of nano-sized fibers and patterns. Therefore, in an effort to produce biomimetic 

substrata, various techniques including state-of-the-art nano-/micro-fabrication 

techniques have been employed [33]. PDMS (polydimethylsiloxane) nanopatterns led to 

smaller and more-distributed focal adhesions of epithelial cells (closer to structures in 

vivo) compared to micropatterns and smooth patterns [34]. Also, PDMS nanopatterns 

significantly encouraged the differentiation of human mesenchymal stem cells into a 

neuronal lineage [35]. In addition to nanofeatures, our lab has shown that micropatterns 

(1 µm and 2 µm) are able to promote axon formation of rat embryonic hippocampal 

neurons and to guide axon alignment perpendicular to or along the pattern directions 

depending on groove depth and width [36]. Other types of topographies such as fibers 

also influence neuron adhesion and axon elongation and alignment [37]. Mechanisms by 
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which topographical cues exert effects on cells are not fully understood. However, it is 

believed that focal adhesion complexes that consist of receptors connected to actin 

filaments in the cytoskeleton play a role. Distortion and re-distribution of focal adhesion 

complexes finally may be caused by cytoskeletal distortion of the cells on patterned 

surfaces, followed by activating signal transduction pathways [38].  

In particular, nano-sized features allow for more intimate contact with neurons 

[39]; thus, biomaterials bearing various features and sizes have been fabricated for nerve 

tissue engineering applications (Figure 1.2). For example, nanofibers have been widely 

used as nerve tissue engineering scaffolds to mimic ECM-sized fibers and to create 

topography at tissue interfaces [40]. Electrospinning has been widely used to create fibers 

bearing various features and chemical compositions using numerous materials, such as 

synthetic polymers (e.g., PLGA, polycaprolactone) and natural polymers (e.g., collagen, 

hyaluronic acid) [40, 41]. Ramakrishna and colleagues demonstrated that electrospun 

PLLA nanofibers supported neuron growth and differentiation in vivo as well as in vitro 

[37, 42]. Successful results with electrospun fibers were observed for dorsal root ganglion 

(DRG) neurons, Schwann cells, and cortical neurons [43, 44]. In these studies, the 

importance of fibrous features (diameters and degrees of alignment) was highlighted to 

create effective topographies influencing neuronal behaviors and axonal extension.  

 

1.5.2 Biochemical Cues: Neurotrophins and ECM components 

Biochemically active molecules, such as neurotrophins, ECM proteins, and neuron cell 

adhesive molecules (NCAM), have been widely studied in vivo as well as in vitro [6, 17, 
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45]. Neurotrophin is a family of neurotrophic proteins, which include nerve growth factor 

(NGF), brain-derived neurotrophic factor (BDNF), netrin, NT-3, and interleukins. 

Neurotrophins modulate neuron survival, differentiation, and extracellular signaling [46]. 

Among them, NGF is the best-characterized of the neurotrophins. It plays critical roles in 

preventing apoptosis, inducing morphogenesis, and maintaining synaptic activities of 

neurons [47]. Neurotrophins including NGF hold significant promise in therapeutic use 

for the treatment of degenerative diseases and injured nerve tissue. Degenerative nerve 

tissues do not produce sufficient levels of neurotrophins so that scaffolds bearing long-

term neurotrophic activities are of importance for nerve tissue regeneration [47]. To 

allow for prolonged activity, immobilization of neurotrophins is desirable for tissue 

interfacing applications for long-term effects [48, 49] (Figure 1.3). For example, 

chemically immobilized-NGF supported sprouting, neurite outgrowth, and axon 

establishment of various cells (e.g., PC12 cells, hippocampal neurons, DRG neurons) [48, 

50]. Similar to soluble NGF in medium, immobilized-NGF could interact with NGF 

receptors and to trigger intracellular cascades, resulting in induction of neuronal 

processes. Again, this interaction can last for a prolonged time period because the 

immobilized-NGF can be effective without the need for traditional internalization process 

and receptor recycling [48, 51]. 
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1.5.3 Electrical Cues 

Neurons inherently generate electrical currents as signals, which allow them to 

communicate with muscle and other neurons [3]. Also, these signals have been reported 

to control growth, axon formation, and guidance of various types of neurons, such as 

hippocampal neurons [52], PC12 cells [53], and motor neurons [54]. Thus, electrical cues 

have been more recently considered as an extracellular cue similar to neurotrophins for 

inducing neural responses [55]. For example, weak DC field (~150 mV/mm) guided axon 

growth of Xenopus embryonic neurons. The electrical field was found to increase 

intracellular cAMP levels that play a central role in intracellular signaling [56]. 

Regenerating nerve tissue generates electrical gradients at injured sites, which can be one 

mechanism to generate anisotropy and to regulate cellular signals for the promotion of 

targeted regeneration [57]. English et al. implanted nerve allografts into rat spinal cords 

and applied constant potential (0.5-5 V) using stainless steel wire electrodes and found 

faster nerve regeneration and long axon formation in the electrically-stimulated spinal 

cords [58].  

The exact mechanisms of electrical stimulation are not clearly understood; 

however, some mechanisms are postulated as follows: redistribution of membrane 

proteins responding to electrical field/current [59], decrease in membrane potentials more 

likely to cause membrane depolarization of neurons [60], and preferential deposition of 

biomolecules such as fibronectin on electrodes [61]. Because electrical stimulation 

through electroconducting polymer films makes it possible to locally deliver electrical 

stimuli to the targeted tissue, they have been used for nerve tissue regeneration 
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applications [53, 61]. Uses of electroconducting polymers for neural applications will be 

discussed in detail in Chapter 2. 
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Figure 1.1 Ideal NGC and its properties. The ideal NGC is considered to display multiple 

important properties: (1) porosity/biodegradability, (2) neurotrophic activity, (3) supporting 

cells, (4) electrical activity, (5) intraluminal channels as artificial nerve fascicles, and (6) 

features able to guide cell migration/axon orientation, and (6); and electrical activity. Adapted 

from [6]. 
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Figure 1.2 Feature sizes and shapes of biomaterials and native nerve tissues/cells. (A) 

Silicon pillar arrays fabricated using photolithography and chemical etching techniques. 

(B) Aligned electrospun poly(lactide-co-glycolide) nanofibers. (C) Dorsal root ganglion 

axons on lithographic silicon polymethylmethacrylate nanopatterns. (D) Self-assembled 

nanofiber. (E) Hippocampal neuron on multiwalled carbon nanotubes. (F) Hippocampal 

neuron. (G) Human umbilical vein endothelial cells for actin filaments (red), vinculin 

(green), and fibronectin (blue). (H) Neurofilament staining (green) of the PNS and CNS. 

Blue indicates the nuclear stain. Scale bars are 2 μm for (A), (B), (C), (D), and (E). Scale 

bars are 20 μm for (F), (G), and (H). Adapted from [41]. 
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Figure 1.3 Interaction of cells with soluble and immobilized growth factors (such as NGF). 

Adapted from [51]. 
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CHAPTER 2. CONDUCTING POLYMERS, POLYPYRROLE, 

FOR NEURAL TISSUE ENGINEERING APPLICATIONS   
             

 

2.1 Introduction  

This chapter details general chemistry and properties of polypyrrole (PPy), 

strategies for its modification, and uses for neural applications. In addition to novel 

electrical and optical properties of PPy, many other critical parameters should be 

considered carefully in order to design PPy-based materials with desired performance for 

neural tissue interfacing [1-4]. For neural tissue engineering applications, Schmidt first 

demonstrated that electrical stimulation of PC12 cells through the oxidized PPy films 

could significantly promote neurite outgrowth compared to unstimulated controls [5]. 

Later, in vivo implantation of PPy demonstrated biocompatibility with nerve tissues [6]. 

However, continued improvements in materials properties and cellular interactions are 

required for practical uses. Thus, basic properties of PPy (e.g., synthesis, derivatives, 

conductivity) are first described to demonstrate how to engineer PPy for neural 

interfacing applications. Current attempts to functionalize PPy by incorporating external 

cues (e.g., neurotrophic activity, topographies, dimensional features) and their 

significance are also provided. In addition, brief results of collaborative studies are 

included, which focused on electrochemical fabrication of PPy microchannels.  
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2.2 Electrically Conducting Polymer: Polypyyrole 

2.2.1 Chemistry and Properties of Conducting Polymers 

Electroconducting polymers have attracted much attention in the past 20 years as 

these organic materials achieved conductivities of metals and semiconductors [7]. 

Conducting polymers have been extensively used for a number of industrial and 

laboratory applications, such as rechargeable batteries, anti-static materials, anti-

corrosive coatings, actuators, and sensors. Heterocyclic compounds forming π-conjugated 

alternating carbon-carbon double bonds have been reported to be more stable and 

conductive, and have been widely studied. Common conducting polymers include PPy, 

polythiophene (PT), poly(3,4-ethylenedioxythiophene (PEDOT), and polyaniline (PANI) 

[7, 8].  Chemical structures and conductivities of these conducting polymers are 

summarized in Table 2.1. Their polymeric backbones have neutral charge in the reduced 

state, whereas positive charges are present in the oxidized state, requiring counter anions 

as dopants to meet charge balance (Figure 2.1).  

In addition, conducting polymers have shown great potentials as biomaterials 

owing to their biocompatibility and unique electrical properties [8]. Among conducting 

polymers, PPy is the most studied for various biomedical applications such as biosensors, 

neural prostheses and tissue engineering scaffolds [1, 8, 9]. Beneficial properties of PPy, 

such as biocompatibility, good conductivity, and ease of synthesis, have also made PPy a 

promising material to interface with living cells in vivo and in vitro [5, 6].  Typical 

conductivity of oxidized PPy is reported as 40 ~ 200 S/cm [7, 8], and the Young’s 

modulus of electrically-synthesized PPy films ranges from 30 to 1,000 MPa depending 
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on which doped anions are present [10]. It should also be noted that bulk and surface 

properties of PPy can be tailored by various techniques such as choice of dopant, use of 

pyrrole derivatives, and chemical/affinity immobilization of compounds. More 

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, 8, 9]. 

 

2.1.2 PPy Polymerization 

PPy can be polymerized via chemical or electrochemical oxidation [7]. 

Electrochemical synthesis is in general simple and controllable, and has been used 

extensively in laboratory studies [11]. Electrochemical synthesis of PPy requires a three-

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

(cathode), and a reference electrode (Figure 2.2). Radical cations of pyrrole monomer are 

generated at the working electrode at an oxidizing potential and react with other 

monomers or radicals to form insoluble PPy deposited on the working electrode. The 

synthesis and properties of PPy films are influenced by many reaction parameters, such 

as potential, reaction time, and choice of dopant and/or solvent [8]. Thus, electrochemical 

synthesis is an effective strategy for modifying properties of PPy [1, 12]. Additionally, 

pyrrole monomer can be oxidized by strong chemical oxidants, such FeCl3 and 

ammonium persulfate. Chemical oxidation causes formation of cationic radicals of 

pyrrole monomers and oligomers. These radical cations propagate to grow chains with 

other monomers. Finally, insoluble polymeric products form and precipitate in the 
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reaction solution. Chemical polymerization mechanism is similar to that of 

electrochemical synthesis [7, 13]. By controlling reaction conditions (e.g., temperature, 

reaction time, reactant concentration) and dopant type(s), various physicochemical 

properties of the resultant conducting substrates can be controlled, such as conductivity, 

surface roughness, toughness, and bioactivity [7]. Chemical polymerization is simple and 

offers some important advantages for larger-scale processes such as synthesizing bulk 

powder and coating non-conductive surfaces [8]. 

 

2.1.3 Pyrrole 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. These 

derivatives have been synthesized to create new physicochemical and biological 

properties of PPy. Branches are typically localized on the nitrogen and/or β-position of 

the pyrrole ring. Some differences have been reported between N- and β-derivatives, such 

as conductivity changes, synthesis, and difficulty in synthesis [8].  

Pyrrole derivatives in general bear a pendant chemical functional group for 

further conjugation (Figure 2.3). For example, pyrrole derivatives bearing long-alkyl 

chains in the pyrrole ring exhibit the hydrophobic properties of the polymerized products, 

and can be dissolved in organic solvents [14]. Use of biotinylated pyrrole for 

polymerization has engendered functionalized PPy that can bind with avidin or 

streptavidin proteins [15]. Macromolecules (e.g., polysaccharide, proteins, nucleotides) 

have also been conjugated to pyrrole and polymerized [16-18]. As these pre-conjugated 
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pyrrole monomers have bulky side groups, their polymerization in general requires higher 

oxidation potentials or higher concentration of oxidizing agents for polymerization 

compared to pristine pyrrole monomer.  

Pyrrole derivatives can represent functional groups (e.g., amine, carboxylic acid, 

active ester, thiol) [19-22]. The functional groups can be utilized for conjugating 

compounds prior to polymerization or after polymerization. Incorporation of pyrrole 

derivatives with appropriate functionalities is preferred for immobilizing active 

compounds because of their specific reactions and good control. However, pyrrole 

derivatives lead to changes in pyrrole structure and in the conjugation (packing) of 

polymeric chains, resulting in decreased conductivity [7, 8]. For example, 1-2-

(carboxyethyl)polypyrrole showed a four-order decrease in conductivity (~ 10-2 S/cm), 

compared to pristine PPy (~102 S/cm) [23]. An alternative to minimize decreases in 

conductivity is co-polymerization of pyrrole derivatives with non-functionalized pyrrole, 

which provides a means to control the number of functional groups, conductivity, 

wettability, and other polymer properties [24, 25].  

 

2.3 Functionalization/Modification of PPy 

For many biomedical applications including neural interfacing, PPy must be 

tailored to achieve specific responses from specific tissues. Although electrical properties 

of PPy appear to be effective in stimulating or recording cell/tissue signals at interfaces, 

this electrical ability alone is insufficient to guarantee effective cellular interactions in 

complicated biological systems [1, 8, 9]. For example, electrical stimulation of PC12 
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cells through PPy films enhances neurite outgrowth in the presence of NGF; however, no 

significant neurite formation is observed after or during electrical stimulation in the 

absence of NGF. This indicates the importance of incorporating other critical properties 

(e.g., biological activity) to conducting polymers for biomedical applications. Thus, 

combined or synergistic effects from multiple cues (described in Chapter 1) should be 

considered for neural tissue interfacings [2, 23, 26-28]. Here, some modification 

strategies of PPy are provided to aid understanding current approaches to achieve 

intended performance. 

 

2.3.1 Polymerization 

PPy properties can be modulated by controlling polymerization conditions, such 

as reaction time, electrical potentials, charge density, and dopant selection [1, 10, 12, 29]. 

Changes in polymerization parameters influence physical properties (e.g., conductivity, 

modulus, stability) and biological activities (e.g., cell adhesion, differentiation) [9, 10]. 

With an increase in polymerization time (thus obtaining thicker PPy films), surfaces 

become rougher in general [12]. Selection of dopants also significantly affects both 

topographies of PPy films and cellular interactions. Fonner et al. polymerized PPy using 

different dopant ions, such as chlorine (Cl), para-toluene sulfonate (PTS), and 

poly(sodium4-styrenesulfonate) (PSS). They observed a trend that smaller anionic 

dopants led to rougher surfaces (Cl > PTS > PSS) and less stable conductivity in aqueous 

solution (Cl < PTS < PSS). Large anionic biological molecules, such as proteins, and 

polysaccharide, can be doped or entrapped during polymerization [12].  
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2.3.2 Incorporation of Bioactive Molecules 

Incorporating neurotrophic activity into conducting materials is essential for 

producing a multi-functioning substrate for neural tissue engineering applications [26]. 

Incorporating biochemical activities onto conductive substrates has shown synergistic 

effects on neurite formation with electrical stimulation [2]. Neurotrophic activity should 

last for a long-time period as a desirable platform for neural tissue engineering scaffolds 

and for neural electrode surfaces  [2, 23, 30, 31]. Hence, neurotrophins are required to be 

stable on conducting scaffolds and with application of electrical potentials, and 

reasonable conductivities are essential for providing electrical stimulation through the 

scaffolds [23, 24].  

Table 2.2 summarizes various techniques reported for the production of 

neurotrophin-modified conducting polymers, as well as their important characteristics, 

including electrical properties. Mostly non-covalent methods have been developed, such 

as doping NGF/NT-3 during the electrochemical synthesis of PPy [32, 33] and coupling 

biotinylated NGF on avidin-treated biotin-doped PPy films [31]. Substrates produced by 

non-covalent conjugation methods showed good conductivities and controllable NGF 

release profiles in response to external electrical stimulation, and induced neurite 

formation from PC12 cells. However, the NGF is released and consumed gradually after 

successive electrical stimulations. Therefore, chemical conjugation approaches appear 

reasonable for long-term applications because chemically-immobilized NGF exhibits 

neurotrophic activities on materials. Polystyrene sulfonate-doped PPy films and  poly(2-

hydroxyethylmethacrylate) (PHEMA) gels were coupled with NGF using arylazido-
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polyallylamine (azido-PAA) photo-crosslinkers [2, 34]. However, these non-specific 

photocrosslinkers can be employed to immobilize most organic substrates; this technique 

can disrupt neurotrophin activities and conductive polymer surfaces [34]. Thus,  PPy 

bearing chemical functionality can be a good option to specifically conjugate NGF under 

relatively simple and mild conditions [24].  

 

2.3.3 Structural Modification: Topography 

As mentioned in the previous chapter, cells actively recognize and respond to 

topographical features of biomaterials; thus, appropriate topographies as forms of two-

dimensional structures or three-dimensional structures should be considered when 

designing conducting polymer-based biomaterials to mimic the natural ECM features [26, 

35]. Various topographies of PPy films can simply be created by adjusting synthesis 

conditions and/or choice of dopants, as described in the previous section 2.2.1.  

With the aid of recent microfabrication technology, well defined microstructures 

of PPy can be fabricated [28]. Dr. Gomez and I previously fabricated homogenous 1 µm 

and 2 µm channels of PPy on ITO electrodes employing electron beam lithography 

(Figure 2.4). These PPy-microchannels enhanced initial axon development of embryonic 

hippocampal neurons, and also guided axonal direction (Figure 2.5). The results were in 

good agreement with previous studies performed on PDMS microchannels of the same 

dimensions [27], suggesting that the topography of PPy could provide a means to 

modulate or promote neural interactions with the conducting polymer-based biomaterials. 
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However, these PPy microchannels are not porous and do not have three-dimensional 

features, which significantly limits their uses as scaffolds.  

Fibrous features can improve interactions with neurons, and electrically 

conducting fibers have the potential to provide effective topographical cues as well as 

porous structures for transport of nutrients and wastes [36]. As I previously found that 

axon establishment of embryonic hippocampal neurons cultured on submicron PLGA 

fibers [37], conductive textiles with fiber diameters smaller than the cell soma could 

provide conducting materials with additional topographical cues.  

 

2.4 Neural Applications 

2.4.1 Nerve guidance conduits (NGCs) 

As described in Chapter 1, one of the properties that ‘an ideal NGC’ should bear 

is electroactivity. Neurons extended more and longer neurites with external electrical 

stimulus through PPy films [5, 38]; thus, conducting polymers such as PPy hold promise 

as a useful biomaterial for NGCs. Most importantly, NGCs are fundamentally required to 

have (1) porous structures for good transport of nutrients and metabolic products and (2) 

effective nanofibrous features as three dimensional forms [39, 40]. Thus, conducting 

fibers would be a great choice for neural applications. Especially, conductive textiles with 

fiber diameters smaller than the cell soma would be desired [40-42]. However, there are 

only a few techniques for fabricating electroconductive nanofibers, which include carbon 

nanofiber-based scaffolds [43] and electrospun fibers of conductive material and polymer 

blends [44]. However, these current techniques for conducting nanofibers are not 
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sufficient for neural tissue engineering due to high hydrophobicity and toxicity, poor 

processbility, and non-uniformity. Since neurotrophic activity can be synergistic with 

electrical stimulation [2], it may be beneficial to produce ‘neurotrophic’, ‘nanofibrous’, 

and ‘electrically active’ scaffolds for NGC applications. 

 

2.4.2 Neural Prosthetic Probes 

Conducting polymers have been utilized for neural prosthetic applications [8, 9]. 

Basic use is coating on to metallic electrode sites to increase electrical sensitivity. 

Conducting polymer deposition makes it possible to obtain ‘lower impedance’, ‘better 

wettability’, and ‘more facile incorporation of biomolecules’ [9, 45, 46]. Conventional 

neural electrodes are platinum, gold, iridium, and glassy carbon. These conducting 

substances are generally recognized as inert and biocompatible; however, they exhibit 

smooth and hydrophobic surfaces, and likely release metal ions [9, 47]. These issues 

could be addressed at least in part by electrochemical deposition of PPy, which is 

generally more hydrophobic than metals. The high modulus of the metal electrode can be 

relieved by PPy deposition under 1 GPa range, depending on choice of dopant [10]. More 

importantly, bioactive molecules can be entrapped or doped within the PPy film during 

electrical polymerization, which provides a more preferential environment for neurons to 

interact with electrode surfaces for electrical signaling [32, 46, 48]. Wallace and 

colleagues incorporated NT-3 into PPy for cochlear neuron culture. This work was aimed 

at controlled release of NT-3 using electrical potential; however, an initial burst of NT-3 

release was found [48]. Kim et al. fabricated NGF-doped PPy for neural electrodes and 
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showed that PC-12 cells extended neurites [32].  Another approach for improving neural 

electrodes is to increase the surface area to obtain lower impedance. By controlling 

polymerization conditions, rougher surfaces can be achieved [49].  

 

2.4.3 Drug Delivery 

Very recently, redox properties of conducting polymers have attracted significant 

attention for potential drug delivery applications [8, 50]. As the oxidized conducting 

polymers become reduced by external potentials, doped anion is released from the 

conducting materials to meet charge balances. Based on this mechanism, various anionic 

compounds could be incorporated and released from PPy films in an electrochemical 

manner. For instance, small molecules such as dexamethasone [51], were successfully 

released when applying a reduction potential (normally < - 0.1 V). Larger molecules such 

as NT-3 and NGF were incorporated; however, it appears to be difficult to control release 

of the large molecules, likely due to hindered diffusion from the PPy matrices [48]. 

Nevertheless, development of new conducting materials and dopants is promising and 

still under way.    
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Figure 2.1 Chemical structures of reduced PPy (top) and oxidized PPy (bottom). X- 

indicates dopant anion (e.g.,Cl-, ClO4
-, pTS, PSS). Changes in redox states of PPy 

accompany the influx and release of dopants. Adapted from [8]. 
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Figure 2.2 A three-electrode configuration for electrochemical synthesis of PPy. 

Polymeric PPy is deposited on the working electrode. Reference electrodes include 

Standard Calomel Electrode (SCE), Ag/AgCl, or Ag wire.  
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Figure 2.3 Pyrrole derivatives and their polymerization. (A) Active compound-tethered 

pyrrole derivatives; long alkyl chain, biotin, or nucleotides. (B) Functional group-bearing 

pyrrole derivatives at N or β-position on the pyrrole ring. Representative functional 

groups are thiol, amine, carboxylic acid, and active ester. (B) General strategies for 

conjugation of molecules using either functional group-bearing pyrrole momoners or 

active compound-tethered pyrrole derivatives.   
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Figure 2.4 Fabrication of PPy microchannels. (A) A schematic procedure for the 
fabrication of PPy microchannels consisting of: (1) spin-coating of indium-tin-oxide 
(ITO) with a photoresist (polymethyl methacrylate), (2) e-beam lithography, (3) 
developing, (4) electrochemical polymerization in pyrrole and polystyrene sulfonate 
solution, and (5) PPy microchannel fabrication. (B). Scanning electron micrograph of 
PPy microchannels. Scale bar = 1 µm. Adapted from [28]. 
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Figure 2.5. Hippocampal neurons cultured on PPy microchannels. Micrographs of 
embryonic hippocampal neurons (E18) on 2 µm wide and 200 nm deep PPy 
microchannels (A-C) and on unmodified smooth PPy (D-F). Micrographs demonstrate 
phase-contrast, fluorescence (stained for Tau-1 axonal marker), and scanning electron 
microscopy from left to right. Cells established more axons on the PPy microchannels 
than those on the unmodified PPy. Also, axons were more aligned along the 
microchannels, whereas random axon growth and elongation were found on the smooth 
PPy films. Scale bars are 20 µm (A, B, D, E) and 5 µm (C, F). Adapted from [28].   
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Table 2.1 Chemical structures and conductivities of common conducting polymers: 
polypyrrole (PPy), polythiophene (PT), poly(3,4-ethylenedioxythiophene (PEDOT), and 
polyaniline (PANI). Adapted from [7,8]. 
 

 Chemical structures Conductivity 
(S/cm) [8] 

polypyrrole (PPy) N
H

*

 
 

40 – 200 

polythiophene (PT) 
 S

**
 

 
10 – 100 

poly(3,4-ethylenedioxythiophene 
(PEDOT) 

S

OO

**

 
 

10 – 50 

polyaniline (PANI). 
H
N* *

 
 

~ 5 
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Table 2.2. Various techniques and properties of neurotrophin-incorporated conducting 
polymers. 
 

Techniques Advantages Disadvantages Reference(s)
Non-covalent techniques  
Doping / 
entrapping 

• Simple 
• Electrically controllable 

release of neurotrophin(s)  

• Requires high concentration of 
neurotrophin for synthesis 

• Spontaneous release of 
biomolecule 

•  Not suitable for long-term use 
 

[32, 33] 
 
 

Affinity binding 
to dopant 
(biotin) 

• Simple, specific conjugation 
• Electrically controllable 

release of neurotrophin(s) 

• Multiple steps  
• Requires neurtrophin modification 
• Not suitable for long-term use 

[31] 
 

Covalent techniques 
Conjugation 
using radical 
linkers 

• Applicable to most organic 
polymers 

• Minimized loss of bulk 
conductivity 

• Stable and suitable for long-
term applications 

• Complicated, multiple steps 
• Non-specific reaction 
• Impairing ligand activities and 

surface properties of substrates 

[2] 

 
Conjugation on 
functionalized 
polypyrrole(s) 

 
• Simple, specific conjugation      
• Various controllable properties 

by copolymerization 
• Stable links for long-term 

applications 

 
• Decrease in conductivity 

depending on polymer 
composition 

• Requires synthesis of pyrrole 
derivatives 

 
[24] 
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CHAPTER 3. POLYPYRROLE-COATED ELECTROSPUN 

PLGA NANOFIBERS FOR NEURAL TISSUE APPLICATIONS  
             

 

3.1. Introduction 

Electrical stimulation of neurons in three dimensions to guide axonal extension 

can be more realistic for neural tissue engineering scaffolds. Therefore, the goal of this 

chapter was to fabricate electrically conductive nanofiber scaffolds and to examine the 

combined roles of nanofiber structures and electrical stimulation in neuron cell culture. 

Conductive meshes were produced by growing polypyrrole (PPy) on random and aligned 

electrospun poly(lactic-co-glycolic acid) (PLGA) nanofibers. PPy-coated PLGA (PPy-

PLGA) meshes were characterized and used for in vitro rat pheochromocytoma 12 

(PC12) cells and hippocampal neuron culture. Electrical stimulation studies were 

performed to evaluate the responses of PC12 cells to various potentials of 10 mV/cm and 

100 mV/cm through PPy-PLGA scaffolds bearing different topographies in terms of 

neurite length and neurite formation. These studies ware performed as collaboration with 

Chris Bashur and Professor Aaron Goldstein at Virginia Polytechnic Institute and State, 

who provided electrospun PLGA nanofibers. 

 

3.2 Background and Motivation 

Electroconducting polymers (e.g., PPy, polythiophene (PT), polyaniline (PANI), 

poly(3,4-ethylenedioxythiophene) (PEDOT)) exhibit excellent electrical and optical 

properties and have been explored in the past few decades for a number of applications 
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including microelectronics, polymer batteries, and actuators [1, 2]. In particular, because 

of its ease of synthesis, cytocompatibility, and good conductivity, PPy has been the most 

extensively studied for biological and medical applications, such as biosensors and tissue 

engineering scaffolds [3]. This electroconducting polymer has been recognized as a 

promising scaffold material to electrically stimulate neurons and nerve tissues for 

therapeutic purposes such as nerve tissue engineering scaffolds and neural prostheses [3, 

4]. Schmidt et al. first electrically stimulated PC12 cells through PPy films and observed 

the promotion of neurite outgrowth from the cells, demonstrating the potential use of 

electroconducting polymers for nerve tissue engineering scaffolds [5]. Subsequent studies 

have focused on improving the electroconducting polymer scaffolds by incorporating 

various cues, such as neurotrophins [6], cell adhesive molecules [7, 8], and topographical 

features [9], emphasizing the importance of multiple cues for improved modulation of 

neuronal responses [10]. However, most studies involve relatively planar substrates 

which are ideal model surfaces for characterizing cell responses to electric fields, but lack 

the three-dimensional architecture necessary for organization of a functional nerve tissue.  

Electroconducting nanofibers may be a means to translate model studies on well-

defined topographical features into scaffold materials [11].  Nanofibers present unique 

topographical surfaces of which features (i.e., fiber diameter and orientation) affect 

cellular behaviors of many cells [12-14]. For example, Yang et al. found that 

immortalized neural stem cells cultured on aligned poly(L-lactic acid) nanofibers 

extended longer neurites than cells on random nanofibers and aligned microfibers of the 

same composition [13]. Several attempts to synthesize conducting nanofibers for tissue 
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engineering applications have been described in the literature. Lelkes and colleagues 

electrospun polyaniline-gelatin blends to produce electroconducting nanofibers, which 

displayed good conductivities ranging from 0.01 to 0.02 S/cm. These fibers supported the 

growth and proliferation of cardiac rat myoblasts. Also, carbon nanofiber composites of 

polycarbonate urethane were produced for neural and orthopedic interfaces [15]. 

Depending on compositions of the blends, mechanical and electrical properties as well as 

cell adhesion were varied.  As an alternative, electroconducting polymers, mostly PPy, 

have been deposited on fiber templates, which can be achieved by in situ chemical 

oxidation of PPy in a polymerizing solution or by oxidation of monomers deposited on 

the substrates in vapor phase followed by oxidant treatment. This PPy deposition method 

enables the simple production of conducting fibers using template fibers [16, 17]. For 

example, Zhang and colleagues deposited PPy on woven fabrics of poly(ethylene 

terephthalate) (> 20 µm in diameter, 102-105 ohm/square) for in vitro cytocompatibility 

studies for the application of vascular prostheses [18, 19]. However, there have been 

fewer studies on nano-scaled fibers for tissue engineering scaffolds. More importantly, 

application of electrical potential of nerve cells using electroconducting micro-/nano- 

fibers has not been explored yet.  

In this study, we produced polypyrrole-coated electrospun PLGA nanofibers 

(PPy-PLGA), as electroconducting nanofibers. Because these components, PPy and 

PLGA, are non-cytotoxic in vivo as well as in vitro [20-22], the PPy-PLGA product was 

expected to be appropriate for ultimate use as an implantation material. To retain the 

fibers under submicron size and to take advantage of submicron scaled features, we 
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deposited nano-thick PPy onto PLGA nanofibers. Also, oriented fibers were electrospun 

as template meshes for the PPy-coating to study contact guidance (i.e., neurite/axon 

alignment). In addition, multiple coatings of a PPy layer on the PLGA nanofibers were 

investigated to produce highly conductive fibrous scaffolds. For in vitro neuronal culture, 

we cultured two different types of neurons – PC12 cells and rat embryonic hippocampal 

neurons. We also performed electrical stimulation of PC12 cells on these cytocompatible 

electroconductive nanofibers according to previous protocols [5, 23] to demonstrate their 

potential uses as nerve tissue engineering scaffolds.  

 

3.3 Materials and Methods 

3.3.1 Materials 

All chemicals, cell culture supplements, and disposable tissue culture supplies 

were purchased from Sigma (St Louis, MO), Hyclone (Logan, UT), and BD (Brookfield, 

NJ), respectively, unless otherwise noted.  

 

3.3.2 Electrospinning 

The 75/25 PLGA (inherent viscosity 0.55–0.75 dL/g, Lactel Biodegradable 

Polymers, Birmingham, AL) was electrospun in the laboratory of Dr Aaron Goldstein as 

described previously [14]. In brief, PLGA was dissolved in hexafluoro-2-propanol 

(HFIP). Aluminum foil was wrapped around the 7.6 cm drum. The polymer solution (7.0 

or 6.5 wt% PLGA) was electrospun with a syringe equipped with a 22 gauge steel needle 

using a 15 kV potential, a throw distance of 15 cm, and a syringe flow rate of 3 mL/h. 
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Random fibers (RF) were electrospun from 6.5 wt% polymer solution on a stationary 

collector, and aligned fibers (AF) were obtained from 7.0 wt% polymer solution on a 

rotating drum at a linear velocity of 6.4 m/s to achieve similar diameters with different 

fiber orientations because fibers generally exhibit a smaller diameter on a rotating 

collector [14]. After electrospinning, PLGA meshes were air dried for 2 days to remove 

residual HFIP.  Meshes were cut into 15 × 15 mm squares, and then carefully removed 

from the aluminum foil. 

 

3.3.3 Polypyrrole Coating 

Differently oriented PPy-PLGA meshes, PPy-RF and PPy-AF, were synthesized 

by coating PPy on random (RF) and aligned PLGA (AF), respectively. To do this, pyrrole 

was purified by passing it through a column of activated basic alumina before use. A 

PLGA mesh (15 × 15 mm) was put into 2 mL aqueous solution of 14 mM pyrrole and 14 

mM sodium para-toluene sulfonate (pTS) (Aldrich) in a 15 mL polypropylene tube, 

followed by ultrasonication for 30 s to allow the mesh to be saturated with pyrrole 

solution. The mesh was incubated at 4ºC for 1 h. Then, 2 mL ferric chloride solution (38 

mM) was added to the tube and incubated with shaking at 4ºC for 24 h for the 

polymerization and deposition of PPy on the PLGA mesh. The polymerization of PPy 

from pyrrole involves the incorporation of chlorine and pTS, of which elements can be 

detected using XPS. Black PPy-coated mesh was sonicated for 1 min, washed with 

copious amounts of deionized water, and then transferred onto a clean glass slide. PPy-

PLGA was dried in a vacuum oven at room temperature for 2 days. For multiple PPy 
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coating, PPy-PLGA mesh underwent the same coating step above using fresh reaction 

solution.  

 

3.3.4 Fiber Characterization 

Scanning Electron Microscopy (SEM) was used to characterize fiber diameter and 

orientation of electrospun PLGA meshes and PPy-PLGA meshes. SEM images of 

electrospun PLGA fibers and PPy-PLGA fibers were acquired with a Zeiss SUPRA 40 

VP Scanning Electron Microscope (Carl Zeiss SMT, Thornwood, NY). Non-coated 

PLGA samples were sputter-coated with 5 nm of palladium using a Cressington 

Scientific Instruments Model 208HR (Cranberry, PA) prior to taking SEM images. PPy-

PLGA fibers were imaged using SEM without metal coating. The SEM images were 

analyzed using ImagePro Plus software (ICube, Crofton, MD) or ImageJ (NIH) for fiber 

diameter and macroscale fiber orientation as previously described [14]. PPy shell 

thickness was calculated from the differences of fiber diameters between non-coated 

fibers and PPy-PLGA fibers. The degree of fiber alignment was characterized by the 

wrapped normal distribution and reported as angular standard deviation (ASD), in which 

a smaller value of ASD represents a greater alignment of the individual fibers.  

Surface resistance of PPy-PLGA meshes was measured as previously described 

[24]. Two silver wires separated by 1 cm were placed onto the sample. Resistance (R) 

was measured between the two silver electrodes using a digital multimeter (DM-8A, 

Sperry Instrument, Milwaukee, WI). Surface resistance (Rs) was calculated as follows: 

 Rs = R × W / D,  
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where W is the sample width and D is the distance between the two silver electrodes. 

X-ray Photon Spectroscopy (XPS) was used to characterize the surface 

compositions of PPy-coated PLGA fibers. High-resolution spectra of elements were 

obtained using a Kratos AXIS Ultra XPS system (Chestnut Ridge, NY). A 

monochromatic Al Kα1 source was employed. Typical operating conditions were 1×10-9 

Torr chamber pressure, and 15 kV and 150 W for the Al X-ray source. High-resolution 

elemental scans were collected with a pass energy of 20 eV at takeoff angles of 90 

degrees between the sample and analyzer. Calibration of the binding energy was 

performed by setting C-C/C-H components in C1s peak at 284.6 eV. Peak deconvolution 

was performed using XPSPEAK software (The Chinese University of Hong Kong). 

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-IR) was 

employed to analyze PPy-coated PLGA samples using a Nexus 470 from Thermo Nicolet 

spectroscope (Madison, WI). For each sample, 128 scans were collected at a resolution 

rate of 4 cm-1.  

 

3.3.5 Stability Test 

Biodegradation and stability of PPy-PLGA in a physiological solution were 

determined by SEM and measurements of surface resistance. Samples were incubated in 

phosphate-buffered saline (PBS) at 37°C for 2 weeks. Resistance was measured from 5 

samples of PPy-RF as described above. For SEM images, the samples were washed with 

deionized water twice to remove salts and dried in a vacuum chamber for 24 h prior to 

imaging.  
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3.3.6 Cell Culture  

PPy-PLGA meshes were tested for their ability to support cell attachment and 

differentiation. Each mesh was placed on a thin poly(dimethylsiloxane) (PDMS, 

Sylgard® 184, Dow Corning, Midland, MI) film on a glass slide. Two silver wires (round 

30 gauge, Hauser & Miller, St. Louis, MO) were then placed on both sides of the mesh, 

followed by covering them with a thin PDMS well (1 cm × 1 cm × 1 mm inner well 

dimension) to serve as a sealant and to prevent the wires from direct contact with medium. 

A Plexiglas well (1 cm × 1 cm × 1 cm inner well dimension) was placed on top of the 

assembled system (Figure 3.1). For the aligned fibers, two electrodes were placed 

perpendicular to the major direction of the fibers. The assembly was tightly clipped and 

sterilized by exposure to UV for 1 h. The samples were incubated overnight in a sterile 

solution of rat tail type I collagen (0.1 mg/mL in deionized water) for PC12 cells and 

poly-D-lysine (0.1 mg/mL in deionized water) for hippocampal cells, respectively. The 

substrates were washed twice with sterile deionized water and incubated in sterile PBS 

solution for 2 days to remove unreacted compounds. 

PC12 cells were maintained at 37ºC in a humid, 5% CO2 incubator in F-12K 

culture medium (Sigma) containing 15% heat-inactivated horse serum (Hyclone), 2.5% 

fetal bovine serum (Hyclone), and 1% Penicillin-Streptomycin solution (Sigma). Cells 

were passaged weekly using a 0.25% trypsin-EDTA solution (Sigma). Cells were primed 

by culturing them in medium containing 50 ng/mL nerve growth factor (NGF) for three 

days prior to an experiment. The primed PC12 cells were inoculated at a density of 2×104 
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cells for each substrate and cultured for 2 days. Four substrates for each condition were 

tested (n=4). 

Electrical stimulation was studied to demonstrate that conducting nanofibers 

(PPy-PLGA) may be beneficial as neuronal tissue engineering scaffolds. Electrical 

stimulation of PC12 cells was performed on random and aligned PPy-PLGA meshes 

according to the experimental conditions as previously reported [5, 23]. PC12 cells were 

inoculated at 2×104 cells per well and allowed to attach to the PPy-PLGA meshes. After 

24 h in culture, a constant electrical potential of 100 mV/cm or 10 mV/cm was applied 

across two electrodes for 2 h in the incubator using an AFRDE5 bipotentiostat (a Pine 

Instrument, Raleigh, NC). Cells were analyzed 24 h after electrical stimulation. Four 

substrates for each condition were employed (n=4). 

After culture, the PC12 cells were fixed using 4% paraformaldehyde and 4% 

sucrose in PBS buffer for 15 min. The cells were permeabilized in 0.1% Triton X-100 

(Fluka) and 2% bovine serum albumin (Sigma) in PBS for 15 min, followed by blocking 

with 2% bovine serum albumin in PBS for 30 min at room temperature. PC12 cells were 

stained with Alexa Fluor 488-labeled phalloidin (Invitrogen) for 30 min for actin 

filaments and with 4’,6-diamidino-2-phenylindole dilactate (DAPI, Invitrogen) nuclear 

stain, washed with PBS buffer twice, and stored at 4ºC until analysis. 

  Embryonic hippocampal neurons were isolated from commercial rat hippocampus 

(E-18, BrainBits Springfield, IL) according to the supplier’s protocol. In brief, 

hippocampal tissue was treated in papain (Warthington, Likewood, NJ) solution (4 

mg/mL in Hibernate E medium (BrainBits)) and triturated using a fire-polished Pasteur 
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pipette. Cells were collected by centrifugation (200 g, 1 min) and suspended in 

Neurobasal medium, supplemented with 2% B-27 supplement (Invitrogen), 0.5 mM L-

glutamine (Fisher), 0.025 mM glutamic acid (Sigma), and 1% Penicillin-Streptomycin 

solution (Sigma). The cells were inoculated into each well (2×104 cells per well) and 

cultured in medium at 37ºC in a humid, 5% CO2 incubator for 24 h. Four substrates per 

each condition were employed (n=4).        

Embryonic hippocampal neurons cultured on the meshes were fixed in a solution 

of 4% paraformaldehyde and 4% sucrose in PBS for 20 min at room temperature. The 

cells were permeabilized with 0.1% Triton X-100 and 3% goat serum (Sigma) in PBS for 

20 min, and washed twice with PBS, followed by treatment with blocking solution (3% 

goat serum in PBS buffer) for 1 h at 37ºC. Tau-1, a microtubule protein expressed in 

axons, was labeled as an axonal marker [25]. Mouse tau-1 antibody (Chemicon, 

Temecula, CA) (1:200 in blocking solution) was added to the sample, incubated at 4ºC 

overnight, and washed with PBS twice (10 min each). The cells were stained with Alexa 

Fluor 488-labeled goat anti-rat IgG (Invitrogen) (1:200 dilution in blocking solution) at 

4ºC for 5 h, washed with PBS twice (10 min, each), and stored at 4ºC until analysis. 

 

3.3.7 Immunofluorescence and Image Analysis 

Fluorescence images of PC12 cells and hippocampal neurons were acquired using 

a fluorescence microscope (IX-70, Olympus, Center Valley, PA) equipped with a color 

CCD camera (Optronics MagnaFire, Goleta, CA). The fluorescence images were 

processed and analyzed using Adobe Photoshop and Image J (NIH) software.  
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The numbers of cells on the sample meshes were determined by counting nuclei 

stained with DAPI dye from the randomly acquired fluorescence images. Axon/neurite 

length was measured as a linear distance between the cell junction and the tip of an 

axon/neurite. For PC12 cells, data were collected for neurite lengths greater than 5 µm 

[26]. Neurite outgrowth was reported in terms of median length because neurite lengths 

were not normally distributed [5, 6, 26]. Also, the percentages of PC12 cells with neurites 

and the numbers of neurites per cell (for cells that expressed at least one neurite) were 

calculated. More than 600 PC12 cells were analyzed for each condition. For hippocampal 

neurons, differentiation is marked by the formation and elongation of single axons. 

Therefore, axon establishment (neuron polarization) – defined when neurite processes 

were at least twice as long as the length of the cell body  – and axonal length were 

measured for embryonic hippocampal neurons on fibers [9, 27]. The averages and 

standard errors of the means were calculated for the percentages of polarized 

hippocampal neurons and average axon lengths. More than 100 neurons were analyzed 

per substrate.  

 

3.3.8 Assessment of Cellular Morphology 

Cellular morphologies on the fibers were visualized using SEM. The fixed cells 

were dehydrated using increasing ethanol/water concentrations (30% for 45 min; 50% for 

30 min, 70%, 85%, 90%, 95%, and absolute ethanol for 10 min each). Samples were 

dehydrated with hexamethyl disilazane (HMDS) (Sigma) and dried in air overnight. 

Platinum/palladium was coated on the sample with 10 nm in thickness using a sputter 
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coater. SEM images were obtained with Zeiss SUPRA 40 VP Scanning Electron 

Microscope. 

 

3.3.9 Statistics 

Averages and standard deviations were calculated and reported from at least four 

samples per each condition. The statistical significance between two groups was 

determined using a Student’s t-test (p<0.05) for the numbers of the cells, percentages of 

neurite-bearing PC12 cells, numbers of neurites per PC12 cell, percentages of polarized 

hippocampal neurons, and axon lengths of hippocampal neurons.  For the evaluation of 

PC12 neurite extension, median lengths were calculated and reported for each condition 

because the measured neurite lengths were not normally distributed. Statistical 

differences between medians were calculated with a Mann-Whitney U test [28] (p<0.05).   

 

3.4 Results and Discussion 

3.4.1 Electrospinning PLGA Nanofibers 

Template PLGA nanofibers for PPy-coating were used in this study because of 

PLGA’s well-investigated cytocompatibility, biodegradability, and suitability for various 

biomedical applications [12, 20]. The PLGA nanofiber meshes were fabricated and 

provided by Chris Bashur and Dr Aaron Goldstein at Virginia Tech. Highly aligned 

nanofibers (AF) and random nanofibers (RF) were collected from PLGA polymer 

solution on a rotating and stationary collector, respectively. The SEM images of the 

electrospun fibers indicate that both meshes (AF and RF) have uniform fibrous features 
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on the surface and that AF meshes exhibit highly aligned fibers (Figure 3.2). The fiber 

diameters, which were determined by analyzing the SEM images, were 0.25 ± 0.11 μm 

for AF and 0.36 ± 0.13 μm for RF. For degree of fiber orientation, the AF had a value of 

angular standard deviation (ASD) of 32.9º, whereas the RF had a larger ASD (54.7º). 

High ASD reflects randomly oriented fibers. These nanofibers, with nanometer scale 

dimensions, provide highly porous, nanofibrous topographies capable of modulating 

cellular responses in various cells [12, 29].    

 

3.4.2 Synthesis of PPy-Coated PLGA Nanofibers 

To produce electroconducting nanofibers, PPy deposition was performed on the 

electrospun PLGA nanofibers (RF and AF) in a polymerizing solution containing pyrrole, 

pTS, and FeCl3 as a monomer, a dopant, and an oxidizing reagent, respectively. As 

pyrrole was polymerized, polymeric products (PPy) aggregated in solution or deposited 

on the fiber surfaces, depending on reaction conditions, forming conducting shells. As 

shown in Table 3.1, various polymerization conditions were explored to arrive at an 

optimal set of parameters to produce conductive and clean meshes. The reaction 

conditions (i.e., reactant concentrations, reaction times) strongly influenced coating 

properties and electrical properties of the PPy-PLGA fibers, such as uniformity, 

conductance, and morphologies of the PPy shells, which is consistent with other literature 

[16, 30]. As shown in Figure 3.3, incomplete coverage of PPy, which resulted in non-

conducting meshes, was observed at low concentrations of the reactants and/or a short 

reaction time. On the other hand, high concentrations of the reactants resulted in PPy 
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aggregates in solution and non-uniform deposition of the PPy covering on the fibers. The 

PPy-PLGA products, synthesized under the optimized condition (7 mM pyrrole, 7 mM 

pTS, 19 mM ferric chloride, and 24 h), consist of PLGA fiber cores and PPy shells with 

complete coverage and no PPy aggregates (Figure 3.3 and Figure 3.4). PPy-coated AF 

meshes (PPy-AF) retained the aligned fiber structures, which were similar to their non-

coated template meshes (AF) (Figure 3.3). The SEM images of the PPy-PLGA were 

acquired without treatment of the samples with metal coating, indicating qualitatively 

good electrical conductance of the fibers. Some PPy aggregates were observed on the 

fiber surfaces, but they were loosely bound and could be removed by successive washes. 

The PPy-PLGA fibers had fiber diameters of 520 ± 150 nm for PPy-RF and 430 ± 180 

nm for PPy-AF, with 85 ± 41 nm shell thickness. Nanometer-scale thick PPy deposition 

was accomplished on the template nanofibers, of which features were retained (i.e., fiber 

orientation).  

 

3.4.3 Characterization of PPy-coated PLGA Nanofibers 

To characterize electroconducting properties of the PPy-PLGA meshes, surface 

resistance (Rs) was measured. Random PPy-PLGA had an Rs=1.7 ± 0.6×104 Ohm/square. 

This value was insensitive to the direction of measurement, which was reasonable 

because the PPy-RF fibers were randomly oriented and had multiple contacts among 

coated fibers. On the other hand, Rs values of aligned PPy-PLGA varied with direction of 

the fibers: Rs=7.4 ± 3.2×103 Ohm/square along the fiber direction and Rs=9.0 ± 6.0×104 
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Ohm/square perpendicular to the major fiber direction. These results suggest that current 

is conducted primarily along the fiber axis.  

To characterize the surfaces of the fibers, XPS analysis was performed. Table 3.2 

summarizes the elemental compositions of the sample surfaces. For the PPy-PLGA, 

nitrogen, chlorine, and sulfur atoms were detected, whereas they were absent in the 

uncoated PLGA samples. Doping levels of the PPy components were calculated from the 

atomic ratio of Cl and S to N from the high resolution XPS spectra.  The doping level of 

PPy-PLGA was 0.27 and close to that for oxidized PPy (about 0.3), as previously 

investigated [3]. pTS and Cl ions accounted for 80% and 20%, respectively, in total 

molar amounts of dopant. High-resolution spectra of the PPy-PLGA were decomposed 

according to previous reports [31]. The C1s spectrum of PPy-PLGA (Figure 3.5) revealed 

substantial changes in the spectrum after PPy-coating, which can be attributed to new 

signals at 285.8 eV (C-N), 287.2 eV (C=N), and 288.9 eV (C=N+). Peaks, related to the 

PLGA cores, were diminished, indicating PPy-coating shields the surface of PLGA. In 

addition, Figure 3.5b showed changes in the high resolution spectra of N1s after PPy-

coating with new signals at 397.8 eV (=N-), 399.8 eV (-NH-), 401.2 eV (C-N+), and 

402.2 eV (C=N+). No significant peaks were observed in the N1s spectrum of the PLGA 

sample, as expected. These XPS spectra obtained from the PPy-PLGA are consistent with 

those from pristine PPy in other literature [24, 31], demonstrating surface deposition of 

PPy on the PLGA fibers.  
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3.4.4 Multiple Coatings of PPy on PLGA Nanofibers 

For the purpose of investigating feasibility to obtain more conductive and uniform 

conducting nanofibers and to maintain fibers’ features under submicron sizes, we 

deposited multiple PPy layers on the PLGA nanofibers by repeating the optimized-

coating step. This study was performed based on hypothesis that more conductive 

submicron scaled scaffolds would be more effective in stimulating or recording electrical 

signals to tissues/cells. We expected that multiple coating steps would be appropriate to 

produce uniform and thick conducting PPy layers because of difficulty in fabricating 

thick PPy coating by one single reaction. For example, higher concentrations of the 

reactants led to severe formation of PPy aggregates on the fibers rather than thicker PPy-

shells (Table 3.1). Also, a prolonged reaction time did not lead to a substantially thicker 

shell of PPy on PLGA but caused some aggregation. Consequently, successive coating 

steps were employed to obtain clean structures and high conductance of the nanofibers, 

where each coating was performed under the previously determined optimized conditions. 

In this study, we coated PLGA with PPy up to three times with the same reaction 

condition for each coating step.  

As shown in Figure 3.6, the SEM images of the PPy-PLGA meshes (non-coated, 

once, twice, and three times coated) exhibited uniform coating. The SEM images show 

no flakes, indicating integrity of PPy layers. More junctions between individual fibers 

were observed from the multiple coated fibers, which may be due to thicker fibers and 

their closer distance to other fibers with multiple coatings. These junctions may 

contribute to mechanical strength and higher conductance allowing for integrated 
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structures among the individual fibers [32]. As the number of PPy-coating steps increased, 

fiber diameters increased. Diameters of the fibers were 540±40 nm for the single coating, 

630±50 nm for the double coating, and 760±20 nm for triple coated fibers. 

Corresponding PPy-shell thicknesses were calculated to be 120±40, 160±20, and 230±30 

nm after each subsequent layer. Even with triple layers of PPy-coating, the product 

diameter still remained under submicron size. It should be noted that thicker PPy-

coatings could exhibit better stability against oxygen species and thus more stable 

conductivity [33, 34].  The numbers of the PPy-coating steps significantly affected the 

surface resistivity of the PPy-PLGA.  Single, double, and triple-coated PPy-PLGA 

displayed surface resistivities of 120±70, 19±8, and 7.9±2.9 kΩ/square, respectively 

(Figure 3.7). Multiple coatings greatly decreased the surface resistivity of the fibers, after 

the second and the third PPy-coating, to 16% and 7% of the single-coated PPy-PLGA. In 

addition to an increase in thickness, the fiber junctions found more frequently in multiple 

coated-fibers are likely attributed to improvement of surface conductance as mentioned 

earlier.  

IR spectrum of uncoated PLGA shows the characteristic peak of PLGA at 1780 

cm-1 (carbonyl esters) (Figure 3.8a). This typical PLGA peak diminishes with an 

increase in the PPy-coating numbers. Characteristic peaks of PPy were found from the 

PPy-coated fibers at 1550 cm-1, 1460 cm-1, and 1280 cm-1, which are attributed to C=C 

stretching, C-C stretching, and C-N stretching at the pyrrole ring, respectively [35].  In 

addition, ratios between characteristic peak intensities of PPy (1550 cm-1) and PLGA 

(1780 cm-1) clearly increased with multiple PPy-coatings (Figure 3.8b). These results 
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indicate more PPy in the product fibers with an increased number of coatings and more 

coverage of PLGA with PPy. We found small peaks around 1670-1700 cm-1 from the 

PPy-coated fibers’ spectra, which appear to correspond to partial over-oxidation of PPy 

(C=O group in the pyrrole) during chemical polymerization [36, 37]. This may be due to 

higher oxidation potential of FeCl3 (0.77 V versus standard redox potential) compared to 

that of pyrrole (0.65 V) [35]. This peak became more pronounced as the PPy-coating was 

repeated. Increase in the oxidized PPy peaks may result from the overall longer exposure 

to oxidant in chemical polymerization during repeated PPy-coating reaction [35, 37].  

 

3.4.5 Stability of PPy-coated PLGA Nanofibers 

We selected PLGA as a model for the production of nanofiber templates because 

it is material that is biodegradable and non-cytotoxic. Degradation of implanted scaffolds 

is beneficial to enable tissue regeneration and integration and to avoid subsequent 

surgical removal of scaffolds [38]. However, rapid degradation of PLGA fibers in vivo 

would lead to a quick loss of electrical and mechanical properties of the conducting 

nanofibers, which may limit long-term performance of the scaffolds for certain 

applications. Thus, electrical and mechanical stability and biodegradation of PPy–PLGA 

meshes were assessed in a physiological solution (PBS at 37 °C) for 2 weeks. After 2 

weeks, surface resistivity increased from 11.4 Ω/square to 23.6 Ω/square. This increase in 

the surface resistivity likely results from de-doping and/or over-oxidation of PPy, which 

have been reported previously [24, 39, 40], and not from fragmentation of the PPy shell. 

This is confirmed by SEM analysis, which showed no significant degradation of the 



60 

PLGA fiber cores, no substantial delamination or fragmentation of PPy shells, and nearly 

identical morphologies to the as-prepared PPy–PLGA fibers. We speculate that PPy 

shells may partly contribute to structural stability by preventing the inner PLGA fibers 

from coming in contact with water (less opportunity of hydrolysis). Degradation 

(residence time) of the scaffolds in vivo could be further modified by coating PPy on 

different biodegradable polymer fibers which have different degradation rates (e.g., poly-

-caprolactone, polydioxanone, copolymers having various compositions of polylactide 

and polyglycolide) [38]. 

In addition, PPy doped with small anions has been reported to be brittle, which 

would be an obstacle for long-term performance with electrical stimulation through the 

scaffolds [41]. As we mentioned above, our two week stability test showed little 

fragmentation or delamination of the PPy shells, which may be partly attributed to 

mechanical stabilization of the PPy coating by the underlying PLGA cores. The more 

ductile PLGA likely imparts flexibility to the overall composite structure, similar to 

previous observations in which PLGA films laminated to films of PPy improved the 

overall handling and mechanical properties of PPy [5]. Yet, it may be still desirable to 

improve the mechanical properties and adhesiveness of PPy to template fibers for various 

biomedical applications. Use of a larger dopant (e.g., polystyrene sulfonate) will 

minimize de-doping [39] and chemical conjugation of pyrrole onto the template 

nanofibers prior to PPy polymerization may provide a strong interface between the PPy 

coating and the core fibers [19].  
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3.4.6 Cell Culture Experiments 

In an effort to study properties of the PPy-PLGA scaffolds for neuronal 

applications, we cultured PC12 cells and embryonic hippocampal neurons on the scaffold 

materials. PC12 cells are the most widely studied cell type for neuritogenesis in response 

to various extracellular cues such as neurotrophins and electrical stimulation [5, 6]. This 

cell line has been used as an experimental model of the sympathetic nervous system [42]. 

On the other hand, the embryonic hippocampal neuron is of CNS origin and plays an 

important role in learning and memory and processing of spatial information in the brain 

[43]. Embryonic hippocampal neurons have been widely used to study initial axon 

establishment in neuronal development [44]. It has been also noted that the cellular 

responses of these neurons are influenced by external electrical fields [45] and 

topographical surfaces of substrates (i.e., pores, grooves) [9, 46]. Therefore, we cultured 

PC12 cells and hippocampal cells on the PPy-PLGA meshes for in vitro cell culture to 

demonstrate the utility of these meshes bearing nanofibrous topographical features and 

electrical activities for nerve tissue engineering applications. Non-coated PLGA fibers, 

displaying similar fiber features (fiber diameters and orientations) to the PPy-PLGA 

fibers, were also used as controls for comparison.  

The PC12 cells were cultured on both PPy-PLGA (PPy-RF and PPy-AF) and 

uncoated PLGA (RF and AF) in an NGF-containing medium for 2 days. Cell numbers, 

counted from the numbers of DAPI-stained nuclei from random fluorescence images, 

were 148 ± 15 (RF), 111 ± 39 (PPy-RF), 112 ± 27 (AF), and 128 ± 18 per image (PPy-

AF). These differences were not statistically different, indicating that the PPy coating 
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does not affect the adhesion or viability of the PC12 cells. Fluorescence images of PC12 

cells stained for actin filament (Figure 3.9) show that the cells formed neurites on all 

substrates. The results indicated that median lengths of the neurites on the meshes were 

12.3 µm (RF, n=507), 12.8 µm (PPy-RF, n=424), 16.0 µm (AF, n=391), and 15.3 µm 

(PPy-AF, n=523), where n denotes the numbers of analyzed neurites. Longer neurites 

were formed on the aligned fibers (AF and PPy-AF) than on the random fibers (RF and 

PPy-RF), p<0.01. The median lengths were similar between the PPy-PLGA fibers and 

their template PLGA fibers having similar fiber dimensions: p=0.32 between RF and 

PPy-RF; p=0.31 between AF and PPy-AF. These results suggest that fiber features 

played important roles in neurite outgrowth regardless of the PPy-deposition. Other types 

of neurons have shown similar cellular responses to fiber orientation, including dorsal 

root ganglia explants [47] and neural stem cells [13], which formed longer neurites/axons 

on aligned nanofibers and extended their neurites along the fiber strands. Most neurites 

were aligned along the major direction of the meshes (AF and PPy-AF) (Figure 3.9). 

SEM images show that PC12 cells on PPy-PLGA (both PPy-RF and PPy-AF) formed 

intimate contact with multiple fibers (Figure 3.10). Cells on the aligned fibers were also 

found to form more elliptical morphologies elongated in the major fiber direction.  

 Likewise, embryonic hippocampal neurons were also cultured on the fiber 

samples and immunostained for analysis (Figure 3.11). No significant difference was 

found between PLGA fibers and PPy-coated fibers in terms of the number of the cells 

and the fraction of cells with established axons (i.e., polarized neurons). After 24 h in 

culture, 27.8 ± 3.2%, 28.9 ± 9.7%, 30.1 ± 4.3%, and 28.8 ± 8.8% of the hippocampal 
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neurons established axons on RF, PPy-RF, AF, and PPy-AF, respectively. Average axon 

lengths were similar with a range of 60-65 µm for all the samples.  These results suggest 

that nano-thick PPy coating on PLGA nanofibers did not affect initial differentiation (i.e., 

axon establishment) and resulted in similar results among the substrates. Fiber orientation 

did not influence axon establishment nor axon elongation of the hippocampal neurons. 

This finding is consistent with our previous studies with various PLGA fibers (400 nm – 

2.4 µm in diameter and different degrees of fiber orientation) for axon formation and 

elongation of embryonic hippocampal neurons [11], where we found that axon 

establishment and average length were not significantly different among the fibers, 

although more axons were found on the cells cultured on the fibers compared to smooth 

PLGA substrates. Contact guidance of hippocampal axons was also observed on the 

aligned fibers (AF and PPy-AF) similarly to the PC12 cells. Most axons were found to 

grow along the major direction of the aligned fibers (Figure 3.10). Consequently, the 

growth and differentiation of hippocampal neurons (i.e., neuron polarization and axon 

elongation) were supported by the PPy-PLGA fibers as well as the non-coated PLGA 

fiber controls.  

Electrical stimulation of neurons on electroconducting scaffolds was performed to 

demonstrate the use of PPy-PLGA meshes to deliver electrical cues through nanofibers. 

We electrically stimulated PC12 cells on PPy-RF and PPy-AF fibers at the potentials of 

10 mV/cm and 100 mV/cm according to previously described protocols [6, 23] and 

analyzed neurite lengths, percentages of neurite-bearing cells, and numbers of neurites 

per cell [15, 23, 26]. Statistically significantly more neurite-bearing PC12 cells and 
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longer neurites were observed with electrical stimulation compared to unstimulated 

controls (p<0.01) (Figure 3.12). Percentages of neurite-bearing cells were 18.0±2.3% (0 

mV/cm, PPy-RF), 34.5±1.9% (10 mV/cm, PPy-RF), 28.6±3.5% (100 mV/cm, PPy-RF), 

28.8±3.2% (0 mV/cm, PPy-AF), 40.4±3.9% (10 mV/cm, PPy-AF), and 37.4±2.5% (100 

mV/cm, PPy-AF). On random PPy-PLGA fibers, the median lengths of neurites were 

12.7, 18.9, and 15.6 µm for unstimulated cells, stimulated cells at 10 mV/cm, and at 100 

mV/cm, respectively. This trend was similar for neurite lengths of 14.9 (unstimulated), 

21.1 (10 mV/cm), and 17.0 µm (100 mV/cm) on aligned PPy-PLGA fibers. Neurite 

lengths for PC12 cells electrically stimulated via the conducting nanofibers were similar 

to those from previous studies of electrical stimulation of PC12 cells on plain PPy films. 

Schmidt et al. found longer median neurite lengths for electrically-stimulated PC12 cells 

(18.1 µm) on PPy films compared to unstimulated cells on the same substrates (9.5 µm) 

after 2 days in culture [5]. Gomez et al. also observed that the median neurite length for 

electrically stimulated PC12 cells was 12 µm, whereas the median length for 

unstimulated controls was 8.0 µm [6]. Electrical stimulation using aligned fibers also 

resulted in further promotion of neurite outgrowth compared to random fibers, in terms of 

neurite lengths and fractions of neurite-bearing cells, which suggests that fiber alignment 

and electrical stimulation act together to enhance neurite extension of PC12 cells. 

Interestingly, lower potential (10 mV/cm) resulted in more neurite-bearing cells than 

higher potential (100 mV/cm) on the random fibers (p=0.035), whereas this effect was 

not significant on the aligned fibers (p=0.253). However, cells stimulated with 10 mV/cm 

extended significantly longer neurites than cells stimulated with 100 mV/cm on both 
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random and aligned fibers (p<0.01). Analysis of neurite numbers per cell indicated that a 

single cell had 1.4-1.8 neurites on average and that the differences were not significant 

for various conditions including fiber orientation and electrical stimulation, suggesting 

that nanofiber features and electrical stimulation do not dramatically influence the 

numbers of neurites. These results indicate that the level of electrical potential has an 

impact on degree of stimulation and that a lower potential may be more favorable for 

promoting neurite outgrowth of PC12 cells. Zhang et al. found a similar trend with PC12 

cells at various electrical currents, in which more neurite-bearing PC12 cells were 

observed below 10 µA; promotion of neurite formation diminished as currents increased 

above 10 µA [48].   The exact effects of electrical stimulation are not fully understood; 

however, some mechanisms are postulated as follows: redistribution of membrane 

proteins responding to electrical field/current [49], decrease in membrane potentials more 

likely to cause membrane depolarization of neurons [50], and preferential deposition of 

adhesive biomolecules such as fibronectin on electrodes [23]. These non-cytotoxic, 

electroconducting nanofibrous scaffolds are suitable for electrically stimulating neurons 

and potentially enhancing nerve tissue regeneration. 

 

3.5 Conclusion 

We fabricated electroconducting nanoscaffolds using a simple method involving 

nano-thick deposition of PPy on electrospun PLGA fibers. The PPy-PLGA composits 

displayed electrical activity and nanofibrous features. The nano-scaled sizes and fiber 

orientation of the template fibers were retained with PPy coating so that the conducting 
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nanofibers provide general advantages of conventional electrospun nanofibers, such as 

high surface area to volume ratio, interconnecting pores, and nanofibrous topographies. 

The PPy-deposited fibers were characterized using various techniques including XPS and 

surface conductance measurements. We also demonstrated that multiple coatings of PPy 

could be useful to fabricate more conductive submicron scaled-fibers. Importantly, in 

vitro cell culture using PC12 cells and embryonic hippocampal neurons demonstrated 

that compatible cellular interactions on the fabricated PPy-PLGA meshes are appropriate 

for neuronal applications and present topographies for modulating cellular interactions 

comparable to the PLGA control nanofibers. Finally, electrical stimulation of PC12 cells 

on the conducting nanofiber scaffolds improved neurite outgrowth compared to non-

stimulated cells; the lower electrical potential of 10 mV/cm encouraged more neurite 

outgrowth than the higher potential of 100 mV/cm. In addition, further promotion in 

neurite length and percentage of neurite-bearing cells was observed with electrical 

stimulation on aligned conducting nanofibers. This work will aid to design neuronal 

tissue interfaces integrated with topographical and electrical cues for use in nerve tissue 

scaffolds and for neural interfacing.  
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Figure 3.1 Schematics of assembly of a PPy-PLGA mesh for in vitro cell culture study 

and electrical stimulation. Silver wires were not included in the assemblies for 

cytocompatibility studies.  
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Figure 3.2 Scanning electron micrographs of electrospun PLGA nanofibers, (a) and (b), 

and their PPy-coated fibers, (c) and (d).  (a) Randomly-oriented nanofibers (RF), (b) 

aligned nanofibers (AF), (c) PPy-coated randomly oriented fibers (PPy-RF), and (b) PPy-

coated aligned fibers (PPy-AF).  
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Figure 3.3 Representative SEM images of PPy-coated PLGA fibers synthesized in 

various conditions; (a, c, e) at low magnification and (b, d, f) at high magnification. (a, b) 

Incomplete PPy-coating with a short reaction time (7.0 mM pyrrole, 7.0 mM pTS, 19 mM 

FeCl3, and 8 h). (c, d) Complete coating without aggregates produced under an optimized 

condition (7.0 mM pyrrole, 7.0 mM pTS, 19 mM FeCl3, and 24 h). (e, f) PPy aggregates 

are produced with a high concentration of reactant (7.0 mM pyrrole, 14.0 mM pTS, 19 

mM FeCl3, and 12 h).  
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Figure 3.4 PPy-coated PLGA meshes. (a) photographs of uncoated PLGA meshes (white, 

left) and PPy-PLGA meshes (black, right). (b) SEM micrograph of single strands of PPy-

PLGA fibers. (c) SEM image of section of the PPy-PLGA meshes. 

 

 



75 

 

 

 

 

 

396398400402404406

396398400402404406

Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

PLGA

PPy-PLGA

b

Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

PLGA

PPy-PLGA

a

278280282284286288290292294

278280282284286288290292294

 

 

Figure 3.5 High resolution (a) C1s and (b) N1s XPS spectra of PLGA and PPy-PLGA. 

The C1s spectrum of PPy-PLGA shows typical signals of PPy at 284.6 eV (C-Hx/C-C), 

285.8 eV (C-N), 287.2 eV (C=N), 288.9 eV (C=N+), and 290.1 eV (π-π*). Intense peaks 

at 287.1 eV and 288.7 eV in the PLGA spectrum diminished after PPy-coating. (b) New 

peaks were detected in the N1s spectrum after the PPy-coating at 397.8 eV, 399.8 eV, 

401.2 eV, and 402.2 eV, which were assigned to  =N-, -NH-, C-N+, and C=N+, 

respectively.  
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Figure 3.6 Scanning electron micrographs; (A) electrospun PLGA nanofibers; their PPy-

coated fibers with multiple coating steps; (B) once, (C) twice, and (D) three times.  
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Figure 3.7 Characterization of PPy fibers prepared with multiple coatings. (A) Average 

fiber diameters and (B) cumulative histograms of individual fibers. At least 100 

individual fibers were measured for each condition. Averages were plotted with error 

bars (standard deviation). (C) Surface resistance. Three samples were measured for each 

condition.  
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Figure 3.8 Infrared spectra of the uncoated PLGA fibers and the PPy-coated PLGA 

fibers with the numbers of the PPy-coatings. (A) ATR-IR spectra. A peak at 1780 cm-1 

represents the ester bond in PLGA, and peaks at 1540 cm-1 are typical for PPy rings. (B) 

Ratios between peak intensities at 1780 cm-1 and at 1540  cm-1 from the spectra of the 

uncoated-PLGA fibers and the PPy-coated PLGA fibers with the numbers of the PPy-

coatings.  
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Figure 3.9 Immunostaining of PC12 cells cultured on (a) RF, (b) AF, (c) PPy-RF, and (d) 

PPy-AF. PC12 cells were cultured for 2 days with exogenous NGF in the medium and 

stained with phalloidin-Alexa 488 for F-actin. Arrows indicate major directions of the 

aligned fibers of (b) and (d) in the images. Scale bars are 50 µm. 
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Figure 3.10 SEM images of PC12 cells cultured on (a) PPy-RF and (b) PPy-AF for 2 

days.  
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Figure 3.11 Fluorescence images of hippocampal neurons cultured on (a) RF, (b) AF, (c) 

PPy-RF, and (d) PPy-AF. Immunostaning for tau-1 (axonal marker) was employed to 

stain hippocampal cells and axons after 1 day in culture. Arrows indicate major directions 

of the aligned fibers of (b) and (d) in the images. Scale bars are 50 µm. 
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Figure 3.12 Electrical stimulation of PC12 cells through PPy-PLGA (PPy-RF and PPy-

AF) fibers at 0 mV/cm and 10 mV/cm. Representative fluorescence images of electrically 

stimulated cells: (a) PPy-RF at 0 mV/cm (unstimulated); (b) PPy-RF at 10 mV/cm; (c) 

PPy-AF at 0 mV/cm; (d) PPy-AF at 10 mV/cm. Scale bars are 50 µm. (e) Median neurite 

lengths and (f) percentages of neurite-bearing PC12 cells when unstimulated and when 

electrically-stimulated (10 mV/cm) on random (PPy-RF) and aligned (PPy-AF) PPy-

PLGA fibers. At least 300 neurites were analyzed from four substrates for each condition. 
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Table 3.1 Reaction parameters and properties of PPy-coated PLGA (PPy-RF)a). 
 

Morphologies Pyrrole 
(mM) 

FeCl3 
(mM) 

pTS 
(mM) 

Reaction 
time (h) Rs (ohm/sq.) 

      

Aggregates 14 38 0 24 3.0±1.7 ×103 

 7 38 0 24 9.8±9.3 ×104 

 7 19 17.5 24 1.6±1.1 ×104 

 7 19 0 48 6.9±5.8×105 

Incomplete 

coating 

3.5 9.5 0 24 N/Ab) 

7 19 0 8 N/Ab) 

Coating 7 19 0 24 4.7±2.7 ×105 

 7 19 1.2 24 7.6±1.9 ×104 

 7 19 7 24 2.4±2.0 ×104 

a) Reaction was performed at 4°C.  
b) Not measurable 
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Table 3.2 Elemental compositions and doping levels of PLGA and PPy-coated 

PLGA using XPS analysis. 

Sample 
Elements (atomic %) 

Doping levela) 
C N Cl S 

PLGA 99.7 0.2 0 0 - 

PPy-PLGAb)  84.9 12.0 1.0 2.2 0.27 

a) doping level = (Cl+S)/N 
b) PPy-RF used. 
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CHAPTER 4. NERVE GROWTH FACTOR CONJUGATION ON 

FUNCTIONALIZED POLYPYRROLE AND POLYPYRROLE-

COATED PLGA NANOFIBERS  
             

 

4.1 Introduction 

In the previous chapter, I demonstrated that electrical stimulation through 

conducting nanofiber scaffolds promoted neurite development and extension. In Chapter 

4, I focused on fabricating engineered scaffolds simultaneously exhibiting multiple cues, 

which are highly desirable for neural tissue regeneration. To this end, we developed 

electrically conducting scaffolds which display neurotrophic activity for two dimensional 

films and three dimensional nanofibrous scaffolds. Nerve growth factor (NGF) was 

chemically immobilized onto functionalized polypyrrole (PPy) substrates. First, to 

characterize effectiveness and stability of chemically immobilized NGF, PPy films 

bearing active ester groups were synthesized and utilized for NGF immobilization. Next, 

NGF was chemically tethered to PPy-coated poly(lactic acid-co-glycolic acid) (PLGA)  

nanofibers. In vitro PC12 cell culture was performed under electrical stimulation 

conditions to evaluate the combined effects of the immobilized-NGF and electrical 

stimulation on neurite outgrowth. Hence, nanofibrous scaffolds bearing inherent 

neurotrophic and electroconducting activities may serve as promising neural tissue 

engineering scaffolds. 
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4.2 Background and Motivation  

Neurons are highly affected by the components of their environment including 

bioactive molecules such as neurotrophic factors, electrical signals, extracellular matrix 

molecules, and cell-to-cell interactions [1-3]. Since nerve regeneration is a complicated 

process and requires multiple cues for neuronal survival and neurite regrowth, scaffolds 

that simultaneously present multiple cues can serve as promising platforms for neural 

engineering applications [4, 5]. Neuronal tissue engineering has focused on how to 

produce optimal scaffolds by integrating multiple cues to mimic natural nerve tissue [6-8]. 

Critical properties to be considered involve contact guidance (topography), neurotrophic 

activity, porosity, electrical activity, and biocompatibility [3, 4, 9]. However, most 

studies have been aimed at incorporating individual cues into biomaterials and exploring 

the independent effects of each factor separately.  

  Electrical stimulation has been shown to play an important role in inducing cell 

adhesion and differentiation, and reducing inflammation [10-12]. Conducting polymers 

have garnered great attention as tissue engineering materials since they are capable of 

delivering electrical cues to target sites and can simultaneously provide physical support 

for cell growth [12]. Electrical stimulation of PC12 cells through smooth PPy films have 

resulted in improved neurite outgrowth compared to unstimulated controls on the films 

[10]. In the previous chapter, we found that electrical stimulation through conducting 

nanofibers resulted in more neurite formation and elongation with electrical stimulation 

compared to unstimulated controls. 
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To fabricate conducting materials presenting biological activities, various non-

covalent modification techniques have been studied, which involve doping and 

entrapping different molecules, such as hyaluronic acid [13], heparin [14], laminin 

fragments [15, 16], and NGF [17, 18] during PPy polymerization. Also, affinity peptides 

that have specific binding to chloride-doped PPy were used to tether RGD peptides and to 

promote PC12 adhesion [19]. Creating covalent links of bioactive molecules to 

conductive polymers are preferred in designing tissue engineering scaffolds because of a 

prolonged activity over time [20-22]. However, the lack of functional groups on pristine 

PPy has limited the ability to tailor PPy with various biochemical properties [12, 22, 23]. 

Covalent modification also often faces practical hurdles. For example, non-specific 

covalent reactions such as photocrosslinking may deteriorate the polymer structure and 

biomolecules [24-26]. Functionalized pyrroles (for example amino, carboxylic acid, 

active ester) have been used to specifically couple chemical compounds, peptides, and 

proteins; however, changes in pyrrole structure result in a decrease in conductivity by 

approximately four orders of magnitude [12, 23, 27]. Consequently, incorporation of 

bioactive molecules should be performed in a controllable and specific way to minimize 

the reduction in bioactivity and conductivity of the biomaterial.  

Neurotrophins modulate neuron survival, differentiation, and extracellular 

signaling [28, 29]. NGF is the best-characterized of the neurotrophins. It plays an 

important role in preventing apoptosis, inducing morphogenesis, and maintaining 

synaptic activities of neurons [30, 31]. Neurotrophins including NGF hold significant 

promise in therapeutic use for the treatment of degenerative diseases and injured nerve 
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tissue [28, 32, 33]. Injured tissues do not produce sufficient levels of neurotrophins [34] 

so that scaffolds bearing long-term neurotrophic activities are of importance for nerve 

tissue regeneration. Importantly, immobilized NGF has been shown to trigger 

intracellular cascades and to stimulate neurons without a classical internalization process 

[20, 26, 35]. Hence, stable and specific chemical conjugation of neurotrophins on 

conducting polymers is desirable to integrate electrical cues and biochemical cues for 

improved nerve tissue applications. 

Additionally, electrospun nanofibers have been widely utilized as tissue 

engineering scaffolds including NGCs [36, 37]. Electrospun fibers not only provide 

interconnecting pores and high surface area-to-volume ratio but also architectural features 

that can mimic the natural extracellular matrix (ECM). Various features (e.g., fiber 

diameters, orientation) and material types (e.g., natural, synthetic) of the electrospun 

fibers can be created to modulate cell attachment and differentiation of various nerve 

tissue-associated cells, such as dorsal root ganglion (DRG) neurons, Schwann cells, 

hippocampal neurons, and PC12 cells [38-40].  

In an effort to combine electrical cues with neurotrophic signals as a nanofibrous 

form, we first studied a chemical strategy to tailor conductive PPy films with NGF and 

then utilized this chemical strategy to fabricate neuroactive and electrically active 

nanofibers. The first part describes how to synthesize functionalized electroconductive 

PPy copolymers bearing active ester groups, to chemically immobilize NGF, and to 

characterize properties of the products (Figure 4.1). The biological effects of NGF-

coupled PPy films on neurite outgrowth were evaluated using PC12 cells. Stability of 



89 

immobilized NGF on the PPy copolymer was studied under physiological conditions and 

with the application of an external electrical potential. The second part of the work, as 

our ultimate goal, demonstrates how to combine electrical and neurotrophic cues into 

nanofibrous materials and how effective the combined cues would be on neuronal 

differentiation (Figure 4.2). We characterized fiber properties in terms of fiber features, 

surface chemical compositions, surface resistivity, and in vitro cell culture. PC12 cells 

were cultured on the NGF-immobilized fibers (NGF-PPyPLGA) with an electrical 

stimulus to examine their combined effects on neurite outgrowth.  

 

4.3 Materials and Methods 

4.3.1 Synthesis of Pyrrole Derivatives  

To synthesize 1-(2-carboxyethyl)pyrrole, a solution of 16.5 g 1-(2-

cyanoethyl)pyrrole (1) (Aldrich) in 50 mL 6.7 M KOH (Fisher) was refluxed for 20 h 

under argon atmosphere until NH3 gas no longer evolved. The reaction mixture was 

neutralized with 5 M HCl (Fisher) and recrystallized with cold heptane (Fisher). The 

product, 1-(2-carboxyethyl)pyrrole (2), was characterized by NMR. 1H NMR (CClD3, 

ppm) spectrum of (2) showed the peaks at 2.81 (t, 2H, CH2COO); 4.15 (t, 2H,CH2CH2); 

6.11 (dd, 2H, CHα-pyrrole); 6.62(dd, 2H, CHβ-pyrrole), which were in agreement with other 

published data [23, 41].  

Next, N-hydroxyl succinimidyl ester-pyrrole (NSE-pyrrole) (3) was synthesized 

by addition of 1.73 g NHS (Sigma) and 3.8 g 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) (Sigma) to a solution of 1.4 g 1-(2-caryboxyethyl) 
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pyrrole (2) in 100 mL double deionized (ddI) water. The reaction was carried out for 30 

min at room temperature. Insoluble product precipitated from the reaction mixture and 

was purified by filtration and washing with excess ddI water. Product was dried in a 

vacuum chamber overnight. The final product was a white powder and was obtained in 

80% yield. The structure and purity were confirmed using NMR and IR spectroscopy. 1H 

NMR (CClD3, ppm) spectrum of (3): 2.87 (m, 4H, CH2CON); 3.11 (t, 2H, CH2COO); 

4.35 (t, 2H, CH2N); 6.18 (dd, 2H, CHα-pyrrole); 6.71 (dd, 2H, CHβ-pyrrole). IR spectra of (3) 

showed the peaks of the succinimidyl ester groups and pyrrolidinone groups at 1740, 

1782, and 1814 cm-1.  The results were in good agreement with published literature [41-

43]. 

 

4.3.2 Synthesis of Functionalized PPy  

4.3.2.1 Electrochemical Polymerization of PPy Copolymer Films 

Polypyrrole copolymers (PPy-NSE) of unmodified regular pyrrole and NSE-

pyrrole (3) were electrochemically synthesized on 10×20 mm pieces of either gold-coated 

glass slides or indium-tin oxide (ITO)-coated glass slides (Delta Technologies). Gold-

coated glass slides were prepared by deposition of 3 nm chromium and 30 nm gold onto 

glass slides (25×75×1 mm, Fisher) with a thermal evaporator (Denton). Various mixtures 

of pyrrole (Aldrich) and NSE-pyrrole (3) were prepared with 0.1 M of 

tetrabutylammonium perchlorate (Aldrich) as the dopant in acetonitrile (Fisher). Total 

concentration was maintained at 50 mM and molar ratios were varied as follows: 100:0 

(pyrrole:NSE-pyrrole) for PPy-NSE0, 75:25 for PPy-NSE25, 50:50 for PPy-NSE50, 25:75 
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for PPy-NSE75, and 0:100 for PPy-NSE100 (Table 4.1). A constant potential of 1.2 V, 

versus a saturated calomel electrode (SCE) reference (Fisher), was applied using a Pine 

Instrument AFRDE5 bipotentostat for 20 s to synthesize the PPy-NSE films in a three-

electrode configuration.  

 

4.3.2.2 Fabrication of Functionalized PPy-coated PLGA Nanofibers 

The 75/25 poly(lactic-co-glycolic acid) (PLGA) (inherent viscosity 0.55–0.75 

dL/g, Lactel Biodegradable Polymers, Birmingham, AL) was used for electrospinning as 

described previously [44] and in Chapter 3. These electrospun PLGA fibers were 

fabricated in the laboratory of Dr Aaron Goldstein at Virginia Tech. 

To coat the electrospun PLGA nanofibers with PPy, pyrrole (Aldrich) was first 

purified by passing it through a column of activated basic alumina (Aldrich) before use. 

A PLGA mesh (15 × 15 mm) was put into 2 mL aqueous solution of 14.4 mM pyrrole 

and 14.4 mM sodium para-toluene sulfonate (pTS) (Sigma) in a 15 mL polypropylene 

tube, followed by ultrasonication for 30 s to saturate the meshes with pyrrole solution. 

The mesh was pre-incubated at 4ºC for 1 h, followed by addition of 1 mL ferric chloride 

(Aldrich) solution (38 mM) and incubation with shaking at 4ºC for 20-24 h for the 

coatings. The PPy-coated mesh was washed with copious amounts of deionized water. 

This PPy coating step was repeated to create reproducible conducting fibers. For the 

carboxyl functionalization coating, the PPy-PLGA mesh underwent the similar coating 

step above using fresh solution of 14.4 mM pyrrole, 14.4 mM 1-(2-carboxyethyl)pyrrole, 
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14.4 mM, pTS, and 38 mM FeCl3. The final product fibers were transferred onto a clean 

glass slide (Fisher) and dried in a vacuum oven at room temperature for 2 days.  

 

4.3.3 Characterization of Functionalized PPy Substrates 

4.3.3.1 PPy Copolymer (PPy-NSE) Films 

Conductivities of the PPy copolymer films were measured by the four-point probe 

method [45]. Film thickness was measured by a Veeco Profilometer (Dektak 6M Stylus). 

PPy copolymer films were peeled off and transferred to non-conductive tape (3M). Three 

different films were prepared on different days, and the thickness and sheet resistivity 

(Rs) were quantified. Conductivity was then calculated using the following equation:    
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where σ is the conductivity (Siemens/cm, 1 Siemens = 1/Ω), t is the film thickness, Rs is 

the sheet resistance (Ω/square), V is the voltage (volts) between the two outer probes, I is 

the current (amperes) passing across the two inner probes, and k is a geometric factor for 

a thin sheet (here, k = π/ln2 = 4.532). 

Fourier transform infrared (FT-IR) spectra were collected using a VeeMax II 

(Pike Technologies) variable-angle grazing accessory in a dry-air purged Nicolet Magna-

IR 860 spectrometer (Welltech) equipped with a liquid-nitrogen-cooled mercury 

cadmium telluride (MCT) detector [46]. An angle of incidence of 78º relative to the 

substrate normal was used. PPy sample films on gold substrates were characterized by 

reflectance infrared spectroscopy using p-polarized light at a resolution of 2 cm-1. Sixty-
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four scans at room temperature were performed to obtain the average IR spectra for all 

samples. Clean gold substrates were used as the background. Baseline was corrected with 

GRAMS/AI software (Thermo Scientific) in all sample spectra. 

XPS was used to confirm active ester groups presented on the surface of the PPy 

copolymers. Spectra were obtained using a Physical Electronic (PHI model 5700) 

spectrometer employing a monochromatic Al Kα1,2 source. Calibration of the binding 

energy was performed by setting C-C/C−H component in C1s peak at 284.6 eV.  Typical 

operating conditions are 1×10-9 Torr in the chamber, and 14 kV and 250 W for the Al X-

ray source. High-resolution elemental scans were collected with the pass energy of 11.75 

eV at a takeoff angle of 45º between the sample and analyzer. Peak deconvolution was 

performed for high-resolution C1s spectra using XPSPEAK software (version 4.1) to 

characterize carbon atoms. Also, conjugation of NGF on the copolymer films was 

assessed by comparing the spectra and elemental compositions of the copolymer films 

with those of the control films not treated with NGF. 

 

4.3.3.2 Material Characterization of PPy-coated PLGA Fibers 

Fiber diameter and morphologies of PLGA meshes and functionalized PPy-PLGA 

meshes with carboxylic groups (i.e., PPy(COOH)PPy) were analyzed using a Zeiss 

SUPRA 40 VP Scanning Electron Microscope (Carl Zeiss SMT, Thornwood, NY). 

Samples were sputter-coated with 5 nm of palladium (Ted Pellar) using a Cressington 

Scientific Instruments Model 208HR (Cranberry). The acquired SEM images were 
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analyzed using ImageJ (NIH) for fiber diameter. At least 100 fibers were analyzed per 

sample.  

Carboxylic groups on the meshes were quantified using the Toluidine Blue O 

assay as described elsewhere [47]. A 0.5 mM aqueous Toluidine Blue O (Sigma) solution 

was prepared and the pH was adjusted to 10 using 0.2 M NaOH solution. The samples of 

1.5 x 1.5 cm were incubated in 5 mL of the solution at 30 ºC for 6 h. Then, the samples 

were thoroughly washed with NaOH solution (0.1 M, pH 9.0) to remove unbound 

Toluidine Blue O dye. The samples were transferred to a new tube containing 50% acetic 

acid (Fisher) solution and incubated for 20 min to desorb the dye from the samples. 

Absorbance of the solution was measured at 633 nm by a spectrophotometer. Standard 

Toluidine Blue O solutions were prepared and their absorbance was measured. Amount 

of surface carboxylic groups was calculated from the absorbance of the sample solution 

assuming that Toluidine Blue O dye and surface carboxylic group on the samples form an 

1:1 complex. Experiments were performed in triplicate.  

Surface resistivity of PPy-PLGA meshes was measured as previously described 

[40]. In brief, two silver wires separated by 1 cm were placed onto the sample. Resistance 

was measured between the two silver electrodes using a digital multimeter (DM-8A, 

Sperry Instrument, Milwaukee, WI). Surface resistance was then calculated by dividing 

the measured resistance by the distance between two wires and multiplying by the width 

of the sample. Three substrates were analyzed per each condition. The average and 

standard deviation was reported.  
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Surface compositions of the samples were analyzed using XPS. High-resolution 

carbon (C1s) spectra were obtained with a Kratos AXIS Ultra XPS system. A 

monochromatic Al Kα1 source was employed. 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 at takeoff angles of 90 

degrees between the sample and analyzer. Calibration of the binding energy was 

performed by setting C-C/C-H components in C1s peak at 285.0 eV. Peak deconvolution 

was performed using XPSPEAK software (The Chinese University of Hong Kong). 

 

4.3.4 Nerve Growth Factor Conjugation  

For NGF conjugation on PPy-NSE films, NGF was immobilized via active ester 

groups present on PPy-NSE50 films. First, the synthesized films were incubated in PBS 

buffer (0.1 M, pH 7.2) overnight to exchange dopants as described in other literature [41, 

42]. Fifty microliters of NGF solution (20 μg/mL in 0.1 M PBS, pH 7.2) was loaded on 

the 1 cm2 sample piece. NGF molecules were immobilized on PPy-NSE50 films by 

incubation at room temperature for 4 h. After conjugation, the samples were washed five 

times to remove unbound NGF using a sterile PBS with 5-min incubation per each 

washing step. For PC12 cell culture experiments, all samples were UV sterilized for 1 h 

prior to NGF immobilization, and washed with sterile PBS buffers in a laminar flow hood. 

Then, the samples were treated with polyallylamine (Sigma) solution (1 mg/mL in ddI 

water) for 2 h at room temperature to improve cell adhesion and washed two times with 
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sterile ddI water. For XPS experiments, the samples were washed with deionized water 

two additional times to remove extra phosphate and chloride ions. 

In addition, NGF was immobilized onto carboxylic functionalized PPy-PLGA 

nanofibers (PPy(COOH)PLGA) using EDC (Sigma) and NHS (Sigma). First, the 

PPy(COOH)-PLGA mesh (1 cm x 1 cm) was incubated in EDC/NHS solution (8 mg/mL 

NHS and 4 mg EDC in 0.1 M 2-(N-morpholino)ethanesulfonic acid hydrate (MES, 

Sigma) solution (pH 5.5)) for 1 h to convert surface carboxylic groups to active ester 

groups. After washing the sample twice with MES, 50 µL of NGF (2.5S, Promega) 

solution (20 μg/mL in 0.1 M MES) was loaded on the 1 cm2 of exposed sample and 

incubated at room temperature for 4 h. After conjugation, the samples were washed five 

times using sterile PBS to remove unbound NGF with 5-min incubation for each washing 

step.  

 

4.3.5 In Vitro PC12 Cell Culture 

  PC12 cells were maintained at 37ºC in a humid, 5% CO2 incubator in F-12K 

culture medium (Sigma) supplemented with 15% heat-inactivated horse serum (Hyclone), 

2.5% fetal bovine serum (Hyclone), and 1% Penicillin-Streptomycin solution (Sigma), 

and passaged with a 0.25% trypsin-EDTA solution (Sigma) every week. Cell priming 

was accomplished by culturing in medium containing 50 ng/mL NGF one week prior to 

an experiment. For in vitro assays of neurotrophic activity, the NGF-coupled PPy 

samples and unmodified PPy samples were transferred to a 24-well culture plate. 2×104 

primed cells were inoculated into each well and cultured for 5 days in RPMI-1640 
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(Gibco) medium containing 10% fetal bovine serum, 5% heat-inactivated horse serum, 

and 1% Penicillin-Streptomycin solution. Controls consisted of: (1) PPy-NSE0 (non-

functionalized PPy) in 50 ng/mL NGF medium (positive control); (2) PPy-NSE50 films in 

50 ng/mL NGF medium (positive controls); (3) PPy-NSE0 in NGF-free medium 

(negative control); and (4) PPy-NSE50 in NGF-free medium (negative control). In 

addition, to study non-specific adsorption of NGF on PPy films, PPy-NSE0 films were 

prepared and treated with NGF in the same way as NGF-conjugated PPy-NSE50 samples 

for PC12 cell culture described above. 

To evaluate effects of immobilized NGF onto PPyPLGA nanofibers, PC12 cells 

were cultured on either NGF-conjugated or unmodified conducting fiber meshes. Each 

fiber sample was placed on a thin poly(dimethylsiloxane) (PDMS, Sylgard® 184, Dow 

Corning) film on a glass slide. Two silver wires (round 30 gauge, Hauser & Miller) were 

then placed on both sides of the mesh beneath a thin PDMS well (1 cm × 1 cm × 1 mm 

inner well dimension). A Plexiglas well (1 cm × 1 cm × 1 cm inner well dimension) was 

placed on top of the PDMS well. The assembly was sterilized by exposure to UV for 1 h. 

The substrates were incubated overnight in solution of rat tail type I collagen (0.1 mg/mL 

in deionized water, BD), and washed twice with sterile deionized water and incubated in 

sterile PBS solution for an additional 2 days. PC12 cells were inoculated at a density of 

2×104 cells per well and cultured for 2 days. Four substrates for each condition were 

tested (n=4). 

  Electrical stimulation of PC12 cells was performed on PPy-PLGA meshes either 

unmodified or NGF-immobilized according to the experimental conditions as previously 
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reported [10, 40, 48]. PC12 cells were seeded at 2×104 cells per well. After 24 h in 

culture, a constant electrical potential of 10 mV/cm was applied across two electrodes for 

2 h in the incubator using a potentiostat (Electrochemical Analyzer, CH Instruments). 

Cells were further incubated for 24 h after electrical stimulation. Four substrates for each 

condition were employed (n=4). We used various controls to investigate the effects of 

‘immobilized NGF’ onto conducting fibers and electrical stimulation of PC12 cells on 

neurite outgrowth. The controls included unmodified PPy(COOH)PLGA in 50 ng/mL 

NGF medium either (1) with electrical stimulation or (2) without electrical stimulation, 

and (3) unmodified PPy(COOH)PLGA either (1) with electrical stimulation or (2) 

without electrical stimulation.  

 

4.3.6 Immunofluorescence and Image Analysis  

  After culture, PC12 cells were fixed with 4% paraformaldehyde (Sigma) and 4% 

sucrose (Sigma) in PBS buffer for 15 min, permeablized with 0.1% Triton X-100 (Fluka) 

and 2% bovine serum albumin (BSA) (Jackson ImmunoResearch) in PBS buffer for 5 

min, and blocked with 2% BSA in PBS buffer for 30 min at room temperature. PC12 

cells were stained with phalloidin-TRITC (Sigma) or Alexa Fluor 488-labeled phalloidin 

(Invitrogen) for 30 min and DAPI (Invitrogen) for 5 min for actin filaments and cell 

nuclei, respectively. PC12 cells were then washed three times with PBS buffer, and 

stored at 4ºC until fluorescence images were acquired.  

For immunostaining of the immobilized-NGF, the substrates were incubated in a 

blocking solution (3% goat serum (Sigma) in PBS) for 1 h.  The substrates were then 
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immunostained with rabbit anti-NGF antibody (1:500 dilution) (Sigma) at 4°C overnight 

and washed with PBS buffer three times (10 min each), followed by treatment with Alexa 

Fluor 568-labeled goat anti-rabbit antibody (1:500) (Invitrogen) at room temperature for 

1 h. The substrates were washed carefully three times using PBS (10 min each) and 

stored at 4ºC until analysis. 

Fluorescence images of cells and neurites were captured using a color CCD 

camera (Optronics MagnaFire, Olympus, Center Valley, PA) attached to a fluorescence 

microscope (IX-70, Olympus), and analyzed using Image J (NIH) software. Neurite 

length was measured from the tip of a neurite to the cell junction. The longest neurite 

from each cell was measured and counted only when neurite length was greater than 5 

µm. The numbers of DAPI-stained nuclei were counted using the same image to obtain 

the total cell number. The percentage of neurite-bearing PC12 cells was calculated as the 

number of neurite-bearing cells divided by the total number of cells. More than 500 PC12 

cells were analyzed for each substrate. The averages and standard deviations were 

obtained and statistical significance was assessed using a Student’s t-test (p<0.05). 

Neurite outgrowth was reported in terms of median length because neurite lengths were 

not normally distributed [9, 10, 20]. At least 900 neurites were analyzed for each 

experimental condition. Statistical differences between medians were calculated with a 

Mann-Whitney U test [49] (p<0.01). 
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4.3.7 Stability of Immobilized NGF on PPy-NSE50 Films 

To study the stability of NGF immobilized on PPy-NSE50 films, we incubated the 

samples in PBS buffer at 37ºC for 5 days. NGF stability was measured using two 

techniques. First, an enzyme linked immunosorbent assay (ELISA) was used to quantify 

the released NGF in the medium. A commercial NGF-ELISA kit (Immuno-Max, 

Promega), with a detection limit of 5 pg/mL, was used according to the manufacturer’s 

protocol. Spectroscopic results were measured at 450 nm using a plate reader (ELx808, 

BioTek). These assays were performed in triplicate. As a second technique to assess NGF 

stability, XPS analysis was performed to compare the sample spectra and elements on the 

sample surface after incubation. The ratio of the N1s and C1s peak areas was also 

calculated to monitor the NGF level on PPy films. Three samples were analyzed for each 

condition. 

Electrical potentials were applied to NGF-immobilized PPy-NSE50 samples to 

study the stabilities of NGF links and neurotrophic activities of the films according to the 

previous literature [17, 21]. A constant reducing potential, -1 V vs SCE, was applied to 

NGF-PPy-NSE50 films in PBS buffer for 5 min with a Pt counter electrode. Samples 

taken at 2 and 5 min were quantified using a previous ELISA method. Also, after 

washing electrically-stimulated NGF-PPy-NSE50 films with PBS buffer (three times), in 

vitro PC12 cell culture was performed to evaluate neurotrophic activities with 

unstimulated NGF-PPy-NSE50 (positive), PPy-NSE50 with exogenous NGF (50 ng/mL, 

positive), and PPy-NSE50 without exogenous NGF (negative). PC12 cells were cultured 
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and analyzed in terms of neurite formation in an analogous manner as previously 

described. Three samples per each condition were employed (n=3).        

 

4.4 Results  

4.4.1 Synthesis and Characterization of PPy-NSE Copolymers 

To prepare PPy-NSE copolymer films, regular pyrrole and NSE-pyrrole were 

polymerized in 0.1 M tetrabutylammonium perchlorate in acetonitrile solution at a 

potential of 1.2 V (Figure 4.1B). We synthesized various PPy copolymers (PPy-NSEx), 

where x represents the molar % of NSE-pyrrole in the total monomer, by varying the 

monomer feed ratio while keeping the total monomer concentration constant (0.05 M) 

(Table 4.1). 

The existence of an active ester group in PPy-NSE copolymers was confirmed 

using spectroscopic analysis. As shown in IR spectra (Figure 4.3A), the characteristic 

peaks, attributed to C=O stretching vibrations of the succinimidyl ester groups and 

pyrrolidinone groups, were observed at 1740, 1782, and 1814 cm-1 in PPy-NSE50, PPy-

NSE75 and PPy-NSE100, but not in PPy-NSE0 as predicted. Copolymers synthesized with 

higher pyrrole-NSE ratios in the reaction solution led to the stronger peak at 1740 cm-1 

(active ester groups) while showing similar transmittance at 1550 cm-1 (attributed to the 

C=C stretch in pyrrole rings). These spectra imply that NSE-pyrrole was not favored in 

the polymerization reaction compared to unmodified pyrrole, because the incorporation 

of NSE-pyrrole, which has a branch at the nitrogen atom in the pyrrole ring, may limit 

access of the monomer to the growing polymer chain.  
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To further characterize the surface elements on the PPy copolymer films, XPS 

analysis was performed (Figure 4.3B). Peaks at 288.8 eV and 288.1 eV of the high-

resolution C1s spectra are attributed to N-O-C=O and N-C=O, respectively, which 

resulted from monomeric pyrrole-NSE incorporation into the copolymer films. Similarly, 

XPS spectra of N1s indicate distinguishable increases at 402 eV of N-O as the portion of 

NSE-pyrrole increases. These XPS results indicate that N-succinimidyl ester, which has 

the capability of forming covalent bonds with nucleophiles such as amines, was present 

on the PPy-NSE50 film surface. 

We measured the conductivities of each PPy copolymer film. As the NSE-pyrrole 

portion in the copolymer increased, the conductivities drastically decreased from 6.9 × 

101 S/cm (PPy-NSE0) to below 1 × 10-2 S/cm (PPy-NSE100) (Table 4.1). Low 

conductivity would be a major challenge when using the functionalized pyrrole for 

biomedical applications such as biosensors or electroconductive scaffolds. Therefore, we 

selected PPy-NSE50 films for further protein conjugation because a film of this 

composition presents significant active functional groups on the surface, and shows a 

reasonably good conductivity of 8.1 ± 2.5 S/cm in the semiconductor range.  

 

4.4.2 PC12 Cell Culture on PPy-NSE Copolymers 

PC12 cells, which extend neurites in response to NGF, were used as the cell 

system to assess immobilized NGF activity. NGF-immobilization was accomplished 

simply by loading NGF solution onto the functionalized PPy (PPy-NSE50) presenting N-

hydroxy summinimde activated carboxyl groups to form amide bonds.  NGF-conjugated 
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PPy-NSE0 (non-functionalized PPy) films, treated with 20 μg/mL NGF in the same 

manner as PPy-NSE50-NGF, were used to assess the effects of non-specific physical 

adsorption of NGF. Figure 4.4 depicts representative fluorescence images of PC12 cells 

stained with phalloidin-TRITC after 5 days on various samples. Figure 4.4E shows a 

significant increase in the number of neurites for cells grown on NGF-conjugated PPy-

NSE50 films (20 ± 5%, p< 0.001) compared to cells grown on PPy-NSE50 films without 

NGF (2±2%) and PPy-NSE0 films (0%). Also, the effects were significantly different 

from the NGF-treated PPy-NSE0 films (5±2%), indicating minimal non-specific binding 

of NGF. Neurite outgrowth from cells grown on immobilized NGF on PPy-NSE50 was 

similar to positive controls in which cells were cultured on either PPy-NSE0 (25±5%) or 

PPy-NSE50 (27±5%) films with the exogenous addition of 50 ng/mL of NGF in the 

culture medium. The average neurite length for PC12 cells cultured on NGF-immobilized 

PPy-NSE50 was not significantly different from those in NGF-containing medium 

(positive controls).  

 

4.4.3 Stability of Immobilized NGF on PPy-NSE50 

To assess the stability of NGF coupled via active ester groups, we performed an 

ELISA assay with a detection limit of 4 pg/mL to analyze any NGF released into solution. 

XPS analysis was also performed to determine the elemental compositions of the 

substrate surfaces to monitor for loss of NGF. The samples were incubated in sterile PBS 

solution at 37ºC for 5 days and compared with freshly prepared PPy-NSE50 films. NGF 

bound to PPy-NSE50 films may be partly attributed to physical adsorption that could be 
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leached into solution. However, there was no detectable NGF leached from NGF-

immobilized PPy-NSE50 films after a 5-day incubation. Figure 4.5A displays high-

resolution C1s XPS spectra of PPy-NSE50 and NGF-PPy-NSE50 samples that were either 

freshly prepared or incubated for 5 days in PBS buffer. C1s spectra of the incubated 

samples were very similar to those prior to incubation. In particular, the characteristic 

peaks at 288.1 eV, attributed to NGF or links with PPy-NSE50, were retained after the 5-

day incubation suggesting that NGF moiety was chemically conjugated and stable on the 

surface. On the other hand, unmodified samples displayed substantially different C1s 

profiles from NGF-immobilized samples. These findings are further evidence of the 

NGF-immobilization on PPy-NSE50. Since NGF on films alters the elemental 

compositions of the surfaces, the atomic ratios of C1s and N1s from XPS analysis were 

analyzed to quantify the stability of the immobilized NGF (Figure 4.5B). NGF-

immobilized films were found to have significantly lower C1s/N1s values (~5.0) compared 

to non-treated samples (~6.6). Also, a 5-day incubation of NGF-immobilized samples did 

not cause substantial change in the C1s /N1s ratio (5.0±0.5) compared to the freshly 

prepared samples (5.0±0.4). 

In addition, external electrical potentials were applied to NGF-PPy-NSE50 films to 

the stability of the immobilized-NGF with electrical stimulation. The conditions used 

were those that were previously shown by others to release NGF (non-covalently 

immobilized) from NGF-doped PPy films [17, 21]. Minimal amount of NGF (less than 

15 pg/cm2 film) was detected after applying -1 V for 5 min. Also, as shown in Figure 

4.5C the NGF-immobilized films (stimulated) that had a history of exposure to electrical 
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potential induced neurite outgrowth (23±6%) as much as other positive controls, 21±2% 

and 22±7% for unstimulated NGF-PPy-NSE50 and PPy-NSE50 with exogenous NGF in 

medium (NGF in solution), respectively.  

 

4.4.4 Synthesis and Characterization of Functionalized PPyPLGA Fibers 

Electrospun PLGA nanofiber meshes were used as templates for depositing PPy 

to form electrically conducting shells on the PLGA nanofiber cores. We polymerized PPy 

on PLGA nanofibers under our previously studied conditions (Chapter 3) to achieve clean 

and uniform coating on PLGA meshes [40]. The PPy-coating step was repeated to ensure 

conductive and reproducible fibers. Then, 1-(2-carboxyethyl)pyrrole (PyCOOH) and 

pristine pyrrole monomers were copolymerized (PPy(COOH)PLGA) to create chemical 

functionality of carboxylic groups on the fiber surfaces. These carboxyl groups were 

conjugated with neuroactive molecules (i.e., NGF) to produce biologically active 

conducting fibers.  

Analysis of SEM images indicated that the non-woven PLGA fibers had an 

average diameter of 0.38 ± 0.2 μm, whereas the diameters of PPy-PLGA and 

functionalized PPy(COOH)-PLGA were 0.60 ± 0.30 μm and 0.73 ± 0.30 μm, respectively 

(Table 4.2). The functional layer, which was polymerized using PyCOOH on the pre-

coated PPyPLGA, was approximately 66 nm thick. The PPy(COOH) presented 

submicron scaled features and displayed highly porous structures (Figure 4.6). The SEM 

images also confirmed uniform PPy coatings on the PLGA fiber. Carboxylic acid groups 

on the fibers were quantified by the Toluidine Blue O assay which specifically forms 
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complexes with carboxylic groups [47]. Analysis indicated that 8.1 ± 1.1 μmol of 

carboxylic groups were present per cm2 of the PPy(COOH)PLGA, whereas PLGA and 

PPyPLGA had significantly lower values of 0.3 ± 0.2 and 1.1 ± 0.5 μmol/cm2, 

respectively. Thus, the functionalized fiber could be used to tether NGF. Surface 

resistivity of the PPy-PLGA and PPy(COOH)-PLGA was 190 ± 170 and 64 ± 50 

kΩ/square, respectively. Interestingly, an additional functionalized layer further 

decreased the surface resistivity of the mesh. The surface resistivity value appears 

comparable to those in our previous studies with PPy-PLGA [40], and therefore 

appropriate for electrical stimulation. 

NGF was immobilized onto carboxylic groups on the PPy(COOH)PLGA via 

EDC/NHS chemistry. To confirm the NGF immobilization on the fibers, immunostaining 

using NGF antibody was performed. Figure 4.7 illustrates immunostaining of 

immobilized NGF on the fibers, which confirms the presence of NGF on the conducting 

nanofibers. We also tested for nonspecifically absorbed NGF on the fibers, which were 

prepared under the same conditions for NGF immobilization without EDC and NHS 

activation. No substantial fluorescence was detected from the images. These results 

suggest that NGF was chemically tethered onto the PPy(COOH)-PLGA fibers. XPS 

analysis indicated that PPy coating and incorporation of Py-COOH altered surface 

elemental compositions, accompanying detection of new nitrogen atoms (Table 4.3). 

Also, the oxygen component decreased from 47.0% (±7.2) to 15.1% (±2.7), suggesting 

that PLGA core fibers were shielded with PPy as previously observed [40]. With 

chemical immobilization of NGF on the PPy(COOH)-PLGA surfaces, prominent changes 
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in elemental compositions were observed. More nitrogen atoms (17.9±7.2%) were 

detected from the NGF-PPyPLGA compared to unmodified PPy(COOH)-PLGA 

(14.2±2.1%). The carbon-to-nitrogen ratio also decreased from 5.06±0.82 to 3.58±0.53, 

which presumably resulted from the presence of protein on the surfaces [40]. When we 

tested nonspecific adsorption of NGF onto PPy(COOH)-PLGA, the nonspecifically 

immobilized fibers showed significantly lower compositions of nitrogen and sulfur atoms 

compared to chemically immobilized fibers (NGF-PPyPLGA). Also, no significant 

differences in surface atomic compositions were found between untreated fibers 

(PPy(COOH)-PLGA) and nonspecifically-immobilized fibers. These results further 

confirmed chemical immobilization of NGF for NGF-PPyPLGA.  

High resolution C1s spectra of the samples further confirmed PPy-coating and 

NGF-immobilization (Figure 4.8). The spectrum of the PLGA was fitted to three peaks, 

which were assigned to C-H/C-C (285.0 eV), C-O (287.0 eV), and C=O (289.1 eV). With 

coating of PPy, all PLGA-related peaks except aliphatic carbons were diminished. On the 

other hand, peaks of C-N/C-O (286.6 eV), C=N/C=O (288.6 eV), and C=N+ (290.4 eV) 

were fitted for the PPy(COOH)PLGA spectrum. The N1s spectrum of the 

PPy(COOH)PLGA showed new emergence of peaks related to PPy, whereas no 

detectable peaks were found on PLGA. For NGF-PPyPLGA, a peak at 288.3 eV 

(C=O/C=N) was distinctly intense compared to unmodified PPy(COOH)PLGA. This 

increase suggests contribution of amide bonds in NGF [20, 40].  
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4.4.5 PC12 Cell Culture on NGF-PPyPLGA Nanofibers with Electrical Stimulation 

Since both electrical and biological cues have positive impact on neuronal 

regeneration, we postulated that our electrically conducting nanofibers immobilized with 

NGF could serve as scaffolds able to combine these electrical and neurotrophic cues to 

enhance neurite outgrowth. To investigate this hypothesis, we studied the combined 

effects of both immobilized-NGF and electrical stimulation (Figure 4.9). First, in the 

absence of electrical stimulation, effects of immobilized NGF onto conducting nanofibers 

were examined with soluble NGF in medium (positive control). No statistical difference 

was found in percentages of neurite-bearing cells on the NGF-PPyPLGA from the 

positive control (Figure 4.10). PC12 cells cultured on the NGF-PPyPLGA fibers formed 

neurites (28.0±3.0%), which was comparable to the proportion of neurite-bearing cells 

(29.0±1.3%) on unmodified conducting nanofibers (PPy(COOH)-PLGA) with soluble 

NGF (50 ug/mL) in medium (positive control).  However, few cells formed neurites 

(1.2±2.1%) on unmodified PPy(COOH)-PLGA fibers in NGF-free medium (negative 

control). Also, median neurite lengths were 14.2 µm and 14.7 µm for the cells cultured 

on the NGF-PPyPLGA and unmodified PPy(COOH)PLGA with exogenous NGF in 

medium, respectively, which was not statistically significant. Results indicate that 

immobilized-NGF on the conducting fibers was as effective as exogenous NGF in 

inducing neurite formation and extension.  

In addition, we evaluated the effectiveness of electrical stimulation in conjunction 

with immobilized NGF. For comparison, electrical stimulation through unmodified 

conducting nanofibers was also performed with exogenous NGF. With electrical 
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stimulation, promotion of both neurite-bearing cells and neurite extension were found 

from the cells cultured on the NGF-PPyPLGA meshes. Neurite formation increased from 

28.0±3.0% to 32.9±1.6 with electrical stimulation, indicating approximately an 18% 

increase. Also, neurites extended significantly longer after electrical simulation (16.5 µm 

in median) compared to unstimulated cells (14.2 µm in median) (p<0.01). These trends 

were similar for the cases where cells were cultured on ummodified PPyPLGA with 

soluble NGF. Electrical stimulation significantly enhanced both neurite development and 

neurite extension, from 29.0±1.3% to 35.5±3.4% and from 14.7 µm to 19.1 µm, 

respectively. Interestingly, the percentage of neurite-bearing cells was not significantly 

different between the NGF-PPyPLGA and the unmodified PPy(COOH)-PLGA with 

soluble NGF (positive control) under electrical stimulation conditions; however, median 

neurite length was significantly shorter on the NGF-PPyPLGA compared to positive 

control. This may result from higher surface resistance of the NGF-PPyPLGA compared 

to the unmodified PPy(COOH)-PLGA, which may attenuate the impact of the electrical 

stimulus on neurite extension.  

 

4.5 Discussion  

Complicated neural tissue regeneration events require multiple cues for axonal 

regrowth and functional recovery [50]. Neuronal responses are influenced by biological 

stimuli as well as by electrical stimuli [3, 9]. In particular, conductive substrates bearing 

neurotrophic activity would be a desirable platform for neural tissue engineering 

scaffolds and for neural electrode surfaces; combined electrical and biochemical 
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stimulation should yield better regeneration and interfacing with neurons [6, 12, 20, 21]. 

Hence, neurotrophins are required to be stable in/on conducting scaffolds and with 

electrical potentials. Also, reasonable conductivities of the materials are essential to 

provide electrical stimulation through the scaffolds. Although non-conjugation methods 

showed good conductivities and controllable NGF release profiles in response to an 

external electrical stimulation to induce neurite formation from PC12 cells, the NGF is 

released and consumed gradually after successive electrical stimulations  [17, 18, 51]. 

Hodgson et al. were able to release NGF in the medium by applying -0.7 or -0.85 V for 3 

min [17]. Similarly, reduction of NGF-incorporated PPy films caused a quick lease of 

NGF up to 10 µg/mL into medium within 150 s. On the other hand, our results show that 

NGF-PPy-NSE50 films did not release a significant level of NGF into the medium in 

response to a constant potential (-1 V) for 5 min. 

Therefore, chemically immobilized NGF onto conducting materials is highly 

desired for neural tissue engineering applications since stable activity of immobilized 

NGF can be provided with electrical cues [21].  In our study, electrically-stimulated 

NGF-PPy-NSE50 films maintained activities to induce neurite formation of PC12 cells as 

much as non-stimulated films, suggesting that the immobilized NGF on PPy-NSE50 films 

was stable on the substrates in the presence of electrical potentials and thus useful to 

provide long-term neurotrophic activities with simultaneous electrical stimulation. 

Together these data suggest that chemical coupling with amide bond formation is stable 

and suitable for long-term applications with electrical stimulation as a multifunctioning 

tissue engineering scaffold.  
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This present study conjugated NGF by coupling NGF amine groups to active ester 

groups on the functionalized PPy substrates (films and nanofibers). In the first part, 

functionalized PPy films were synthesized using a pyrrole derivative bearing active ester 

groups to immobilize NGF by forming amide bonds. These NGF-immobilized PPy films 

supported neurite formation and were stable under physiological conditions and with 

electrical stimulation. Although several works in other groups including our study with 

NGF-PPyNSE50 films successfully demonstrated NGF incorporation into PPy films [18, 

20, 21, 40], all PPy substrates were smooth films without nanofibrous features. Recent 

tissue engineering strategies have focused on designing artificial NGCs with nanofibers 

or nanofibrous architectures to better mimic the ECM and to create interconnecting pores 

and high surface area [50].  Electrospun nanofibers further modified with bioactive 

molecules such as bFGF [52] and peptides derived from human tenascin-C [53] have 

previously been shown to enhance neurite extension and could be combined with 

topographic cues.  

The goal of the present study was to fabricate electrically conductive and 

biologically active nanofibers for neural tissue applications. We intended to produce 

fibers that are sufficiently conductive for electrical stimulation and biologically active for 

neurite development. To produce chemical functionality for NGF conjugation while 

maintaining conductivity, we functionalized by a second coating with the mixture of Py-

COOH and pristine pyrrole (1:1 molar ratio) on top of the first PPy coat rather than 

directly on the PLGA fiber surfaces. The PPy(COOH)-PLGA showed slightly lower 

surface resistivity compared to unfunctionalized fibers (PPyPLGA), which could be due 
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to contribution of a copolymer layer (~70 nm in shell thickness). Incorporation and/or 

polymerization of pyrrole derivatives, especially the N-functionalized pyrrole derivative, 

causes a severe decrease in conductivity of the products due to impaired planar structures 

of the pyrrole units [12, 23]. As an alternative, introducing a functionalized layer on top 

of the conducting PPy layer could minimize the drop in bulk conductivity and provide 

chemical functionality on surfaces. Lee et al. synthesized carboxyl functionalized PPy 

films by successive electrochemical polymerization steps [40]. They synthesized pristine 

PPy films first, and then the second polymerization on the PPy films was performed with 

pyrrole-α-carboxylic acid monomer. Bulk conductivity was not impaired by the second 

polymerization that introduced carboxylic acid functionality able to be used for the 

conjugation of peptides [40].  

The NGF chemically immobilized on PPy-PLGA could support neurite formation 

and extension as effectively as exogenous NGF in the absence of electrical stimuli. Also, 

when applying electrical potential (10 mV/cm) through the conducting fibers, similar 

proportions of neurite-bearing cells were found on the NGF-immobilized fibers and 

unmodified fibers with soluble NGF; however, a shorter median length was found with 

the immobilized NGF compared to soluble NGF. This difference may be due to an 

increased surface resistance of the NGF-PPyPLGA after NGF conjugation. During NGF 

immobilization of the conducing fibers, surface resistance increased approximately three 

times. This higher resistance probably resulted in lower electrical stimulation of the cells 

[20]. We found that increased surface resistance was mainly a result of the chemical 

conjugation procedure rather than the presence of NGF. The PPy(COOH)-PLGA meshes 
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treated as the NGF conjugation without addition of NGF resulted in 430±100% increase 

in surface resistance, suggesting that activation and washing steps for NGF 

immobilization would cause dedoping and/or overoxidation of PPy and thus lower PPy 

conductivity. Nevertheless, electrical stimulation through the NGF-PPyPLGA 

significantly improved neurite formation and extension compared to non-stimulation with 

NGF-PPyPLGA and unmodified PPy(COOH)PLGA with soluble NGF. The immobilized 

NGF and electrical stimuli could be combined. Mechanism of electrical stimulation is not 

completely understood.  Mechanism of electrical stimulation is not completely 

understood. However, the effects of electrical stimulation are thought to be related to 

alteration of protein adsorption onto materials [48], redistribution of membrane proteins 

[54], and decrease in membrane potentials [55]. Many researchers have shown that 

electrical stimulation of neuronal cells has shown positive impacts on neurite formation 

and outgrowth and combinatory effects with other cues (biological or topographical) [20, 

40, 56]. In this study, we observed that electrical stimulation of PC12 cells on the NGF-

PPyPLGA improved neurite outgrowth by 17-18% compared to unstimulated controls. 

This indicates that electrical stimulation and immobilized-NGF can be combined together 

in a three dimensional form to induce neurite outgrowth.  

 

4.6 Conclusion 

We successfully introduced neurotrophic factors onto active ester functionalized 

PPy polymers and maintained good electrical conductivity. We have shown that 

polypyrrole films tailored with NGF are stable and thus have the potential to integrate 
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electrical and biochemical cues for nerve tissue engineering scaffolds. Furthermore, 

NGF-immobilized PPy-coated PLGA nanofibers was fabricated. These multifunctioning 

scaffolds are able to deliver electrical signals for stimulation of cells and present 

neurotrophic activity successfully supported PC12 cell growth and neuritogenesis without 

exogenous NGF in culture medium. In addition, electrical stimulation of PC12 cells 

through NGF-PPyPLGA exhibited further neurite formation and outgrowth, the effects of 

immobilized-NGF and electrical stimulation could be combined together into a scaffold 

bearing nanofibrous features. As a result, we successfully demonstrated the potential of 

neuroactive and electrically conductive nanofiber scaffolds for neural tissue engineering 

applications.  
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Figure 4.1 Schematics of pyrrole derivative synthesis, copolymerization, and NGF 

immobilization onto functionalized PPy films. (A) Synthesis of 1-(2-

carboxyethyl)pyrrole and pyrrole-NSE from 1-(2-cyanoethyl)pyrrole. (B) 

Copolymerization of pyrrole and pyrrole-NSE.  (C) Copolymerization of pyrrole and 1-

(2-carboxyethyl)pyrrole.  
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Figure 4.2 Schematic procedure of fabricating NGF-immobilized PPyPLGA nanofibers. 
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Figure 4.3 Spectroscopic characterization of PPy-NSE copolymers. (A) Reflectance IR 

spectra and (B) High resolution C1s and N1s XPS spectra obtained from PPy-NSE 

copolymer films.  
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Figure 4.4 Immunostaining of PC12 cells cultured under various conditions: (A) in NGF-

containing medium on PPy-NSE50 films; (B) on NGF-conjugated PPy-NSE50 films; (C) 

without NGF either in solution or on the PPy-NSE50 films; (D) on NGF-treated regular 

PPy films. Scale bar = 50 μm. (E) Quantitative analysis of neurite developement of PC12 

cells cultured on regular PPy films (gray bars) and on PPy-NSE50 (black bars). Five 

independent experiments were performed. p < 0.05.  



124 

 

 

294 292 290 288 286 284 282

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

a

i

ii

iii

iv

3

4

5

6

7

8

No NGF NGF

C
1s

/N
1s

 ra
tio

b
Freshly prepared

Incubated for 5 days

0

5

10

15

20

25

30

35

Stimulated Unstimulated NGF in solution No NGF

%
 N

eu
rit

e 
be

ar
in

g 
ce

lls

c

 

Figure 4.5 Stability tests of NGF-immobilized PPy-NSE50 films. (A) High resolution C1s 

spectra of the PPy-NSE50 samples freshly prepared (i) and incubated (ii), and of the NGF-

immobilized PPy-NSE50 samples freshly prepared (iii) and incubated (iv). Incubation was 

carried out for 5 days in PBS buffer at 37ºC. (B) C1s and N1s ratios of NGF-immobilized 

PPy-NSE50 films (NGF) and non-treated PPy-NSE50 films (no NGF). black bars and gray 

bars represent the incubated films and freshly prepared films, respectively. (C) In vitro 

PC12 cell culture on NGF immobilized PPy-NSE50 films after applying an external 

electrical potential. p < 0.01.  Experiments were performed in triplicate.  
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Figure 4.6 Representative scanning electron micrographs of template PLGA nanofibers 

and PPy(COOH)PLGA fibers. Scale bars are 50 µm.  
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Figure 4.7 Immunofluorescence images of (A) nonspecifically absorbed NGF fibers and 

(B) chemically-immobilized NGF fibers. Fibers were stained using anti NGF antibody. 

Images were taken under the same staining and imaging conditions. Nonspecifically 

immobilized NGF-PPyPLGA was prepared in an analogous manner for NGF-PPyPLGA 

except without use of EDC and NHS reagents. Scale bars are 10 µm.  



127 

280282284286288290292294

280282284286288290292294

280282284286288290292294

Binding energy (eV)

In
te

ns
iti

es
 (a

.u
.)

A

B

C

 
 
Figure 4.8 High resolution C1s spectra of (A) PLGA, (B) PPy(COOH)PLGA, and (C) 

NGF-PPyPLGA. Spectra were fitted into three to four peaks. Intense peaks at 287.1 eV 

and 288.7 eV in the PLGA spectrum diminished after PPy-coating. With NGF-

immobilization, a stronger peak at 288.7 eV was observed. 
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Figure 4.9 Immunofluorescence images of PC cells cultured under various substrates: (A, 

D) PPy(COOH)PLGA with exogenous NGF (50 µm/mL in medim) (positive controls); 

(B, E) NGF-PPyPLGA without additional NGF in medium; (C, F) PPy(COOH)PLGA 

without any NGF either on surfaces or in medium. After 24 h in culture, electrical 

stimulation was performed (D, E, F) by applying 10 mV/cm through conducting 

nanofibers for 2 h, followed by additional 24 h culture. Unstimulated cells were cultured 

for the same time period (A, B, C). Scale bars are 50 µm.    
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Figure 4.10 Analysis of PC12 cells cultured under various conditions. (A) Percentages of 

neurite-bearing PC12 cells. Four substrates were used for each experimental condition 

(n=4) and at least 300 cells were analyzed for each substrate. Student’s t-test was 

employed for statistical analysis with a criteria of p=0.05. (B) Median neurite lengths. At 

least 900 neurites were analyzed per each condition. Statistical differences between 

medians were calculated with a Mann-Whitney U test (p<0.01). 
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Table 4.1 Copolymers synthesized with different initial feed ratios and their 

conductivities.  

Copolymer 
Concentration in the solution (mM) Conductivity 

(Siemens/cm) Pyrrole Pyrrole-NSE 

PPy-NSE0 50.0 0.0 (0%) 6.9 x 101 ± 7.4 

PPy-NSE25 37.5 12.5 (25%) 3.0 x 101 ± 1.3 x 101 

PPy-NSE50 25.0 25.0 (50%) 8.1 ± 2.5 

PPy-NSE75 12.5 37.5 (75%) 5.6 x 10-1 ± 2.4 x 10-1 

PPy-NSE100 0.0 50.0 (100%) 8.5 x 10-3 ± 6.0 x 10-3 
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Table 4.2 Characteristics of template PLGA fibers and carboxylic functionalized PPy-

PLGA fibers. 

 
Surface carboxyl 
group (µmol/cm

2
) 

Fiber diameter (nm) Sheet resistivity 
(kΩ/square) 

PLGA 0.3 (±0.2) 382 (±191) N/A 

PPy-PLGA  1.1 (±0.5) 601 (±298) 190 (±170) 

PPy(COOH)-PLGA 8.1 (±1.1) 732 (±304) 64 (±50) 
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Table 4.3 Elemental compositions of PLGA, functionalized PPy-PLGA, and NGF-

immobilized PPy-PLGA using XPS analysis. 

Sample 
Elements (atomic %) 

C O N S 

PLGA 53.0 (±7.2) 47.0 (±7.2) 0.0 0.0 

PPy(COOH)-PLGA 70.6 (±1.0) 15.1 (±2.7) 14.2 (±2.1) 0.0 

NGF-PPy-PLGA  63.2 (±4.0) 18.6 (±4.8) 17.9 (±2.5) 0.3 (±0.1) 

(sp)NGF-PPy-PLGA 65.8 (±4.9) 18.9 (±6.1) 15.1 (±1.5) 0.1 (±0.1) 
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CHAPTER 5. NOVEL PYRROLE-HYALURONIC ACID 

CONJUGATES AS NEURAL PROSTHESES COATINGS  
            

 

5.1 Introduction 
In Chapter 3 and Chapter 4, I developed novel neural tissue engineering 

scaffolds using electrically conductive materials with neuroactive molecules and three 

dimensional nanofiber mashes. In this chapter, I have developed a novel surface 

modification technique using non-cell adhesive and biocompatible biopolymer for 

neural prosthetic applications. I modified neural electrodes by electrochemically 

immobilizing hyaluronic acid (HA) to improve biocompatibility and to potentially 

prevent adverse tissue reactions that involve adhesion of glial cells and subsequent 

glial scarring. Modified neural electrodes were characterized using various 

physicochemical techniques and used for stability and in vitro cell culture studies. 

Finally, in vivo studies were performed using two different types of commercial 

neural probes with HA coating. Brain tissue responses were evaluated 3 weeks after 

implantation of the probes into rat cortices.  

 

5.2 Background and Motivation 

Biocompatibility of materials is critical for a variety of biomedical 

applications, such as artificial organs and sensors. In particular, conducting materials 

have been common choices as implantable materials because of their novel electrical 

properties and/or good mechanical strength for many biomedical uses such as 

implantable biosensors, orthopedic implants, and neural prostheses [1-3]. Conducting 

materials include metals, metal alloys, and conducting polymers (e.g., polypyrrole 
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(PPy)). However, conducting implants often suffer from adverse biological reactions 

in host tissues, such as the adsorption of proteins onto the implants, biofouling, 

erosion and release of metallic components, undesirable cell adhesion/activation, and 

fibrotic scarring [4-7]. These reactions result in inflammatory responses and finally 

impair the function of the implanted devices.  

Iimplanted neural electrodes often lose performance within a few months and 

become unable to record neural signals due to impaired sensitivity and high 

impedance between the implanted electrode and neural tissues [7, 8]. Histological 

studies have revealed that glial cells (e.g., microglia and astrocytes) are recruited and 

activated, and form glial scar tissue in the vicinity of the implanted electrodes. Thick 

glial scar tissue physically and electrically insulates the probes from neurons, which 

has been proposed as the underlying reason for the loss in their electrical performance 

of the implanted electrodes [7, 9]. Consequently, it is desired to develop 

biocompatible conducting electrodes that can minimize adverse tissue responses and 

thus to ensure quality and reliability of the chronically implanted devices. As current 

neural prosetheses have such hurdles to overcome regarding adverse brain tissue 

responses [7, 9, 10], much research has focused on minimizing glial scar formation to 

improve electrode performances; for example, local delivery of anti-inflammatory 

drugs [11] or neurotrophins [12], surface modification of electrodes with extracellular 

matrix components [10] (i.e., laminin and laminin fragments), and coating electrodes 

with synthetic polymers to improve electrode-neural tissue interfaces [5]. Regardless, 

the different approaches described above did not completely avoid astrogliosis and 

long-term studies are still needed.  
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Hyaluronic acid (HA) is an attractive candidate for surface modification 

strategies because of its biocompatibility and its general resistance to most cell 

adhesion [13-17]. HA is a major ECM component that consists of D-glucuronic acid 

and N-acetylglucosamine as a repeating disaccharide unit and is present ubiquitously 

in the body. This polyanionic polysaccharide is non-immunogenic, biocompatible, 

hydrophilic, and resistant to most cell and plasma protein adhesion [16-18]. Because 

of these beneficial properties, HA is used for a number of clinical applications 

including dermal fillers, postoperative peritoneal films preventing tissue adhesions, 

and coating substances to improve biocompatibility [16, 18, 19]. For example, stents 

coated with HA by plasma treatment prevented fibroblast adhesion and reduced 

platelet deposition and thrombosis [20, 21]. Harris et al. grafted anodized titanium 

surfaces with HA and found no attachment of fibroblasts and osteoblasts on the HA-

coated substrates [15]. Also, abdominal surgery using HA-coated polyester meshes 

showed significantly lower postsurgical adhesion compared to unmodified meshes 

after two months [22].  

Conventional surface modification methods have been used to modify 

materials with HA. However, these methods have been developed and explored 

mostly to immobilize HA on non-conducting surfaces, such as ceramics and synthetic 

polymers. These conventional methods include adsorption [23], ionic complexation 

[24, 25], and chemical reaction between HA and the underlying material [20, 21, 26]. 

Adsorption and ionic complexation rely on non-covalent interactions, such as 

hydrogen bonding and charge interaction between HA and the underlying substrates. 

Although covalent links between HA and the material surfaces are stable and 

desirable, creating strong chemical bonds between HA and substrates requires 
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functionalities that are not always available on biomaterials, especially conductive 

materials, thus requiring additional activation processes such as plasma treatment and 

use of a silane coupling reagent [20, 26, 27]. These techniques also require expensive 

equipment or toxic coupling reagents. Thus, a simple and effective technique is still 

desired for HA-immobilization on conducting materials.  

In the present study, we electrochemically immobilized electrode surfaces with 

HA. Specifically, we synthesized a pyrrole-HA conjugate (PyHA) containing a 

pyrrole moiety that can be oxidized electrochemically under mild conditions to form a 

stable layer on an electrode surface [2, 28, 29]. We employed this electrochemically-

polymerizable HA for surface modification of platinum (Pt), indium-tin-oxide (ITO), 

and polypyrrole (PPy). The PyHA has electroactive pyrrole moieties capable of 

interfacing HA with conductive surfaces. We characterized PyHA-deposited 

electrodes to evaluate suitability for neural electrodes using multiple techniques 

including water contact angle measurement, X-ray photoelectron spectroscopy, 

atomic force microscopy, immunostaining using HA binding protein, and 

electrochemical impedance spectroscopy. Cortical astrocytes and fibroblasts were 

cultured in vitro on the PyHA-coated electrodes to study cellular interactions in terms 

of adhesion and migration. We also investigated the enzymatic stability of the PyHA-

coated electrodes and evaluated long-term astrocyte interactions for potential 

biomedical applications, such as neural prostheses. Finally, we investigated the 

effectiveness of PyHA-coating in vivo. Two different types of commercial neural 

probes were modified with PyHA and implanted into rat cortices. Prior to 

implantation, the modified neural probes were characterized to confirm the presence 

of HA and electrical impedances. After 3 weeks of implantation of the modified 
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probes and unmodified probes into rat motor cortices, histological tissue responses 

were analyzed using immunohistochemistry to visualize markers for glial scarring. 

 

5.3 Materials and methods 

5.3.1 Synthesis of 1-Aminopropyl Pyrrole 

To synthesize a pyrrole derivative that can be chemically conjugated with HA,  

1-aminopropyl pyrrole was first synthesized as previously described [30]. In brief, 

0.041 mol of 1-(2-cyanoethyl)pyrrole (Sigma) in 300 mL of 0.1 mol LiAlH4 (Aldrich) 

diethyl ether (Sigma) was refluxed overnight, followed by addition of 3.4 mL of 

double de-ionized (ddI) water, 7 mL of 20% NaOH, and 3.4 mL of ddI water. The 

solution was filtered and dried in a vacuum oven for 2 days. A yellow oily product 

was obtained and stored under N2 at -20°C. 1H NMR (400 MHz, CDCl3, δ): 1.85 (m, 

2H, CH2-2), 2.67 (t, 2H, CH2-1), 3.95 (t, 2H, 3.95, CH2-3), 6.13 (d, 2H, CH-α-

pyrrole), 6.62 (d, 2H, CH-β-pyrrole). 

For the synthesis of pyrrole-HA conjugate (PyHA), 200 mg of HA (1.6×106 

Da, Fluka) was dissolved in 200 mL ddI water overnight. 198 mg of 1-ethyl-[3-

(dimethylamino)propyl]-3-ethyl-carbodiimide (EDC, Sigma) and 116 mg of N-

hydroxysuccinimide (NHS, Sigma) were added to the solution. 0.15 mL of 1-

aminopropyl pyrrole was added and the pH of the solution was adjusted to 5.5 using 

0.2 M HCl. After 20 h in reaction, the solution was dialyzed (10,000 Da molecular 

weight cut-off, Spectrum) in ddI water at room temperature for 3 days, exchanging 

the water every day. The solution was freeze-dried and stored at -20°C. PyHA was 

characterized using 1H NMR and FT-IR. 1H NMR (400 MHz, D2O, δ): 1.98 (s, 3H, 

C(=O)CH3), 6.11 (d, 2H, CH-α-pyrrole), 6.66 (d, 2H, CH-β-pyrrole). The degree of 
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pyrrole addition was calculated based on 1H-NMR from the ratio of the relative peak 

integrations of the pyrrole protons (peaks at δ 6.1~6.7) and HA's methyl protons (at δ 

~1.9). IR spectra of PyHA showed the peaks at 1550 (C=C in pyrrole rings), 1630 

(amide I), and 2881 cm-1 (aliphatic C-H). 

 

5.3.2 Electrochemical Deposition of PyHA 

For characterization of deposited PyHA and in vitro cell culutre, PyHA was 

electrochemically deposited on a platinum (Pt) slide, an ITO glass slide (sheet 

resistivity = 30-60 Ω square-1, Delta Technologies), or polystyrene sulfonate-doped 

polypyrrole (PPy/PSS) film. Pt slides were prepared by sputter coating Pt onto plastic 

polystyrene slides (Ted Pella). The slides were first cleaned by soaking in 20 wt% 

HNO3 solution (Fisher) for 30 min, followed by washing with ddI water and a final 

wash with ethanol. Pt was sputter coated at 30 nm thickness onto the clean slides 

using a sputter coater (Cressington Scientific Instruments). PPy/PSS films were 

synthesized electrochemically on ITO slides by applying a constant potential of 0.8 V, 

versus a saturated calomel electrode (SCE; Fisher), for 5 min in an aqueous solution 

containing 0.1 M pyrrole (Aldrich) and 0.1 M PSS (Sigma). A computer-assisted 

potentiostat (Electrochemical Analyzer, CH Instrument) was employed with a three-

electrode configuration using a Pt mesh as a counter electrode and a SCE reference 

electrode. Electrochemical deposition of PyHA was performed in 5 mg mL-1 of PyHA 

solution in dI water on a conducting substrate in an analogous configuration for 

PPy/PSS synthesis. A conducting slide (e.g., ITO, Pt, PPy/PSS) served as a working 

electrode. Potential cycling between 0 and 1.0 V, versus a SCE, was employed at a 

scan rate of 0.1 V/s. Twenty cycles were applied for each substrate. For comparison, 
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unmodified HA solution was also prepared and treated under the same conditions. 

After deposition, the samples were washed extensively with ddI water, dried in a 

vacuum oven overnight, and stored in a desiccator.  

For in vivo studies, commercial probes were coated with PyHA in the same 

procedure as described above. Commercial neural probes include a NeuroNexus 

probe (NN; A1x8-4mm-1250-4mm-200-1250-A16) and a wire-type probe (Plexton, 

Iridium, 0.100 mm in diameter with a pointed tip). The NN probe consisted of eight Ir 

electrodes (1250 µm2 each electrode) on silicon dioxide insulator, whereas the wire-

type probe did not have an insulating coating. 

 

5.3.3 Characterization of PyHA-coated Conducting Substrates 

Static water contact angles were measured using a goniometer (Edmund 

Optics) assembled with a Navitar CV-M30 camera to study the wettability of the 

native electrodes and the PyHA-coated electrodes. A 2 µL drop of ultrapure water 

was placed on the surface of the samples at room temperature. Average angles were 

collected from at least three different samples.  

XPS analysis using a Kratos AXIS Ultra XPS system was performed to study 

surface elemental compositions. The system was operated at 1×10-9 Torr chamber 

pressure, 15 kV and 150 W Al X-ray source. High-resolution spectra were collected 

with 20 eV pass energy at takeoff angles of 90° between the sample and analyzer. 

Calibration of the binding energy was performed by setting C-C/C−H component in 

C1s peak at 284.7 eV. Peaks were deconvoluted using XPSPEAK software to 

characterize each atom. 
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Dry samples were analyzed with AFM (MFP 3D, Asylum Research) to assess 

surface topography and thickness of the coated PyHA layer. AFM was operated in a 

contact mode using silicon nitride probes (Veeco) at a scan rate of 0.2 Hz. Images 

were analyzed using Igor Pro MFP-3D software (Asylum Research). Root mean 

square (RMS) roughness was calculated from 512 × 512 scans of 10 × 10 µm section 

of the sample. Thickness of the coating was calculated from the scanned images at a 

border of the bare area and the PyHA-coated area. 

Electrochemical impedance spectra of PyHA-coated electrodes were measured 

and compared with unmodified electrodes using an electrochemical impedance 

spectroscope (Electrochemical Analyzer, CH Instruments). For EIS analysis, 

polydimethylsiloxane (PDMS, Dow-Corning) well was attached to the electrode 

surface. The electrodes were electrochemically coated with PyHA and washed 

thoroughly with ddI water as described above. A three-electrode cell was employed, 

consisting of a sample electrode as a working electrode, a Pt mesh counter electrode, 

and SCE reference electrode. Impedance spectra of three samples for each condition 

were collected in a range of 1-105 Hz, applying an AC sinusoidal signal with 10 mV 

in 50 mM PBS (pH 7.2).  

The modified commercial probes were characterized by immunostaining using 

bHABP and measurement of impedance to confirm the feasibility for in vivo 

implantation. Unmodified probes were used as controls. 

 

5.3.4 In Vitro Cell Culture 

Normal human dermal fibroblasts (nHDF, Lonza) were maintained in T-75 

tissue culture flasks (Corning) with 5% CO2 at 37°C in Dulbecco's modified Eagle's 
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medium (DMEM, Hyclone) containing 10% fetal bovine serum (Hyclone) and 

passaged every week. Astrocytes were isolated from cerebral cortices of 2-day old 

Sprague-Dawley rats (Charles River), as previously described [31]. Briefly, the 

cerebral cortices were finely chopped and digested with trypsin/EDTA solution 

(Sigma) at 37°C for 30 min, followed by mechanical trituration using a Pasteur 

pipette. After centrifugation (500 g, 10 min), cells were resuspended in culture 

medium consisting of DMEM, 10% fetal bovine serum, and 1% penicillin 

streptomycin antibiotic solution (Sigma), and then plated in a poly-L-lysine (Sigma) 

coated T-75 flask with a density of 106 cells per cm2. After 7 days of incubation, the 

flask was vigorously shaken on an orbital shaker at 280 rpm overnight to remove 

loosely-bound cells (i.e., oligodendrocytes and microglia cells); attached astrocytes 

were then removed using trypsin/EDTA and replated onto a poly-L-lysine coated 

plate. The purity of the astrocytes was assessed by immunostaining using an antibody 

for glial fibrillary acidic protein (GFAP), which is only expressed by astrocytes; > 

95% of the cells were GFAP positive. Astrocytes were maintained in DMEM/F12-K 

medium (Sigma) supplemented with 10% fetal bovine serum on poly-L-lysine coated 

tissue culture plates with 5% CO2 at 37°C. Cells were fed every other day and 

passaged every week. For adhesion studies, PDMS wells (1 cm × 1 cm inner 

dimension) were placed on bare substrates and PyHA-coated substrates, followed by 

UV sterilization (30 min). 3×104 cells per cm2 were seeded into each well and 

incubated. For long-term culture on PyHA-patterned substrates, PDMS wells (1 cm × 

1 cm inner dimension) were placed on PyHA-patterned substrates (circular pattern, 3 

mm diameter) slides.  1×104 cells per cm2 in the culture medium were seeded. Cells 

were fed every other day.  
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To demonstrate the role of HA in preventing cell adhesion, PyHA-coated 

substrates were exposed to a very high concentration of HAase solution (500 U mL-1) 

in PBS (pH 7.2) at 37ºC for 24 h to completely degrade the immobilized HA. In 

addition, to study long-term interactions between the coating and astrocytes, cells 

were cultured on the PyHA-coated Pt and ITO electrodes for 1 month and 3 months, 

respectively. During culture, cell adhesion and migration was monitored at the border 

between the HA-coated area and the unmodified area. 

 

5.3.5 Immunofluorescence and Image Analysis 

After culture, cells were fixed with 4% paraformaldehyde (Sigma) in PBS 

buffer for 30 min and incubated in a permeabilizing and blocking solution (0.1% 

Triton X-100 (Fluka), 3% goat serum (Sigma) in PBS) for 60 min. The nHDF cells 

were stained with Alexa Fluor 488-labeled phalloidin (Invitrogen) for 30 min for actin 

filaments and with 4’,6-diamidino-2-phenylindole dilactate (DAPI, Invitrogen) for 

nuclei, washed with PBS twice, and stored at 4ºC until analysis. For astrocyte staining, 

the cells were immunostained with mouse anti-GFAP antibody (1:200 dilution) 

(Sigma) at 4°C overnight and washed with PBS buffer three times (5 min each), 

followed by treatment with Alexa Fluor 488-labeled goat anti-mouse antibody (1:500) 

(Molecular Probes). Nuclei were stained with DAPI (1:1000 dilution) at room 

temperature for 5 min. For HA staining, the substrates were incubated in PBS 

containing biotinylated-hyaluronic acid binding protein (bHABP; 1:200) 

(Calbiochem) for 1 h, washed with PBS two times, treated with streptavidin-PE 

(1:500) (Molecular Probes) in PBS for 1 h, and washed with PBS three times.  
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Immunofluorescence and phase contrast images were acquired using a 

fluorescence microscope (IX-70, Olympus) equipped with a color CCD camera 

(Optronics MagnaFire). The cell images were processed using Adobe Photoshop and 

Image J (NIH) software. Numbers of nuclei on the substrates were measured from 

five random images and reported. 

 

5.3.6 Stability Tests 

Stability of the PyHA-coated electrodes was explored by incubating the 

modified electrodes in either PBS or PBS with hyaluronidase, and then assessing the 

ability of the incubated PyHA layer to prevent cell adhesion and migration. For the 

former study, sterile PyHA-coated ITO electrodes were incubated in PBS at 37ºC for 

3 months. Then, astrocytes were seeded onto the incubated electrodes and cultured for 

3 days. For the enzymatic stability test, the PyHA-coated substrates were incubated in 

solutions of various HAase activities (5×10-4, 5×10-3, 5×10-2, 5×10-1, 5, 50, and 500 U 

mL-1 in PBS) at 37ºC for 24 h and used for subsequent in vitro astrocyte culture and 

water contact angle measurement.  

 

5.3.7 Implantation 

5.3.7.1 Probe Implantation   

All animal work was performed in accordance with the Institutional Animal 

Care and Use Committee (IACUC) at the University of Texas at Austin. The PyHA-

coated probes and unmodified probes (controls) were sterilized by UV exposure for 2 

h prior to animal surgery. The surgical procedure was performed under sterile 

conditions. Ten male Sprague-Dawley rats (Charles Rivers) weighing 300-350 g were 
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used. The animals were anesthetized with 2-3% isoflurane (Abbott) inhalation in an 

induction box. General anesthesia was determined by deep breathing. The hair on the 

head was shaved and the animal was transferred to a stereotactic frame with 

continuous delivery isoflurane during the surgical procedure. A small mid-line 

incision of the skull was made along the rostro-caudal line using aseptic surgical 

techniques. The exposed skull was carefully cleaned and dried. Two small holes 

(approximately 1 mm diameter) were drilled 1.6 mm anterior to bregma and 3 mm 

from the midline on each side. Bone debris and the dura matter were carefully 

removed using a cotton swap and a 23 G needle (BD). The wire electrode and the NN 

probe were inserted into the motor cortex through each hole on each side in a animal. 

Importantly, we implanted two different probes, both of which have the same coating 

condition either coated with PyHA or uncoated, into one animal. Thus, five animals 

were implanted with unmodified probes and the other five animals with PyHA coated 

probes (the wire electrode and the NN probe). Dental acrylate and super glue were 

successively added and cured around the holes with the electrodes. Then, the skin was 

sutured using Ethilon suture.  The animals were injected with 0.1 mL of butamorphine 

(3.0 mg/mL, Carpuject®, Hospira Inc.; 1:10 dilution with sterile PBS) to alleviate 

post surgical pain. The animals were allowed to recover on a warm pad, and then 

transferred to the home cage. 

 

5.3.7.2 Perfusion and Sectioning   

Three weeks after implantation, the animals were anesthetized using 

intraperioneal injection of an overdose of ketamine (100 mg/mL, Bioniche epharma) 

and xylazine (20 mg/mL, Anased®, Lloyd Labroatories). The animals were perfused 
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transcardially first with ice cold PBS (MP Biomedicals), and 4% paraformaldehyde in 

PBS, followed by decapitation. The head was postfixed in a fresh fixing solution (4% 

paraformaldehyde in PBS) at 4 ºC overnight and transferred to 30% sucrose solution 

in PBS containing 1% Kathon (Supelco) at 4ºC for several days.  Brains were 

dissected from the skull. Intact probes were pulled out carefully from the brains under 

a surgical microscope and stored in sterile PBS until analyzed. Samples were 

sectioned in a perpendicular direction of probe insertion at 50 μm thick using a 

cryotome.  

 

5.3.7.3 Immunofluorescence and Image Analysis  

Brain sections were incubated in PBS containing of 0.5% Triton X-100 and 

3% goat serum in PBS at room temperature for 2 h. The sections were incubated in 

antibody solution of rabbit anti-GFAP (Abcam, 1:1000), mouse anti-NeuN 

(Chemicon, 1:100), and rabbit anti-ED1 (Chemicon, 1:250) at 4ºC overnight. Then, 

the samples were washed three times with PBS (15 min each), followed by the 

secondary antibody treatment with a solution of Alexa Fluor 488-labeled goat anti-

mouse antibody (1:500) and Alex Fluor 568-labeled goat anti-rabbit antibody (1:500) 

at room temperature for 2 h. After three washes with PBS (15 min each), nuclei were 

stained with DAPI (Invitrogen, 1:1000 dilution) at room temperature for 5 min. After 

rinsing using PBS, the samples were mounted onto coverslips (Corning) with 

Fluoromont-G solution (Southern Biotech).  

Immunofluorescence images were acquired as described in Section 5.3.5. 

Notably, all samples from all animals were simultaneously processed and handled in 

the same way. Images were taken at the same exposure time on a single day. 
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Fluorescence images were analyzed to evaluate tissue responses. In particular, 

sections 1.5-1.8 mm deep from the surface of the brain were used for analysis using 

ImageJ software. The same threshold value was applied for all images to obtain 

binary images responding to a specific marker. Area positively covered by the marker 

was measured. From each group (PyHA coated or unmodified), averages and standard 

deviations were calculated and reported. For statistical comparison, Student t-test was 

used with p<0.05 of significance criteria.      

 

5.4 Results  

5.4.1 Synthesis and Electrochemical Deposition of Pyrrole-HA Conjugates 

To produce a functionalized pyrrole that can be conjugated with HA, we first 

synthesized 1-aminopropyl pyrrole from 2-cyanoethyl pyrrole by reduction using 

LiAlH4 in diethyl ether. Then, PyHA was synthesized by coupling 1-aminopropyl 

pyrrole to carboxylic groups on HA via EDC/NHS chemistry (Figure 1). Analysis by 

1H NMR indicated approximately 5-15% substitution of pyrrole units on the 

carboxylic groups of HA. Thus, this synthesized PyHA consists of (1) a pyrrole 

moiety that allows the compound to be electrochemically deposited onto a conductive 

substrate and (2) non-adhesive HA to minimize cell adhesion and to potentially 

decrease glial scar formation.  

PyHA was electrochemically deposited onto conducting substrates using 

cyclic voltammetry. Twenty cycles of linear sweeping potentials from 0 to 1.0 V 

versus SCE were applied in a PyHA solution at a scan rate of 0.1 V/s. We also 

repeated the same electrochemical synthesis using unmodified HA solution, not 

PyHA, to determine whether there was any possible electrochemical oxidation of HA 
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without the intermediate pyrrole moiety. No significant oxidation was observed in HA 

solution, whereas oxidation of PyHA is observed above 0.8 V (Figure 5.1D), 

suggesting that HA deposition was achieved only through oxidation of pyrrole 

moieties. In addition to metallic electrodes, a stable HA-coating was applied to a non-

metallic conductive electrode of PPy. 

 

5.4.2 Surface Characterization of PyHA-coated Electrodes 

The surface characteristics of PyHA-deposited electrodes were characterized 

to assess suitability of these materials for biomedical applications including neural 

prosthetic probes. Electrochemically-coated PyHA was confirmed by immunostaining 

using bHABP and streptavidin tagged with phycoerythrin (streptavidin-PE). Bright 

and uniform fluorescence was observed on the HA-coated electrodes of ITO and Pt, 

whereas no detectable fluorescence was observed for the bare electrodes treated with 

the same staining and imaging conditions as the PyHA-coated substrates. This result 

indicates that HA is uniformly deposited on the surfaces. 

Water contact angle measurement showed that the wettability of PyHA-coated 

ITO (27.9±1.5°) and PyHA-coated Pt (31.5±2.1°) was greatly improved compared to 

the bare ITO (87.8±1.1°) and the bare Pt (81.4±1.6°); this result illustrates an increase 

in the hydrophilicity of the electrode surface with the addition of the hydrophilic HA-

based coating. This dramatic decrease in water contact angles after PyHA coating is 

consistent with other research for immobilization of HA or HA-derivatives on 

surfaces [26, 32].  

Surface chemical elements of the samples were analyzed using XPS. As 

shown in Figure 5.2A, peaks at 284.7 eV (C-C/C-H), 286.3 eV (C-N/C-O), and 288.3 
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eV (O=C-O) were observed after PyHA deposition on the ITO slide; these peaks were 

found in the HA spectra as published by other groups [23, 26, 27]. A new nitrogen 

peak at 400.1 eV, attributable to pyrrole nitrogen (C-N) and amide bonds in the PyHA, 

was also detected after coating PyHA on the ITO. Similar spectra and peaks were 

observed from PyHA-coated Pt slides (data not shown). This spectroscopic analysis 

demonstrated the presence of HA on the electrode surface. 

AFM was employed to assess surface topographies of dry substrates. Figure 

5.2B shows distinct changes in surface topography after electrochemical PyHA 

deposition, which also further confirms the presence of the PyHA coating. The PyHA-

coated Pt electrode showed lower root-mean-square roughness of 2.49 nm compared 

to the bare Pt electrode (3.05 nm). Interestingly, fine aggregates of approximately 10 

nm were found over the PyHA-coated Pt substrates. These nano-sized aggregates may 

result from HA clustering during drying, which has been observed on variously 

prepared HA-immobilized materials by other groups [23, 33, 34]. We also measured 

the coating thickness by scanning borders between the HA-coated area and the 

uncoated area of the sample. A PyHA layer of approximately 20 – 40 nm thickness 

was calculated from AFM micrographs (Figure 5.2C).  

Electrical impedance of the modified electrode was also evaluated as one of 

the critical parameters, because possible loss of electrical sensitivity (e.g., increase in 

impedance) may be a concern when modifying neural electrodes or biosensors [10, 

28]. As shown in Figure 5.3, the electrochemical impedance spectra of PyHA-coated 

ITO and Pt show no significant differences from those of bare ITO and Pt, 

respectively, across a range of frequencies (100-105 Hz) including 1 kHz which is 

relevant to neural probes [10, 28].  
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5.4.3 In Vitro Cell Culture on the PyHA-coated Substrates 

Cellular interactions with the HA-coated electrodes were explored with in 

vitro culture of fibroblasts and cortical astrocytes. As shown in Figure 5.4A and 5.4B, 

no fibroblasts or astrocytes attached to the HA-coated ITO, whereas most cells were 

found to adhere and grow well on the uncoated ITO, indicating that the PyHA-coating 

is non-cell adhesive. Immunostaining clearly illustrates that astrocytes did not adhere 

to or move onto the area stained for HA, suggesting that the immobilized-HA plays a 

direct role in preventing astrocyte adhesion. Furthermore, complete enzymatic 

removal of HA using a high concentration of hyaluronidase (HAase) permitted 

astrocyte adhesion and growth, and resulted in a confluent layer of cells similar to 

cells grown on the bare ITO electrode. For this study, we used an activity of HAase 

(500 U mL-1) higher than tissue activity (e.g., ~2.8 U mL-1 in human serum [35])  to 

ensure complete degradation of the immobilized-HA.  

Additionally, the effectiveness of the PyHA coating on different conducting 

materials, such as Pt and PPy, was studied. Electrochemical deposition of PyHA on 

the Pt and PPy substrates prohibited cellular growth; however, astrocytes grew very 

well on all unmodified substrates (Figure 5.4C). These results suggest that the PyHA-

coating can be generally applicable for modification of a number of different 

conducting materials to create non-cell adhesive surfaces for biomedical applications 

that require conducting substrates but minimized cellular interactions.  

 

5.3.4 Stability Tests of the PyHA Coatings 

We performed stability tests for the PyHA-coated electrodes. To study 

stability of the PyHA coatings in a physiological condition, we incubated the PyHA-
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coated ITO substrates in phosphate-buffered saline (PBS) at 37°C for 3 months. 

Astrocytes were then cultured on the incubated substrates to monitor cell adhesion 

and migration. As shown in Figure 5.5A, the substrates did not allow astrocytes to 

attach to or migrate onto the HA-coated area. Also, the PyHA-coating was 

substantially stained by bHABP. These results indicate that the HA-coating is 

functionally stable under physiological conditions. Long-term cell culture was also 

performed to study prolonged interactions between astrocytes and the PyHA coating. 

Astrocytes were cultured on the PyHA-deposited Pt for 1 month; immunostaining 

showed that the immobilized-HA was present and effective in minimizing astrocyte 

adhesion and migration (Figure 5.5B). Moreover, we monitored astrocytes for 3 

months at the border between the HA-patterned area and bare ITO (Figure 5.5C).  

The astrocytes did not migrate to the HA-patterned area on ITO even after 3 months 

(90 days). Astrocytes grew to confluence by day 10 in culture on the unmodified ITO 

area, but not on the PyHA-patterned area. These results indicate that the 

electrochemically deposited-PyHA on conductive materials was functionally stable 

both under physiological conditions and in the presence of cells. Importantly, growth 

of astrocytes cultured on ITO and Pt was found to not be influenced by the presence 

of immobilized-PyHA next to the cells, suggesting that the PyHA-coated electrode is 

not cytotoxic to neighboring cells. 

Degradation of immobilized-HA using HAase was evaluated by studying the 

effects on changes in surface properties (i.e., water contact angles) and glial cell 

interactions (Figure 5.6). The HA coating may be exposed to HAase in vivo. For 

example, surgical insertion of implants (e.g., neural probes) leads to a temporary 

disruption of blood vessels [36], possibly resulting in release of serum HAase (~2.6 U 



  

151 
 

mL-1 in human serum) [35]. Thus, it is possible that the electrodes’ ability to prevent 

cell attachment and migration in vivo can be impaired. Hence, we incubated the 

PyHA-coated electrodes in solutions containing various activities of HAase (5×10-4– 

500 U mL-1 in PBS) for 24 h. Water contact angles were measured and astrocytes 

were cultured on the HAase-treated electrodes to assess enzymatic stability of the 

PyHA coatings. The PyHA-coated electrodes were found to still be able to minimize 

astrocyte adhesion and maintain hydrophilic surfaces in solutions containing up to 5 U 

mL-1 of HAase. Since normal HAase is rarely active above pH 4.5 [37] and its 

expression in brain is essentially negligible [38], we speculate that the PyHA-coated 

electrode would experience minimal degradation in the brain post implantation. 

 

5.4.4 In Vivo Implantation 

Prior to studying effectiveness of PyHA coating on commercial probes in vivo, 

characterization of both types of probes were performed to confirm the presence of 

HA and the electrical properties. We utilized a silicon-based microelectrode array 

(NN probe) and a wire probe because both types of neural probes have been widely 

used, and thus will allow us to compare results from results in other literature. 

Electrochemical coating on the NN probes and the wire probes were conducted under 

the same conditions for ITO and Pt electrodes as described in Section 5.3.2.  Figure 

5.7 shows the fluorescence of HA on both the NN probe and the wire probe after the 

PyHA coating. Interestingly, the micro-array electrodes from the NN probes were 

selectively stained, whereas insulating silicon sites were not stained. In addition, EIS 

revealed that impedances of both the PyHA-coated electrodes were similar to those of 

the underlying electrodes before coating (Figure 5.8). Thus, we confirmed not only 
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successful PyHA coating on the NN probes and wire probes but also the general 

applicability of this electrochemical coating technique for any conducting material 

selectively.   

 For in vivo study, we prepared two groups of animals, which consisted of five 

animals for the PyHA-coated probes and the rest five animals for the unmodified 

controls. The probes were implanted into motor cortices of rats for three weeks. It has 

been reported that microglia and macrophages first response to foreign implants and 

secrete cytokines. Also, astrocytes start to activate in a couple of days post 

implantation, recruit/proliferate near the implants, and finally form thick glial scarring 

after two weeks. Thus, we selected a three week time point to evaluate brain tissue 

responses, in particular in terms of glial cell activations. GFAP and ED-1 were used to 

detect activated astrocytes and activated macrophages, respectively.  

 As shown in Figure 5.9, immunostaining of the retrieved wires (PyHA coated) 

revealed the presence of HA on the surfaces of the PyHA coated electrodes, whereas 

no distinct fluorescence was detected from the retrieved unmodified wires (controls). 

The results suggest the stability of PyHA layers on the probes during surgical probe 

insertion and with brain tissue. Although mechanical stability of the PyHA coating 

during insertion into brain was not investigated, the coating appeared to be stable 

against gentle shearing force that might occur during insertion. As we demonstrated 

the enzymatic stability above, the PyHA coating could endure its ability to prevent 

cell adhesion and to retain hydrophilicity up to 5 U/mL. These mechanically and 

enzymatically stability could account for the presence of HA from the retrieved wires.  

   To assess reactive gliosis in the brain tissue, we primarily investigated 

astrocyte activation and accumulation in terms of GFAP expression in the brain. 
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Figure 5.10 illustrates representative images stained for GFAP from modified probes 

and unmodified probes. The NN probes either modified with PyHA or unmodified did 

not show significant differences in fluorescence intensity (p=0.813) (Figure 5.10). 

However, tissues implanted with the PyHA-coated wires expressed lower GFAP 

compared to those with controls (p=0.098). These differences between the NN probes 

and the wires may be due to coverage of HA on the whole probe surfaces. For the NN 

probes, only small electrodes were covered with non-cell adhesive and biocompatible 

HA while leaving much larger insulating sites uncovered. These non-conducting sites 

could result in dominant interactions with glial cells. As the wires did not have 

insulating layers on the surfaces, the PyHA could better shield the surfaces and 

protect them from cellular responses.   

 

5.5 Discussion 

In this study, we demonstrated a novel technique for surface modification of 

conducting materials by electrochemical deposition of PyHA. Electrochemical 

coating procedures in general have various advantages including simple and 

inexpensive processing, uniform deposition, and general applicability to any 

conductive material [2, 28, 39]. Importantly, use of the PyHA conjugate for 

electrochemical coating is substantially different from that of HA-doped polypyrrole, 

which can be prepared during electrochemical polymerization of pyrrole from a 

solution of pyrrole monomer and HA [40, 41]. In particular, for HA-doped PPy, the 

HA is not stably integrated into the PPy films, unlike with the PyHA conjugate. 

Dopant molecules in general have been shown to be released from conducting 

polymers as a result of de-doping and/or dopant exchange [39, 42]. For example, 
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Collier et al. found that the ability of HA-doped films to bind to biotinylated HA 

binding protein (bHABP) decreased to 30% after one day of incubation in culture 

medium at 37ºC [41]. It was also shown that PC12 cell adhesion on HA-doped PPy 

films was not different from that on PSS-doped PPy films, suggesting a loss of the 

HA from the PPy substrate. In another study, adhesion of osteoblasts on HA-doped 

PPy films was not consistently minimized, but was greatly influenced by 

electrochemical polymerization conditions [40]. No cells were found on films 

synthesized at a high current density, whereas cells adhered on the films produced at a 

low current density [40]. These studies suggest that HA incorporation into PPy films 

is possible, but is inconsistent and highly dependent on synthesis conditions, and once 

incorporated, the HA dopant is not stably integrated into the PPy and thus can leach 

from the polymer films. In contrast, for the pyrrole-HA conjugate used in this present 

study, pyrrole and HA are covalently linked together so that HA strands are unlikely 

to be released from the polymer surfaces. Our studies demonstrate stability for a 

minimum of 3 months both under physiological conditions and in cell culture 

conditions. 

The PyHA-coated electrodes exhibited hydrophilic surface properties. The 

PyHA-coated ITO and Pt electrodes showed water contact angles of 27.9±1.5° and 

31.5±2.1°, respectively. The PyHA-coated ITO remained hydrophilic (21.6±7.3° 

water contact angle) even after incubation in solution containing 5 U mL-1 HAase. 

Hydrophilic surfaces are known to reduce non-specific plasma protein adsorption that 

leads to inflammatory responses [43]. Therefore, functionalization of hydrophobic 

electrode surfaces with the hydrophilic HA should improve biocompatibility.  
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In general, polymeric forms of functionalized pyrrole derivatives decrease 

conductivities compared to pristine PPy [2, 44]. PyHA conjugates used in this study 

were prepared from N-functionalized pyrrole monomer (i.e., 1-aminopropyl pyrrole). 

However, we observed no statistical increase in impedances after the electrochemical 

deposition of PyHA. We speculate that a nanometer-thick coating of the highly 

charged polymer, PyHA, might have little influence on charge transfer at interfaces. 

This finding is consistent with a separate study on enzyme-based biosensors in which 

electrodes coated with a pyrrole-alginate conjugate showed no negative impact on 

impedance [45].  

 Implantation of the PyHA-coated wire probes showed attenuated glial 

responses, showing lower and thinner GFAP expression around the PyHA-coated 

wire implantation sites. However, no differences in GFAP expression between the 

modified and unmodified NN probes were seen. We speculated that silicon insulating 

pads not coated with HA could generate glial cell response to the NN probes. 

Regarding non-conducting parts on probes, there was no clear study regarding the 

roles of insulating sites, to our best knowledge. We hypothesized that protecting 

electrode sites with non-cell adhesive materials will minimize local glial cell 

interaction and thus enhance electrical sensitivity at the interfaces. Cui et al. claimed 

that insulating pads should be cell adhesive so that fibroblasts and astrocytes could be 

firmly integrated with implanted probes to minimize micromotion of the probes [10]. 

Other groups did not separately coat conducting electrodes sites and non-conducting 

pads for their studies. Shain and colleagues coated the whole neural probe with PEG-

based materials to embed NGF for controlled release purpose [12]. Bellamkonda and 

colleagues introduced laminin layers onto an entire probe surface in a layer-by-layer 
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deposition manner [46]. According to our analytical results, non-conducting materials 

also play significant roles in astrogliosis, suggesting that the selection of fabrication 

of neural probes with biocompatible non-conduction materials or the coating entire 

probe surfaces could attenuate astrogliosis in a future. In addition, there has been 

considerable progress in development in insulating materials (e.g., mechanical 

properties, biocompatibility) [47, 48], so that better insulating materials will be 

available in the near future, however, there is relatively limited choice for electrode 

materials – materials, metal alloys, conducting polymers.  

Importantly, we used the NN probe as a model, because it is one of the widely 

used neural probes. However, there are still other types of probes that have different 

materials and dimensions. Rather than confining this coating application to the 

NeuroNexus probes, we intended to apply this technique for other types of neural 

probes too. For example, epidural electrodes (metal disk types) have been used to 

stimulate sensorimotor cortex for rehabilitative interventions after brain damage [49]. 

These electrodes are subcutaneously implanted on cortex; thus, highly biocompatible 

electrode surface are required. 

 

5.5 Conclusion 

In this study, we developed a novel technique capable of forming a stable thin 

HA-coating (20-40 nm in thickness) on conducting substrates (e.g., ITO, Pt, and PPy). 

Immobilized-HA rendered the electrode surfaces hydrophilic and resistant to 

fibroblast and astrocyte adhesion. PyHA-coated electrodes also retained impedances 

of the underlying electrode materials. Furthermore, PyHA-coated electrodes were 

found to be stable under physiological conditions and were able to prevent astrocyte 
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adhesion and migration for 3 months. In addition, PyHA-coating was stable at HAase 

concentrations that are relevant for neural prosthetic applications. The effectiveness of 

the PyHA coating to minimize astrogliosis was tested in vivo with commercial neural 

probes. Characterization results indicated the presence of HA and not-impaired 

electrical impedances after the coating, which demonstrated that the PyHA coating 

could be applied to the commercially used neural probes. Histological responses 

performed 3 weeks after implantation into rat cortices revealed attenuated GFAP 

expression from the PyHA coated wires compared to unmodified wires. However, no 

significant differences were found between the PyHA coated NN probes and control 

NN probes, highlighting the important roles of non-conducting sites of the probes and 

thus future directions to modify neural probes. This novel technique for surface 

modification of metallic and non-metallic conducting substances can also be extended 

for use in other applications such as stents and biosensors. 
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Figure 5.1 Synthesis and electrochemical deposition of PyHA conjugate. The 

chemistry for (a) 1-aminopropyl pyrrole by reduction and (b) PyHA conjugate by 

coupling 1-aminopropyl pyrrole to the carboxylic groups of HA. (c) Schematic for 

electrochemical deposition of PyHA onto conducting substrates. (d) Cyclic 

voltammograms for electrochemical deposition of PyHA (red lines) and unmodified 

HA (black lines) on ITO in 0.5 wt% aqueous polymer solution.  
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Figure 5.2 Surface characterization of the PyHA-coated electrode. (a) High resolution 

and N1s XPS spectra of bare ITO and PyHA-coated ITO. After PyHA coating, distinct 

changes in spectra were observed, suggesting the presence of the PyHA on surfaces. 

(b) AFM images of bare Pt and HA-coated Pt substrates. PyHA coating of Pt 

decreased surface RMS roughness, but formed nano-clusters on the surfaces. (c) The 

border between bare Pt and the HA-coated area was scanned, indicating a thickness 

(∆x) of 20-40 nm thickness for dry films.  
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Figure 5.3 Impedance spectra of unmodified and HA-coated electrodes. (a) Bare and 

PyHA-coated ITO electrodes; (b) bare and PyHA-coated Pt electrodes. Impedance 

spectra of three samples for each condition were collected in a range of 1-105 Hz, 

applying an AC sinusoidal signal with 10 mV, vs SCE, in PBS solution. The PyHA 

coating does not increase impedance over an entire frequency. Averages and standard 

deviations were obtained from three substances for each condition. 
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Figure 5.4 In vitro cell culture on bare electrodes and PyHA-coated electrodes. (a) 

Normal human dermal fibroblast cells (nHDF) were cultured on either bare ITO or 

PyHA-coated ITO for 3 days and stained for F-actin (green) and nuclei (blue). (b) 

Cortical astrocytes were also cultured on bare ITO and PyHA-coated ITO for 3 days 

on ITO, PyHA-coated ITO, and HAase-treated PyHA-coated ITO, followed by 

immunostaining for GFAP (green, astrocyte marker), nuclei (blue), and HA (red).  

Astrocytes did not grow on PyHA-coated surfaces; however, removal of surface 

PyHA with HAase permitted adhesion and growth comparable to bare electrodes. (c) 

Phase contrast images of astrocytes cultured on ITO, Ptm and PPy/PSS substrates 

either unmodified or coated with PyHA. Scale bars are 50 µm. 
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Figure 5.5 Functional stability of the PyHA coating. (a) Stability of the PyHA coating 

in a physiological condition for 3 months. The PyHA-coated ITO was incubated in 

PBS at 37°C for 3 months, after which astrocytes were seeded and cultured on the 

incubated substrates for 3 days. Immunostaining indicates the presence of HA (red) 

and ability to prevent astrocytes’ growth (green for GFAP and blue for nuclei). Dash 

line indicates the border  between HA-coated area and unmodified ITO area. (b) 

Long-term astrocyte culture on HA-coated Pt for 1 month showing the presence of 

HA and prolonged ability not to allow cell adhesion or migration at the border (dash 

line) between HA-coated Pt and unmodified Pt area. (c) Long-term astrocyte culture 

on HA-patterned ITO for 3 months. Phase contrast images were acquired at the border 

(indicated by dashed lines) between HA-coated area (right side) and bare ITO area 

(left side); images were taken at same location for all time points. Scale bars are 50 

µm. 
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Figure 5.6 Enzymatic stability tests of the PyHA-coated ITO. The PyHA-coated ITO 

substrates were exposed to various levels of HAase (5×10-4– 500 U mL-1 in PBS, pH 

7.2) at 37ºC for 24 h. Then, astrocytes were cultured on the HAase-treated PyHA 

substrates for 3 days. Numbers of nuclei were counted from at least five random 

images for each condition and averages ± standard deviations are reported (top). 

Water contact angles were measured for the HAase-treated substrates. Three 

substrates for each condition were tested and their averages ± standard deviations are 

reported (bottom).  
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Figure 5.7 Immunostaining of the PyHA-coated commercial probes: (a) a single 

shank NeuroNexus probe and (b) a Pt wire. After electrochemical coating of PyHA, 

the probes were stained for the immobilized HA using bHABP. (a) Fluorescent 

intensity profiles (bottom) from the line of the top image, indicating selective and 

distinct fluorescence at the electrode sites. 
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Figure 5.8 Impedance spectra of commercial probes before and after the PyHA 

coating: (a) the NN and (b) the wire probe. Impedance spectra were collected in a 

range of 1-105 Hz, applying an AC sinusoidal signal with 10 mV, vs SCE, in PBS 

solution. The PyHA coating does not increase impedance over an entire frequency.  



  

170 
 

a

b

 
 

Figure 5.9 Representative immunofluorescence and bright-field images of the 

retrieved wires implanted in cortices for 3 weeks. (a) Unmodified control wires and 

the PyHA-coated wires were retrieved from the fixed brains and stained using bHABP.  
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Figure 5.10 Representative immunofluorescence images of brain sections obtained 

from different animals, which were implanted with (a) the NN probes and (b) the 

wires. Brain slices were stained for GFAP, which is an astrocyte marker.  
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Figure 5.11 Analysis of GFAP expression from the brains implanted with (a) NN 

probes and (b) wire probes. The fluorescence images were processed to binary images 

with the same threshold value. Area positively covered by GFAP was measured and 

normalized to the control (areas from unmodified probes). From each group (PyHA 

coated or unmodified), averages and standard deviations were calculated and reported. 

Student’s t-test was used for statistical evaluation.      
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK  
                      

 

6.1 Summary of Dissertation 

In the neural tissue engineering fields, recent progresses allow for understanding 

of extracellular components and their roles; however, practical and effective materials 

representing multiple cues are still highly desirable to overcome current clinical issues 

(summarized in Chapter 1).   To do so, fabrication of biomaterials able to achieve specific 

cellular responses is critical for success of nerve tissue engineering applications [1, 2]. 

My interests in electrical cues for neural applications have driven me to 

developing neural interfaces using electrically conducting polymer-based substances, 

polypyrrole. Among various critical cues for neural tissue regeneration, electrical signals 

are pivotal for modulating cellular behaviors (e.g, differentiation, wound healing) [3]. Yet, 

relatively less research has been devoted to understanding and utilizing electrical 

signaling. Electrically conducting polymers are promising in neural applications owing to 

their ability to stimulate and/or record neural activities (summarized in Chapter 2). To 

make electrically conducting materials more effective and relevant for neural applications, 

scaffolds should be fabricated in the three dimensional forms (Chapter 3). Also, bearing 

neurotrophic activity further enhances scaffold performance in inducing neural viability 

and differentiation (Chapter 4). These combinatorial approaches encompassing 

nanofibrous topography and neurotrophic activity with electrical cues were successfully 

demonstrated in the light of achieving an ideal nerve guidance conduit.   
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In Chapter 3, electrically conducting nanofibers were synthesized by chemically 

depositing PPy on to electrospun PLGA nanofibers. I have investigated optimal 

polymerizing conditions (pyrrole (7 mM), para-toluene sulfonate (7 mM), ferric chloride 

(24), 4ºC, and 24 h) to obtain uniform and conductive nanofibers. PPy-coated PLGA 

nanofibers had submicron scaled features for random fibers (520 ± 150 nm in diameter) 

and aligned fibers (430 ± 180 nm in diameter) and retained submicron features and fiber 

orientation of the template fibers. Surface resistances were 7.4 ± 3.2×103 Ohm/square for 

the random PPy-PLGA fibers and 1.7 ± 0.6×104 Ohm/square for aligned fibers. 

These conducting nanofiber mats support adhesion and differentiation of rat 

embryonic hippocampal neurons and PC12 cells, which were comparable to uncoated 

PLGA nanofibers. Electrical simulation at 10 mV/cm increased neurite formation, by 

90% (random fibers) and 40% (aligned fibers), and extension, by 50% (random fibers) 

and 42% (aligned fibers), compared to random PPy-PLGA fibers. In addition, PC 12 cells 

cultured on aligned PPy-PLGA formed more neurite formation and longer extension than 

cells on random PPy-PLGA fibers both in the presence and absence of electrical 

stimulation. These results suggest that topographical cues can be combined with electrical 

cues and PPy-coated PLGA nanofibers have potential applications for neural tissue 

engineering scaffolds, such as nerve guidance conduits.  

Chapter 4 focused on chemical immobilization of nerve growth factor (NGF) onto 

functionalized PPy substrates. Since immobilized-NGF can present its activity for a 

prolonged time period [4], neurotrophic activity incorporated into conducting substrates 

could be beneficial for improving nerve tissue regeneration. To conjugate NGF in a well-
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defined chemistry, functionalized PPy substrates presenting carboxylic groups or active 

ester groups were fabricated in the two-dimensional or three dimensional PPy substrates. 

NGF immobilized on PPy was as effective as soluble NGF (50 ng/mL), and stable under 

physiological conditions (in PBS, 5 days, 37ºC) and against electrical reduction potentials 

(-1.0 V, 1 min). Electrical stimulation through these NGF-immobilized PPy-coated 

PLGA nanofibers promoted neurite development, from 28.0% ± 3.0% to 32.9% ± 1.6%, 

and neurite outgrowth, from 14.2 µm to 16.5 µm in median neurite length. These 

neurotrophic and electrically conducting nanofibers present multiple important stimuli for 

neural tissue engineering; thus, they could be promising platforms for neural tissue 

engineering applications. 

In Chapter 5, I have utilized conducting polymers and their derivatives to improve 

functions of current neural prostheses. A novel pyrrole-HA conjugate was synthesized to 

specifically modify electrodes in an electrochemical fashion because this pyrrole-HA 

conjugate can be electrically oxidized. Introduction of HA layers (20 - 40 nm) rendered 

the materials non-cell adhesive and biocompatible for neural prosthetic applications. 

Material characterization and stability including cortical astrocyte culture in vitro 

demonstrate that the HA coating was sufficiently stable under physiological conditions 

(up to 3 months) and against enzymatic degradation (up to 10 U/mL hyaluronidase). Also, 

cortical astrocyte adhesion and migration was completely prevented by the coating. To 

test effectiveness of the PyHA coating in vivo, two different types of commercial neural 

probes were modified and the properties were confirmed. 3 weeks after implantation in 

rat cortices, immunofluorescence staining revealed attenuated astrocyte response around 
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the HA-coated wire probes compared to unmodified controls. In contrast, another type of 

the probes, which have insulation pads on the probes, showed no statistical differences 

from the unmodified controls, suggesting that insulating materials/components play 

important roles in interacting with glial cells and therefore are required to be 

biocompatible as well as conducting electrodes sites in future.  

In summary, I have demonstrated engineering neural interfacing using electrically 

conducting polymer, polypyrrole (Figure 6.1). Electrically conducting nanofibers were 

successfully fabricated and further modified with NGF, which support neuritogenesis and 

neurite outgrowth and act together with electrical stimulus. Also, biocompatible coating 

techniques were created for specifically modifying electrode surfaces able to potentially 

minimize astrogliosis for neural prosthetic applications.  

 

6.2 Future Directions 

6.2.1 Electroconductive Nanofibers 

I have demonstrated that electrical stimulus could be delivered through three 

dimensional nanofibrous scaffolds and that the electrical cues could be combined with 

bioactive molecules. For the practical applications, I suggest four different approaches to 

further improve these conducting nanofibers: (1) investigating the effects on supporting 

cells (i.e., Schwann cells), (2) improving mechanical properties, (3) fabricating scaffolds 

capable of simultaneous release of anti-inflammatory drugs, and (4) employing other 

types of pyrrole derivatives.  
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In regenerating PNS tissue, Schwann cells play critical roles in guiding neuron 

viability and axon regeneration [5]. They first respond to injuries and become activated to 

recover neural functions by secreting neurotrophic factors (e.g., NGF, BDNF) and 

providing neurons and their neurites with topographies for contact guidance. Thus, the 

effects of electrical stimuli will affect both neurons and Schwann cells. Very recently, 

Schwann cells were reported to secrete more BDNF in response to extracellular electrical 

stimuli [6]. Thus, there should be more intimate relations between neurons and Schwann 

cells up on electrical stimulation. Therefore, I suggest culturing Schwann cells on to the 

electrically conducting nanofibers at various electrical potentials. Various responses in 

terms of their viability and neurotrophin secretion would be expected. Electrical 

stimulation of cocultured DRG neurons with Schwann cells or DRG explants will give us 

deeper understanding about interactions between neurons and Schwann cells under 

electrical stimulation conditions. 

PPy-coated PLGA nanofibers may be stable enough for in vitro studies. However, 

for the practical applications to neural tissues and cardiac tissues, coated PPy shells may 

be insufficient in mechanical strength. This brittle property is inherent from the PPy 

backbone structure [7]. I could stabilize the PPy shells by depositing on PLGA cores and 

by optimizing dopant selection; however, fundamental consideration in materials design 

would be required to improve mechanical strength of PPy-based substrates. To this end, 

one of my collaboration projects was composite of polyurethane (PU) and PPy 

nanoparticles (Appendix B). PU serves as mechanically strong matrix, while PPy 

nanoparticles are in charge of electrical conductance. These blends could be used to 
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fabricate fibers by extrusion or electrospinning. Thus, the resultant fibers can be electrical 

conductive and mechanically elastic enough for cardiac tissue engineering applications. 

It should be noted that minimizing inhibitory responses in regenerating nerve 

tissue is important [8]. In many cases, inhibitory molecules and cells play dominant roles 

so that neurotrophic activity cannot exert its roles effectively, impeding functional 

recovery of the injured nerve tissue. Thus, administration or incorporation of anti-

inflammatory drugs would be a good option to alleviate inhibitory signals [9]. Anionic 

drugs can simply be incorporated into conducting polymers as dopant during 

polymerization [9, 10]. As an alternative, drugs can be dissolved in PLGA or other 

degradable polymers prior to electrospinning and subsequent PPy coating step. Thus, the 

product fibers will be degraded eventually and release drugs incorporated in the core 

fibers to tissue. By controlling ratio of glycolic acid and lactic acid in PLGA polymer, 

degradation profiles are known to be modulated. It is also possible to electrospun drug-

based polymers, such as polyaspirin [11], of which degradation products are salicylic 

acids (i.e., aspirin). These polyaspirin fibers can be coated with PPy. Another approach to 

incorporate anti-inflammatory drugs can be doping/entrapments into PPy shells during 

chemical polymerization. Doped-drugs could be released in a controlled fashion by 

external electrical potentials.   

I have immobilized NGF on to carboxylic acid functionality on PPy fibers. 

However, as described in Chapter 5 and Appendix B, I have also synthesized a pyrrole 

derivative bearing a primary amine group. This amine functionality can be more useful 

than carboxylic groups in some specific cases where ligand’s activities are highly 
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influenced by conjugation types and thus the amine groups in the ligand cannot be used 

and only carboxylic groups are available for conjugation (Appendix C).  

 

6.2.2 Biocompatible Coating for Neural Electrodes 

Since the immobilized HA may be degraded by hyaluronidase (HAase) in native 

brain tissue and from blood [12], the PyHA-coated electrodes may lose their ability to 

prevent glial cell adhesion over time. Although HA is covalently linked to pyrrole and is 

stably immobilized to the electrode, HA will decrease its susceptibility to degradation. 

Therefore, the results obtained from in vitro enzymatic digestion studies and glial 

scarring from in vivo implantation should be carefully compared. If the coated electrode 

cannot prevent glial cell adhesion and reactive gliosis because of degradation of HA, then 

we can address this issue by optimizing synthesis conditions of PyHA and coating 

conditions (e.g., longer coating time, use of PyHA conjugate of higher pyrrole 

incorporation) to obtain HA coatings that are more resistant to enzymatic digestion. Also, 

a different approach can be taken. Experience in the Schmidt lab regarding modification 

and chemical crosslinking of HA may allow us to further modify the PyHA-coated 

electrodes to be more resistant to HAase. For example, butanediol diglycidyl ether can be 

used to further form ether links among primary hydroxyl groups in the immobilized-HA 

chains on the modified electrodes and to crosslink the immobilized-HA on the electrode. 

Our previous studies with HA crosslinking demonstrate that HA hydrogels crosslinked 

with BDDE are resistant to HAase [13, 14]. 
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The strategy using pyrrole-HA conjugates can also be simply and directly applied 

for synthesizing conjugates of pyrrole and other polymers such as heparin and 

functionalized polyethylene glycol (PEG). These classes of biopolymers can be used 

together with or instead of PyHA to create different surface properties of neural 

electrodes. For instance, heparin is known to have inhibitory effects on glial cell viability 

[15] and PEG is a non-adhesive synthetic polymer that is not degradable by enzymes and 

is cytocompatible in the human body [16]. Thus, co-coating of these pyrrole conjugates 

with PyHA would give us additional opportunities to further improve electrode function 

(e.g., resistance to enzymatic digestion, minimization of glial scar tissue formation). 

It is also possible that the biomimetic coating on the electrodes may not be 

effective alone in vivo. Therefore, co-treatment with anti-inflammatory substances may 

be warranted to significantly reduce adverse brain reaction. For example, Spataro et al. 

found that dexamethasone treatment reduced glial responses to implanted neural probes 

[17]. This approach can be used with the PyHA-coated neural probes to further minimize 

glial cell responses and glial scarring. Also, dexamethasone can be incorporated as a 

dopant during polypyrrole synthesis [10]. Thus, delivery of anti-inflammatory drugs may 

be synergistic with the HA-coated neural electrodes. 
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Figure 6.1 Schematic summaries of the dissertation. (A) Evolution of PPy materials for 

neural tissue engineering from smooth 2D substrates, nanofibrous mats, to NGF-

immobilized conducting nanofibers. (B) Modification of electrodes to prevent glial cell 

interactions (e.g., adhesion and migration) to promote biocompatibility of neural 

prosthetic probes.  
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Appendix A. Enhanced Polarization of Embryonic Hippocampal Neurons 

on Micron Scale Electrospun Fibers  
             

 

A.1 Introduction 

This project was performed as collaboration with Chris Bashur and Professor 

Aaron Goldstein at Virginia Polytechnic Institute and State to examine the effects of 

micro scale fibers on axon developments for the potential nerve tissue applications. 

Electrospun fibers, smaller than a cell body, have been fabricated for wide use as 

artificial tissue engineering scaffolds [1, 2]. I investigated the effects of various 

poly(lactic acid-co-glycolic acid) (PLGA) fiber features on initial axon formation (i.e., 

polarization) and axon orientation of embryonic hippocampal neurons in the early 

developmental stages. We produced PLGA fibers that have average diameters ranging 

from 0.44 μm to 2.2 μm and different degrees of fiber alignment (16-58º in angular 

standard deviation). After 22 h in culture, embryonic hippocampal neurons grown on 

various PLGA fibers and spin-coated smooth PLGA films were analyzed in terms of 

axon formation, average axon length, and axon orientation.  

  

A.2 Materials and Methods 

A.2.1 Electrospinning 

In the laboratory of Dr Aaron Goldstein at Virginia Tech, a 75/25 poly(D,L lactic-

co-glycolic acid) (PLGA) (inherent viscosity 0.55–0.75 dL/g) was electrospun onto 18 

mm circular glass coverslips (Sigma, St. Louis, MO) to form fused-fiber meshes with 
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controlled fiber diameters and degrees of fiber alignment as described previously [3]. 

Briefly, glass coverslips were sonicated in ethanol and allowed to air dry. Next, a 0.30 

mL volume of a 3.5 wt% solution of PLGA in dichloromethane (Sigma) was deposited 

with a Model 1-EC101D-R485 spincoater (Headway Research, Garland, TX) onto the 

glass to form a smooth spin-coated polymer film. The spincoater was operated at a 

rotational speed of 2,500 rpm for 30 s, and the samples were allowed to air dry. For fiber 

scaffolds, the spin-coated coverslips were then mounted onto a stationary stand and 

PLGA was electrospun under ambient conditions to form fiber meshes with random fiber 

orientation. Fiber diameter was controlled by using PLGA concentration in hexafluoro-2-

propanol (HFIP) (Sigma) of 7.0, 10.5, and 13.0 wt%. To form oriented meshes, the spin-

coated coverslips were mounted onto a 7.6 cm diameter drum rotated at linear velocities 

of 4.9 and 10.0 m/s and PLGA was electrospun. After electrospinning, PLGA coverslips 

were air dried for 2 days to remove residual HFIP. 

 

A.2.2 Hippocampal Cell Culture 

For cell culture experiments, electrospun meshes and spin-coated films were 

transferred to a 12-well cell culture plate (BD, Franklin Lakes, NJ), and sterilized by 

exposure to UV for 2 h. The cell culture, staining, and image analysis followed the 

previously described protocols in Section 3.3 in Chapter 3. Rat embryonic hippocampal 

neurons were isolated and cultured on the samples. After 22 h in culture, cells were fixed 

and stained. 
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A.2.3 Characterization 

SEM was used to analyze electrospun PLGA fibers and hippocampal neurons on 

the substrates for cellular morphologies and interaction with fibers. For cell images, the 

fixed hippocampal neurons were dehydrated by successive treatment with increasing 

ethanol concentrations in water according to the procedures described in Section 3.3.4.  

The diameter and degree of orientation of the electrospun fibers were measured 

from already defined SEM images using ImagePro Plus software (ICube, Crofton, MD) 

as previously described [3]. At least 100 individual fibers were measured from a 

representative sample for each substrate. The degree of fiber alignment was characterized 

by a wrapped normal distribution and expressed as angular standard deviation (ASD), in 

which a smaller value of ASD indicates a greater alignment of the individual fibers. 

Histograms of individual fibers were plotted (relative to the mean) by adjusting for a 

period of -90° to 90°. 

 

A.2.4 Image Analysis and Statistics 

Axon length and polarization was analyzed according to the previous protocol in 

Section 3.3.7. Axon alignment was also analyzed in an analogous manner as that for fiber 

alignment. The orientation of each axon (the straight line from the axon-soma junction to 

the end of the axon) was measured relative to the vertical direction of the sample and then 

ASD was calculated from the resultant angles. The percentage of polarized neurons and 

average axon lengths were calculated from analysis of at least 100 neurons per substrate. 

Experiments were repeated on different days and the data were reported as the mean ± 
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standard deviation for n≥5 independent substrates. Statistical significance was calculated 

using a Student’s t-test with Origin software (MicroCal, Northampton, MA) and the 

criterion for statistical significance was p<0.05. Also, axonal alignment was determined 

using at least 100 axons from a representative sample for each substrate.  

 

A.3 Results 

A.3.1 Fabrication of Electrospun PLGA Fibers 

We obtained various PLGA fibers of 2.22 ± 0.55, 1.51 ± 0.56, and 0.44 ± 0.18 µm 

in diameter by simply employing different PLGA concentrations (13% (w/w), 10.5%, and 

7%, respectively) (Table A.1). Production of differently aligned fibers was achieved by 

varying the rotation speed of a collector drum (Figure A.1). PLGA was electrospun using 

10.5% (w/w) polymer solution at different rotation speeds of 0 m/s, 4.9 m/s, and 10 m/s, 

to produce randomly aligned fibers (RD_10.5), intermediately aligned fibers (INT_10.5), 

and highly aligned fibers (HI_10.5), respectively. A smaller ASD indicates a narrower 

distribution of fiber orientations, and thus more alignment of the fibers; whereas a higher 

value is closer to random orientation. At a higher rotating speed, fibers exhibited a 

smaller diameter (0.97 ± 0.32 μm) compared to those spun at lower speed or on a 

stationary stage (1.25 ± 0.52 μm in INT_10.5 and 1.51 ± 0.56 μm in RD_10.5) even with 

the same polymer concentration (10.5%). This trend may be attributed to the stretching of 

fibers by the rotating collector drum, and has been reported by other groups [3-5].   
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A.3.2 Effects of Fiber Sizes 

After 22 h, axon formation and length of embryonic hippocampal neurons were 

analyzed on each substrate. Figure A.2 shows representative tau-1 (axonal marker) [6] 

immunostaining images of hippocampal neurons grown on the spin-coated PLGA 

substrate and PLGA nanofibers (RD_7). More axon establishment was observed on 

PLGA fibers than on spin-coated controls. Figure A.3A shows that 35-40% of 

hippocampal neurons polarized on the fibers, which is significantly different from 

controls (27%) (p<0.05). We observed a trend that the smallest PLGA fibers (RD_7) 

promoted greater polarization of hippocampal cells compared to larger fibers (RD_10.5 

and RD_13); however, the differences were not statistically significant. Fiber diameters 

did not affect the overall average axon length of polarized neurons (Figure A.3B).  

 

A.3.3 Effects of Fiber Orientation 

We investigated the effects of fiber orientation on embryonic hippocampal 

neurons using differently oriented PLGA fibers (RD_10.5, INT_10.5, and HI_10.5) and 

spin-coated controls. As shown in Figure 4A, after 22 h in culture, hippocampal neurons 

cultured on the fibers established significantly more axons (34-40%) than neurons on 

spin-coated controls (p<0.05). No significant difference was observed within the fiber 

samples, indicating that fiber orientation had negligible effects on axonal establishment 

within these size ranges. However, an overall trend of larger numbers of cells polarized 

on the more oriented fibers was observed. In addition, similar to the results described in 

Section 3.2, overall axon length was not different among the cells cultured on the 
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oriented fibers and controls (Figure A.4B). Fiber orientation itself does not appear to 

considerably influence axonal formation and elongation of embryonic hippocampal 

neurons. Immunofluorescence images of hippocampal neurons in Figure A.5 show 

axonal alignment in the major direction of fibers. Neurons extended their axons along 

fibers, which resulted in a narrower axonal angle distribution (Figure A.6). Axons mostly 

were found to grow along the fiber strands and often crossed over to other fibers but kept 

following the new strands near fiber junctions, which are indicated by arrows in Figure 

A.5. Therefore, the ability to guide axons in a certain direction appears to be proportional 

to the degree of fiber orientation. As seen in Figure A.6, the polarized neurons on the 

spin-coated substrates and random PLGA fibers (RD_10.5) extended their axons in 

random directions, resulting in a broad distribution of axon angles, whereas narrower 

ASDs were observed on the more aligned fibers (INT_10.5 and HI_10.5). ASDs of the 

hippocampal axons cultured were 27.5°, 33.9°, 71.0°, and 70.4° on HI_10.5, INT_10.5, 

RD_10.5, and spin-coated controls, respectively. These axon distributions were slightly 

broader than the fiber orientations (Table A.1), but close to them, which suggests that 

micron scale fibers were able to guide the orientation of the axons.  

 

A.4 Discussion and Conclusion 

We are interested in the roles of topographical features of fiber meshes on neuron 

polarization for the purpose of improved understanding and thus improved design of 

biomaterials for neural applications. Therefore, in this article, we examined the effects of 
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electrospun fiber diameter and alignment on initial axon establishment of embryonic 

hippocampal neurons.  

Our group previously studied the polarization of embryonic hippocampal neurons 

on well-defined microgrooves and found that topographical patterns smaller than a soma 

have the unique ability to induce axon initiation over other biological cues; however, 

these microgrooved features had little effect on overall axon length [7, 8]. Hippocampal 

neurons cultured on PDMS microchannels (1-2 µm distance between ridges, 1-2 µm 

width, 0.3-0.6 µm depth) polarized approximately two times faster than neurons on 

smooth PDMS samples [8]. These previous studies emphasized the importance of 

micron-scaled topography in axon formation of hippocampal neurons. Our results in this 

study were consistent with these previous findings. The PLGA fibers, ranging from 0.4 

µm to 2.2 µm, promoted neuron polarization, but did not have an effect on overall axon 

elongation after 22 h in culture. In addition, the degree of fiber alignment did not 

significantly influence neuron polarization. These findings suggest that fibrous features 

of the tested PLGA samples mainly influence the early developmental stage (axon 

formation). Overall, the increases in the polarization of the cells on fibrous PLGA 

substrates (30-50% increase over smooth controls) were not as dramatic as the increases 

observed on PDMS microgrooves (~100% increase over smooth controls). These 

differences might result from the irregular patterns of electrospun fibers leading to larger 

variance in local topographies, compared to precise lithographic microchannels.  

The SEM images (Figure A.7) illustrate that hippocampal neurons grew mostly 

on the fibers and interacted with two or more PLGA strands on top of the meshes, 
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suggesting that fibrous topographies of subcellular scales can exert an influence on 

neurons and neurites/axons. Axon alignment has been widely studied on various grooves 

and ridges of different substrates [8-10]. Axons and neurites dynamically sense local 

topographies, allowing the cells to adjust their morphologies and orientation. Other 

research has shown that hippocampal neurons extend their axons preferentially along 

wider and deeper ridges while crossing over narrower and shallower patterns, indicating 

that both parameters are effective for guiding axon growth along the grooves [8-10]. 

Interestingly, we found that most axons of hippocampal neurons cultured on PLGA fibers 

were aligned along the fibers regardless of the sizes and orientations of the fibers tested. 

Our analysis of axon orientation indicated that fiber orientation directly promoted axonal 

alignment (Figure A.5). We found that axons on the random fibers (RD_10.5) often 

changed to another fiber strand near the crossover points of fibers, which supports the 

idea that the axons of hippocampal neurons can pass over very small gaps at the fiber 

junctions.  

For future studies, long-term culture of hippocampal neurons on various 

electrospun fibers may be useful to explore axon extension and synaptic formation among 

neurons. Also, tailoring electrospun fibers with bioactive molecules, such as 

neurotrophins and cell adhesive molecules (i.e., laminin, fibronectin) would be intriguing 

to understand the combined effects on neurons and to develop better scaffolds for 

biomedical applications including nerve tissue regeneration scaffolds. 
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Figure A.1 Scanning electron micrographs of PLGA fibers electrospun using different 

concentrations and rotation speeds of a collector: random fibers of (A) RD_7, (B) 

RD_10.5, and (C) RD_13; aligned fibers of (B) 0 m/s (RD_10.5), (D) 4.9 m/s (INT_10.5), 

and (E) 10 m/s (HI_10.5). (F) Normalized histograms of fiber angles for the fibers (B, D, 

and E).  
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Figure A.2 Immunostaining of hippocampal neurons on (A) a spin-coated PLGA films 

and (B) PLGA nanofibers (RD_7). After 22 h in culture, the cells were fixed using para-

formaldehyde, and stained for tau-1 (axonal marker). Scale bars are 50 µm.
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Figure A.3 Effects of fiber diameter on neuron polarization and average axon lengths of 

polarized hippocampal neurons cultured for 22 h. (A) Polarization of rat embryonic 

hippocampal neurons on spin-coated substrates (controls) and different PLGA fibers. (B) 

Fiber diameters and fibrous topographies did not significantly affect axonal length among 

the samples. Each bar represents the average ± the standard deviation from six 

experiments (n=6), and an asterisk denotes a statistically significant difference relative to 

cells on spin-coated substrates (p<0.05). 
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Figure A.4 Effects of fiber alignment on neuronal polarization and elongation of 

hippocampal neurons. (A) Polarization on controls and on differently oriented PLGA 

fibers (RD_10.5, INT_10.5, and HI_10.5). (B) Average axon lengths of hippocampal 

neurons cultured on differently oriented PLGA fibers and controls. the smooth controls. 

Each bar represents the average ± the standard deviation of the means from five 

experiments (n=5), and an asterisk denotes a statistically significant difference relative to 

cells on spin-coated substrates (p<0.05). 
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Figure A.5 Hippocampal neurons cultured on (A) random fibers (RD_10.5) and (B) 

aligned fibers (HI_10.5). Images were constructed by merging phase contrast (red) and 

immunofluorescence (green) images. Scale bars are 50 µm.  
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Figure A.6 Normalized histograms of axon angles on various substrates: (A) the spin-

coated films (controls), (B) randomly aligned fibers (RD_10.5), (C) intermediately 

aligned fibers (INT_10.5), and (D) highly aligned fibers (HI_10.5). Mean values of axon 

angle on each substrate were adjusted to 0º. 
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Figure A.7 SEM images of hippocampal neurons cultured on various PLGA meshes: (A) 

RD_7, (B) RD_10.5, (C) HI_10.5, and (D) RD_13. Scale bars are 2 µm. 
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Table A.1 PLGA fibers synthesized and tested for embryonic hippocampal neuron 

culture 

Samples 

Synthesis Conditions Analysis 

Concentration 

(wt % PLGA) 

Drum 

Speed 

(m/s) 

No. Fibers 

Analyzed 

(n) 

Average 

Diameter ± 

STD* (µm) 

Angular 

Standard 

Deviation (°) 

Fiber 

Orientation 

RD_7 7 0 210 0.44 ± 0.18 57.84 Random 

RD_10.5 10.5 0 167 1.51 ± 0.56 52.93 Random 

IN_10.5 10.5 4.9 233 1.25 ± 0.52 27.67 Intermediate

HI_10.5 10.5 10 189 0.97 ± 0.32 15.89 High 

RD_13 13 0 115 2.22 ± 0.55 50.07 Random 

STD*=standard deviation 
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APPENDIX B. PROMOTED CELL ADHESION ON AMINE-FUNCTIONALIZED 

POLYPYRROLE  
             

 

B.1 Introduction 

Materials capable of supporting cell adhesion are beneficial for tissue engineering 

applications. Conducting polymers often fail in ensuring cell adhesion to form integrated 

interfaces with cells [1]. To address this hurdle, several attempts have been made to 

promote cell adhesion onto conducting polymers for biomedical applications, such as 

doping, chemical conjugation, and physical adsorption of cell adhesive molecules. Cui et 

al. incorporated peptides derived from laminin into PPy, where anionic peptides were 

doped in oxidized PPy films, of which modified films improved PC12 cell adhesion [2, 3]. 

Song et al. chemically conjugated poly-lysine and/or laminin with poly glutamic acids 

which were doped in PPy films [4]. These surface-bound laminin and/or polylysine 

successively supported DGR neuron attachment and neurite outgrowth as well. Also, 

affinity peptides (T59) that have specific binding to chloride-doped PPy were used to 

tether RGD peptides and to promote PC12 adhesion [5]. However, use of biomolecules 

for chemical or non-covalent modification requires multiple steps and their stability 

during reaction could not be guaranteed.  

In addition to cell adhesive biomolecules, amine functionalities on biomaterials 

have been used to simply support cell adhesion by providing local positive charges [6-8]. 

For example, positively charged electrolytes have been commonly used to treat a number 

of material surfaces including conducting polymers [9]. These cationic polymers include 
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‘poly-lysine’, ‘polyallylamine’, and ‘polyethylenimine’. To create cell-adhesive positive 

charges on PPy substrates, we synthesized functionalized conducting substrates 

inherently presenting positive charges under physiological conditions, which could 

potentially replace use of additional treatment of exogenous cell adhesive substances (e.g., 

poly-lysine and laminin).  

To this end, we synthesized an amine-functionalized pyrrole derivative and 

electrochemically synthesized polymer films with various compositions of pristine 

pyrrole monomer and 1-aminopropylpyrrole. The PPy films were characterized to 

confirm the presence of amine groups on the surfaces. Wettability and conductivity were 

analyzed. In vitro culture of fibroblasts and Schwann cells, and embryonic hippocampal 

neurons was performed to study cell adhesion. In addition, aminopropyl pyrroles were 

incorporated into conducting nanofibers.  

  

B.2 Materials and methods 

All chemicals, cell culture supplements, and disposable tissue culture supplies 

were purchased from Sigma-Aldrich, Hyclone, and BD, respectively, unless otherwise 

noted.  

 

B.2.1 Synthesis of 1-aminopropyl Pyrrole 

1-aminopropyl pyrrole was synthesized as previously described in Section 5.3.1. 

The purity was confirmed by 1H NMR and thin film chromatography. 
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B.2.2 Electrochemical Polymerization of PPy Copolymer Films 

Polypyrrole copolymers of pristine pyrrole and 1-aminopropylpyrrole (AP) were 

electrochemically synthesized on 25×25 mm pieces of gold-coated glass slides. Gold-

coated glass slides were prepared by deposition of 3 nm chromium and 30 nm gold onto 

glass slides (25×75×1 mm, Fisher) with a thermal evaporator (Denton). Pristine pyrrole 

and AP were mixed in 1 M para-toluene sulfonic acid (Acros) with total concentration at 

50 mM. Molar ratios (pyrrole:AP) were varied to have 100:0, for APPy-A0 (regular PPy), 

50:50 for APPy-A50, and 0:100 for APPy-A100 (Table B.1). Polypyrrole copolymer 

films were synthesized electrochemically by applying a constant potential of 1.0 V, vs a 

standard calomel electrode (Fisher), for 30 s using a potentiostat (Electrochemical 

Analyzer, CH Instrument). A three-electrode configuration was employed with a Pt mesh 

as a counter electrode and a SCE reference electrode. After deposition, the samples were 

washed extensively with ddI water, dried in a vacuum oven overnight, and stored in a 

desiccator until used.  

 

B.2.3 Characterization of Amine-Functionalized PPy Films 

Static water contact angle measurement, scanning electron microscopy (SEM), 

and X-ray photon spectroscopy (XPS) were performed according to the previous 

protocols described in Section 5.3.3. Conductivities of the PPy copolymer films were 

measured by the four-point probe method as previously described in Section 4.3.3.1. 

Surface amine concentration was quantified using Ninhydrin reagents as described in 

literature. In brief, 2 mL of 2% ninhydrin solution was added into a screw-capped vial 
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containing 1 cm x 1 cm piece of each sample. The vial was boiled in a water bath for 15 

min. Absorbance of the solution was measured at 570 nm by a spectrophotometer. 

Standard solutions were prepared using 1-aminopropylpyrole and their absorbance was 

measured. Surface amine concentration was calculated from the absorbance of the sample 

solution. Three samples were used and averages ± standard deviation were reported.  

 

B.2.4 In Vitro Cell Culture Experiments 

B.2.4.1 Isolation and Maintenance 

Normal human dermal fibroblasts (nHDF, Lonza) were maintained in T-75 tissue 

culture flasks (Corning) with 5% CO2 at 37°C in Dulbecco's modified Eagle's medium 

(DMEM) containing 10% fetal bovine serum and passaged every week, as described in 

Section 5.4.3. 

Schwann cells were isolated from neonatal Sprague-Dawley rats (Charles River) 

according to previous protocol. Cells were isolated from P4 neonatal rat sciatic nerves 

using a modified Brockes method [1]. Isolated Schwann cells were maintained in DMEM 

media containing 10% FBS, 30 µg/mL bovine pituitary extract (Invitrogen), and 2 µM 

forskolin (Sigma). Purity of Schwann cells was confirmed > 99% by immunostaining 

with anti-S100 antibody (Dako).     

 

B.2.4.2 Adhesion Studies  

For cell culture experiments, all samples were UV sterilized for at least 1 h. Some 

samples (as controls) were treated with poly-L-lysine (5 or 50 µg/mL) for 2 hours at 
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room temperature to compare with cell adhesion on amine-functionalized PPy substrates. 

The samples were washed two times with sterile ddI water. Cells (either nHDFs or 

Schwann cells) were suspended in medium at the density of 3×104 cells/mL. The nHDFs 

were incubated in a serum-free DMEM (1% penicillin-streptomycin) or in a serum 

containing DMEM (10% FBS, 1% penicillin-streptomycin). Schwann cells were cultured 

in high glucose DMEM (Hyclone) containing 10% FBS, 30 µg/mL bovine pituitary 

extract, 2 µM forskolin, and 1% penicillin-streptomycin. 

Adhesion of the nHDFs were quantified using the CellTiter® 96 Aqueous 

nonradioactive cell proliferation assay kit (Promega) according to the manufacturer’s 

protocol. After 4 h in seeding, cells were washed with sterile PBS to remove unbound or 

loosely-bound cells. Then, mixture of culture medium and MTS regent solution (5:1) was 

added into each well, where the serum-free DMEM was used. After 2 h in incubation, 

absorbance of the medium was measured at 490 nm.  Adherent Schwann cell viability on 

substrates was quantified in an analogous manner using the MTS kit.  

 

B.2.4.3  Immunofluorescence 

Adherent cells were stained using Live/Dead® reagents (Invitrogen).  Cells were 

aspirated and washed with PBS, followed by incubation with 4 µM ethidium and 2 µM 

AM in PBS for 15 min. Live adherent cells were stained green. Immunofluorescence 

images were acquired using a fluorescence microscope (IX-70, Olympus) equipped with 

a color CCD camera (Optronics MagnaFire). The cell images were processed using 

Adobe Photoshop and Image J (NIH) software.  
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B.3 Results and Discussion 

B.3.1 Synthesis and Characterization of Amine-Functionalized PPy Films 

To prepare amine-functionalized PPy polymer films, 1-aminopropyl pyrrole (AP) 

was first synthesized by reduction of 1-(2-cyanoethyl)pyrrole. Then, homopolymers of 

pristine pyrrole (APPy-A0) and AP (APPy-A100), and their copolymer (APPy-A50) 

were electrochemically polymerized at a constant potential of 1 V for 30 s (Figure B.1). 

We synthesized the PPy copolymer films (APPy-A50) with the same initial molar 

concentrations of pristine pyrrole (25 mM) and AP (25 mM) in the feed (Table B.1). 

Surface amine groups on the PPy films were quantified using a ninhydrin assay 

(Table B.1). Incorporation of AP into PPy substrates significantly resulted in color 

changes in ninhydrin solution, whereas pristine PPy films (APPy-A0) did not lead to 

substantial color change with the reagent. APPy-A100 and APPy-A50 showed 421 and 

56 nmol of amine per cm2 substrates, respectively. The copolymer films (APPy-A50) of 

equimolar pyrrole and AP (25 mM each) represented the surface amines, which was 13% 

compared to APPy-A100. This indicates that pyrrole derivative, AP, was poorly 

incorporated into copolymer films compared to pristine pyrrole, which has been widely 

observed and result from the in steric hindrance of bulk side chain in the pyrrole structure 

[9]. However, these values were significant and even useful in chemically conjugating 

bioactive ligands (such as RDG peptides) onto aminated surfaces [10]. 

Presentation of amine functionality on the PPy substrates influenced wettability 

(Figure B.2). With a hydrophilic moiety, primary amine, the amine-functionalized PPy 

exhibited lower water contact angles compared the regular PPy (APPy-A0). With 



206 

increase in surface amine concentrations, the surfaces became more hydrophilic. APPy-

A100 and APPy-A50 had 67.3±1.5º and 77.2±2.5º, respectively, for water contact angles. 

Hydrophilicity as well as surface charges of biomaterial affects cell adhesion and 

proliferation and can improve biocompatibility. In general, hydrophic surfaces cause 

denaturation of adsorbed proteins by altering their structures [11]. In addition, as cell 

adhesion can be mediated by protein adsorption, surface modification of biomaterials to 

achieve hydrophilicity has been widely performed [12, 13].  

Incorporation of AP into PPy accompanied with a drastic decrease in conductivity 

(Figure B.2). The homopolymer of AP (APPy-A100) and the copolymer (APPy-A50) 

exhibited four-order and two-order of magnitude decrease in conductivity, respectively, 

compared to regular PPy. Although a severe drop in conductivity can be mitigated to 

some extent for applications, these films would be useful as demonstrating moderate 

ranges of semiconductors [14].   

Surface elements on the PPy copolymer films were characterized by XPS.  Peak 

assignments for PPy and amines were performed according to literature [15-17]. 

Introduction of amine functionality dramatically changed both carbon and nitrogen 

spectra of both C1s and N1s (Figure B.3). In the C1s spectra, peaks ranges from 286.5 – 

287.2 eV are known to be related with amino carbons [15]. In particular, peaks of C-N+ 

notably appeared as incorporated. Likewise, positively charged nitrogens were detected 

around at 401.9 eV [16]. The spectroscopic analysis further confirm the presence of 

amine functionality at the surfaces.  
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The amine-functionalized PPy substrates displayed a trend that more AP 

incorporation led to smoother surfaces, as shown in Figure B.4. Numbers of small 

particles (approximately 50-100 nm) decreased with AP incorporation. These surface 

topographies might influence cell adhesion and migration. Overall, topographies 

appeared similar among the samples.      

 

B.3.2 Cell Adhesion onto the Amine-Functionalized PPy 

Fibroblasts were cultured on the PPy substrates to study cell adhesion. Fibroblast 

is one of the most studied cells for adhesion on various biomaterials because they respond 

well to topographies and surface biomolecules. As seen in Figure B.5, fibroblasts 

cultured on all samples are well spread and grow homogeneously. With increase in 

surface amine groups, more cells were found. Quantitative analysis was also performed 

using an MTS assay, which measures the metabolic activity of viable cells to reduce 

MTS to colorimetric formazan product, giving a purple color. Figure B.5 indicated that 

significant increased attached fibroblasts on the amine-functionalized PPy films over 

unmodified PPy films both in serum-containing medium and in serum-free medium. This 

suggests that promoted cell adhesion may basically be from charge-charge interactions 

between cell membrane and the amine-functionalized substrates. Most cell membrane is 

positively charged; thus positively charged substrates can help anchoring cells onto the 

substrata. Interestingly, more cell adhesion in serum containing medium was observed in 

all samples compared to that in serum-free medium. In particular, the substrates with 

higher surfaces amine groups exhibited dramatic increase in cell adhesion with serum 
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addition. Thus, cell adhesion can be further mediated by serum protein adsorption onto 

the amine-functionalized PPy substrates, suggesting synergistic effects of the presence of 

serum proteins and positively charged surfaces on cell adhesion.  

Furthermore, we tested adhesion of Schwann cells onto the aminated conducting 

polymers. Schwann cells are glial cells found in peripheral nerve system. They play 

pivotal roles in regenerating nerve tissue, which include guidance of axon growth, 

secreting neurotrophins, and providing contacts with neurons/axons. Also, a recent report 

demonstrated that electrical stimulation of Schwann cells through PPy-based biomaterials 

enhanced brain-derived nerve growth factor (BDNF) secretion. Thus, improvement of 

Schwann cells onto conducting substrates could allow for fabricating electrically 

conducting scaffolds for nerve tissue engineering applications. Similar to the fibroblasts, 

more Schwann cell activities were found on the amine-functionalized PPy substrates 

(Figure B.6). APPy-A100 was superior to APPy-A50 in terms of Schwann cell adhesion. 

To study the feasibility to replace a conventional poly-L-lysine (PLL) treatments, we 

have compared Schwann cell adhesion on the APPy films with PLL-treated regular PPy 

films. With treatment of PLL at the concentrations of 5 µg/mL and 50 µg/mL, regular 

PPy (APPy-A0) increased Schwann cell adhesion. Adhesion of Schwann cells on APPy-

A0 treated with 50 µg/mL PLL was significant compared to those from untreated and 5 

µg/mL PLL-treated substrates. APPy-A50 showed similar effects on cell adhesion to 50 

µg/mL PLL-treated APPy-A0. Importantly, Schwann cell adhesion on APPy-A100 was 

significantly higher than other samples. The results demonstrate that the amine-
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functionalized PPy films can replace a common PLL treatment for cell adhesion but also 

can be better than the PLL treatment.  

 

B.4. Conclusion 

Cellular interaction with biomaterials is critical in tissue engineering applications. 

Proper adhesion of cells determines integration of biomaterials. Although conducting 

polymers have been widely used for biomedical applications, poor cell adhesion often 

undermine the utilities of their potentials. By introducing inherent positive charges to PPy 

films, promotion of fibroblasts and Schwann cells were observed. Addition of serum 

could further improve fibroblast adhesion. These amine-functionalized PPy films may 

replace uses of conventional polymeric cations (e.g., PLL). There positively charged 

fibers promoted cell adhesion of Schwann cells. Furthermore, chemical conjugation of 

RDG peptides on the surface amine functionality further promoted Schwann cell 

adhesion. As results, amine-functionalized PPy substrates not only represent cell adhesive 

motif but also serve as a platform to chemically conjugate bioactive ligands. 
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Table B.1 Characteristics of amine-functionalized PPy films synthesized with different 
initial feed ratios.  
 

Copolymer 
Concentration in the 

solution (mM) Conductivity  
(S/cm) 

Water contact 
angle (º) 

Surface amine 
concentration 
(nmol/cm2) Pyrrole AP 

APPy-A0 50 0 (0%) 24±12 83.5±6.0 N/Aa) 

APPy-A50 25 25 (50%) 4.9x10-1±3.3x10-1 77.2±2.5 56 

APPy-A100 0 50 (100%) 3.1x10-3±1.5x10-3 67.3±1.5 421 

a) synthesized without 1-aminopropyl pyrrole 
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Figure B.1 Chemistry for amine-functionalized PPy substrates. (A) Chemistry of 1-

aminopropylpyrrole (AP) synthesis from 1-(2-cyanoethyl) pyrrole. (B) Electrochemical 

synthesis of the copolymers of pyrrole and AP. 
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Figure B.2 Conductivity and water contact angle of amine-functionalized PPy films. (A) 

Conductivities and (B) water contact angles of regular PPy and amine-functionalized PPy 

films and regular PPy films were measured to characterize the functionalized PPy. Three 

samples were tested for each condition. Each bar represents the average ± the standard 

deviation. 
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Figure B.3 High resolution (A) C1s and (B) N1s XPS spectra of the amine-functionalized 

PPy films. The dash lines in (A) and (B) indicates a peak related to C-N+. 
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Figure B.4 Scanning electron micrographs of the amine-functionalized PPy film surfaces. 

(A) APPy-A0 (regular PPy), (B) APPy-A50, and (C) APPy-A100.  
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Figure B.5 Representative fluorescence images of fibroblasts cultured on (A) APPy-A0, 

(B) APPy-A50, and (C) APPy-A100. 2 h after seeding, the samples were incubated in 

calein AM solution to stain cytoplasm of live fibroblasts. Scale bars are 100 µm. 
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Figure B.6 Quantitative cell viability assay of fibroblast adhesion on the amine-

functionalized PPy films. (A) Fibroblasts were seeded onto substrates in either serum-

containing or serum-free medium for 4 h. The fabroblasts were washed with a sterile PBS 

twice to remove unbound cells and incubated with MTS reagents which can be 

metabolized by viable cells to colorimetric products. Each bar represents the average ± 

the standard deviation (SD). n=3. 
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Figure B.7 Adhesion of Schwann cells on the amine-functionalized PPy films and PLL-

treated regular PPy films. Experiments were performed and evaluated in an analogous 

mannter to the fibroblast adhesion study. Each bar represents the average ± SD, and an 

asterisk denotes a statistically significance between two groups (n=3, p<0.05). 
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APPENDIX C. ELECTRICALLY CONDUCTIVE ELASTOMERIC COMPOSITE OF 

POLYPYRROLE AND POLYURETHANE FOR POTENTIAL CARDIAC TISSUE 

ENGINEERING APPLICATIONS 
             

 

C.1 Introduction 

This project was performed as collaboration with Christopher Broda and 

Professor Benjamin Harrison at The Wake Forest University School of Medicine with a 

goal of fabricating electrically conducting and elastomeric biomaterials for the potential 

cardiac tissue applications. 

A myocardial infarction (MI) occurs when the heart’s blood supply is interrupted, 

mainly due to an occlusion of a coronary artery. Under these ischemic conditions and 

myocardium necroses, a fibrous collagen scar forms in its place and can lead to total heart 

failure because the heart is unable to regenerate myocardium [1]. Between 2002 and 2003, 

the leading cause of death in the United States was heart disease with coronary heart 

disease contributing to 1 in 5 deaths of Americans [2]. A promising approach to the 

restoration of heart function is cardiac tissue engineering (CTE). Tissue engineering (TE) 

has been considered promising for the treatment of cardiomyopathy because a damaged 

section of the heart could be replaced by fully functional tissue [3, 4]. However, the 

implications of this prospective therapy are far reaching and much research has been 

focused on replicating native myocardium in vitro.   
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Despite its potential, CTE has many hurdles to overcome, not the least of which is 

finding an appropriate therapeutic cell source. One possible approach is using 

autologously derived skeletal myoblasts (SMs). The SMs have substantial proliferative 

capacity, are more resistant to ischemia than myocardiocytes, and have contractile 

physiology [5]. Importantly, SM have demonstrated myocardial repair capability in a 

variety of therapeutic paradigms with clinical application already reported [6-8]. 

However, a major dilemma is that the SM cell line does not electrically couple well with 

myocardium once introduced into the host’s body. SMs lack certain gap junction proteins 

that are highly expressed in cardiomyocytes [9].  Specifically, connexin43, a gap junction 

protein cardiomyocytes use to propagate the heart’s electrical signal, is down regulated in 

skeletal muscle tissue [10].   

The tissue engineering paradigm of growing cells on a properly engineered 

scaffold with the intention of implantation in the patient provides a possible solution to 

this arrhythmicity dilemma [4].  We postulate that the heart’s intrinsic electrical signal 

could propagate through the electrically conducting scaffolds and thus could prevent 

signal cessation by the gap junction lacking SM neotissue.  To test this hypothesis, a 

biocompatible electrically conductive cellular scaffold with mechanical properties 

germane to myocardial physiology is required. Polypyrrole (PPy) is a well studied 

electrically conductive biocompatible polymer [11-13].  Additionally, PPy has been 

shown to promote SM adhesion, proliferation, and differentiation [14]. Unfortunately, 

PPy is not mechanically stable and would be quickly destroyed in vivo [15]. Thus, 

creating an electrically conductive composite using an elastomer and PPy could produce 
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a material with the desired properties. Polyurethane is an elastomer used in a variety of 

cardiac applications [16, 17] as well as in a number of CTE experiments [18]. An 

electrically conductive elastomeric scaffold could facilitate the electrical communication 

between native cardiomyocytes and engineered SMs allowing for cellular depolarization 

and contraction without the worry of signal cessation.  

Thus, both electrical stimulation [19] and mechanical stimulation [20] can 

modulate and enhance many cellular characteristics of SMs using electrically conductive 

elastomeric scaffolds. Although there have been several attempts to synthesize PPy-PU 

composites [21, 22], their characterization and applicability for CTE including cardiac 

tissue scaffolds has not, to the authors’ knowledge, been explored. Combining the 

electrical properties of PPy with the mechanical resilience of PU to form a 

cytocompatible composite scaffold could be an important hurdle to overcome in the 

pursuit of electrical integration of native myocardium with SM-based cell therapies.  

 

C.2 Materials and Methods 

Carbothane PC-3585A (PU) was generously donated by Lubrizol.  All chemicals 

and disposable tissue culture supplies were purchased from Sigma-Aldrich and BD, 

respectively, unless otherwise noted.  

 

C.2.1 Synthesis of PPy/PU Composites 

The in situ chemical polymerization of PPy in an emulsion mixture with PU in 

CHCl3 (Fisher) to create a composite material was performed based on a modification of 
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a protocol described previously [23]. Pyrrole monomer was purified with activated basic 

alumina before use. 10 % w/v PU was dissolved in CHCl3 at least 24 h prior to use.  An 

emulsion mixture of purified pyrrole in the appropriate weight ratio and PU in CHCl3 was 

created by adding 1% sodium dodecyl sulfate (SDS) (Bio-Rad Laboratories) and 

vigorously stirring for 30 min.  0.3 M FeCl3 was added dropwise via syringe and 21 G 

needle (BD) to the vigorously stirred emulsion solution at a molar ratio stoichiometric 

excess of 2.3 moles FeCl3 to 1 mole pyrrole. Weight ratios reported in this study are 

based on the pre-load of pyrrole. After 3 h in incubation, the reaction was quenched by 

and washed in copious amounts of anhydrous ethanol (Biopharm). Still malleable, the 

composite was pressed to a 1 mm thickness and allowed to set at room temperature under 

a nominal vacuum. Finally, the composite was dried and stored in a vacuum chamber 

until use. A 10% w/v PU in CHCl3 solution was used to solvent cast pure PU films as 

controls in a glass petri dish. These films were allowed to set at room temperature under a 

nominal vacuum and stored under vacuum to ensure solvent vaporization. 

 

C.2.2 Material Characterization of PPy/PU Composites 

Microscopic morphological characterization was performed using a scanning 

electron microscope (SEM) (LEO 1530). Composites were flash frozen and broken to 

image the inner content of the material. If necessary, samples were sputter coated with 5 

nm of platinum/palladium (Ted Pella) using a sputter coater (Cressington Scientific 

Instruments).  Particle sized was analyzed from SEM images using ImageJ software 

(NIH).  At least 100 particles were measured in each composite condition.  



224 

To study electrical properties of various PPy/PU composites, conductivity was 

measured by a conventional four-point probe method under ambient conditions as 

previously described in Section 4.3.3.1. Experiments were performed in triplicate. 

Mechanical properties of the composites were measured using an Instron 5544 

(Instron).  Experimental materials were formed using a 10 mm x 20 mm dog-bone dye 

(n=6).  Samples of the experimental materials were strained longitudinally until 

mechanical failure, force/load was measured.  Each specimen was loaded to failure at an 

extension rate of 10.0 mm/min. Blue Hill software (Instron) was used for data acquisition 

and processing. Young’s modulus, ultimate tensile stress, and strain at failure were 

analyzed using a paired Student t-test. Young’s modulus was calculated from the most 

linear slope of the stress/strain relationship between each sample.   

Spectroscopic analysis was performed using an attenuated total reflected infra-red 

(ATR-IR) spectroscope (Nexus 470) scanning 128 times at a 4 cm-1 resolution.  Acquired 

spectra were processed using OMNIC software for baseline adjustment.    

 

C.2.3 In Vitro Cell Culture 

C2C12 murine myoblasts were purchased from ATCC.  The cells were expanded 

and maintained in Dulbecco's modified Eagle's medium (DMEM, Sigma) medium 

containing 10% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin (Sigma).  

Experimental materials were sterilized by soaking in 70% ethanol for 3 h and 30 min UV 

exposure on each side.  For cytotoxicity tests, C2C12 cells (passage=5) were seeded in 24 

well tissue culture plates. After 24 h in culture, the media was changed, and the 
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experimental materials (n=3) were added. After 48 h in additional incubation, the 

experimental materials were removed and cytotoxicity was assessed using an MTS assay 

kit (Promega).  A plate reader was used to measure the conversion of the tetrazolium salt 

to its colorimetric indicator at a wavelength of 490 nm.   

To study cell growth on the composites and PU, C2C12 cells were directly seeded 

at the density of 2.5×105 cells or 1.0×106 cells per cm2 and cultured in DMEM containing 

10% fetal bovine serum and 1% penicillin/streptomycin for 24 h.  Experimental groups 

were fixed in 2.5% glutaraldehyde for 2 h and dehydrated in a series of graded ethanol 

solutions.  Samples were subsequently critical point dried, sputter coated, and imaged via 

SEM.  

 

C.3 Results  

C.3.1 Synthesis of PPy/PU Composites 

We intended to form a hybrid composite material for CTE by combining the 

electrical conductance from PPy and the mechanical strength from PU, as PPy alone is a 

suboptimal match for a material to replace damaged myocardium despite beneficial 

electrical property.  We selected PU polymers as embedding matrix because they are 

particularly enticing elastomers for use in cardiac tissue engineering [16, 17].  

In order to synthesize a biocompatible composite material with relevant properties, 

a chemical polymerization technique was employed by establishing an electrically 

percolating network of PPy nanoparticles within a base PU polymer. Both PPy and PU 

have been reported to be biocompatible for a number of biomedical applications. 
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Specifically, we employed a common method for composites of PPy particles and matrix 

polymer to create electrically conductive composite materials [11, 23].  As shown in 

Figure C.1, in situ polymerization of pyrrole in the aqueous phase of a biphase reverse 

emulsion mixture with PU/CHCl3 was performed. We produced various composites of 

PPy and PU to study their effects on physical and biological properties. Thus, we varied 

initial molar ratios of Py monomer and PU; 1:5, 1:10, 1:20, and 1:100 w:w composites of 

PPy and PU, respectively. The oxidative chemical polymerization of pyrrole with 

dropwise addition of FeCl3 led to black precipitate from all composites, inferring PPy 

formation. However, it was impossible to delineate between the PPy and PU phases with 

gross observation.  

 

C.3.2 Physicochemical Characterization 

Morphologies of the composites were analyzed using SEM (Figure C.2). In 

particular to examine internal section, the samples were flash frozen and broken in liquid 

nitrogen. Overall, the trans-section of all PPy/PU samples exhibited well-dispersed 

nanosized PPy particles in the PU; however, some aggregates of the particles were found 

from the composites for lower PPy contents (e.g., 1:100, 1:20). We also analyzed sizes of 

the PPy nanoparticles in the different composites. The nanosized PPy particles ranged 

from 140 nm to 250 nm in diameter. There was no statistical difference of particle sizes 

among the composites, indicating that uniform pyrrole emulsion and polymerization 

occurred within our tested ranges of pyrrole and PU ratios and polymer processing (film 

pressing) did not substantially influence particle breaks or aggregation.    
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To characterize the chemical composition of the of the PPy-PU composite 

material, ATR-IR spectroscope was performed.  In all IR spectra of the PPy-PU 

composites, peaks attributed to PU predominate, resulting in very similar spectra from all 

composites to the PU control. These data indicate that the IR signature of PU in the 

composites (and thus mass fraction) dwarf other signatures of chemical elements.  PPy 

has a relatively weak IR chemical signature and is readily masked by the strong infrared 

absorbance of PU.  However, we observed slight differences between the absorptive 

signatures of the PU and composites with relative increases in peak intensities at 1530 

cm-1 (to C=C stretching at the pyrrole ring) to intensities at 1742 cm-1 (carbonyl in PU), 

indicating the presence of PPy in the composites. Also, a slight increasing of absorptive 

intensity are found at 1460 cm-1 and 1280 cm-1, which are attributed to C-C stretching 

and C-N stretching at the pyrrole ring, respectively [24].  . 

Electrical property was analyzed for the PPy/PU composites. As seen in Table 

C.1, the 1:5 PPy:PU composite had the highest conductivity with a conductivity of 

2.3×10-6 (3.0×10-7) S/cm while the 1:100 PPy:PU composite was the least conductive 

composite with a conductivity of 1.0×10-10 (8.0×10-11) S/cm.  The conductivity of PU, a 

known insulator, was not measurable using our conventional four-point probe instrument, 

as expected. Despite being composed primarily of the insulative PU matrix, the emulsion 

mixture polymerization resulted in an electrically integrated network of PPy dispersed 

within the composite materials. These data indicate as the putative mass fraction of PPy 

increases the conductivity of the composite increases in response.  The correlation of PPy 

concentration to conductivity allows for customization to obtain a composite with a 
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desired electrically conductivity. The conductivity reported here is similar to other PPy 

and insulative polymer composites differently produced [25]. For example, 1:20 PPy:PU 

composites in our study showed conductivities of the same order of magnitude (~106 

S/cm) as the same composites made in other group.  

PPy content also affects the mechanical properties of the electrically conductive 

composite (Figure C.4).  The addition of a PPy phase to the PU caused an alteration in 

mechanical properties. Ultimate tensile strength was decreased, on average, by about 

47% with the addition of any weight percent of PPy as no composite values significantly 

differed (p>0.05).  Breaking elongation and Young’s modulus were both altered in a PPy 

mass content dependent fashion. The lowest weight ratio compound, 1:100 PPy:PU, 

demonstrated a 559 (70.2) % breaking length and 9.05 (1.32) MPa Young’s modulus.  

The greatest weight percent composite, 1:5 PPy:PU, demonstrated a 313 (82.8) % 

breaking length and 24.4 (3.73) MPa Young’s modulus showing a correlation of decrease 

in the total elongation length and an increase in material stiffness as the PPy mass ratio 

increased. The decrease in Young’s modulus and breaking elongation can be accounted 

for by the general composite theory that the resultant material shares characteristics of 

both materials. The similar decrease in tensile strength of all composite materials can 

probably be attributed voids and loss of structural integrity the PU base with the addition 

of PPy. This appears probable in considering the contribution of PPy to tensile strength is 

inconsequential when compared to PU. Even at the highest weight ratio of PPy, the 

composite retains mechanical properties similar to other materials used for CTE [3]. 
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C.3.3 Cytocompatibility 

In vitro C2C12 myoblasts culture was performed to test for potential cytoxic 

leachable from the PU:PPy composites. After 48 h in culture with the test samples, cell 

viability was analyzed using MTS reagents. No statistical differences were found 

between the tissue culture control and any experimental group (p>0.05), indicating 

cytocompatibility of the composites (Figure C.5). We have also cultured human dermal 

fibroblasts for a similar cytocompatibility test and found no cytotoxicity of the 

composites (data not shown). These results may be due to the intrinsic biocompatible 

nature of the two primary constituents of the composites, PPy and PU.  The PU 

(Carbothane) used in experimentation was medical grade and has proven 

cytocompatibility and is intended for use for cardiovascular applications. The 

cytocompatibility of PPy was aforementioned [11, 12].  Possible residuals of the reactants, 

such as oxidizing agent (Fe2+/Fe3+), unpolymerized pyrrole monomers, and emulsifier, 

were originally of the authors’ major concerns; however, if present at all, the data 

indicate no obvious deleterious effects from these compounds. 

The C2C12 cells were directly seeded onto the substrates to explore cell adhesion 

and growth for 24 h. As shown in Figure C.6, all the composites of PPy and PU 

supported the cell adhesion and growth. Interestingly, cells cultured on PU aggregated 

rather than spread over the surface.  Also, at the lowest ratio of PPy (1:100), cells did not 

appear to well interact with surfaces compared to those of composites consisting higher 

PPy portions. These differences may result from hydrophobicity of PU. As relatively 

hydrophilic PPy nanoparticles were incorporated more, surfaces were rendered to be less 
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hydrophobic. The cells appear to less adhere and grow on highly hydrophobic surfaces. It 

can be also related with the finding that PU and 1:100 PPy:PU composites represented 

smoother surfaces with few PPy nanoparticles on surfaces. Small effective surface areas 

of these materials may undermine intimate contacts with cells. More importantly, it could 

be indirect evidence that electrically conducting substrates allow for junctions between 

substrates and cells, as we hypothesized. 

 

C.4 Discussion 

The significance of this project centers on the synthesis of a biocompatible 

electrically conductive material with mechanical properties germane to CTE.  Other 

investigators have created electrically conductive biocompatible materials for various TE 

applications [12, 13].  Reflectively few have investigated the interactions of PPy and SM 

and those who have used an electrochemical polymerization which presents processibility 

and scale-ability problems [14].  Some investigators have applied elastomers to CTE 

[18] ) and SM [26]  but none have investigated the combined properties of PU and a PPy 

with SM in a cardiac application.  With this proof-of-concept study, it is required to 

further investigate PPy-PU composites and characterize their interactions with dynamic 

culturing of skeletal myoblasts.  

We have made different approaches to obtain composites of PPy nanoparticles 

and PU. In addition to in situ polymerization of PPy in PU, pre-prepared PPy 

nanoparicles were attempted to have good dispersion of the particles in the PU matrix by 

mechanical agitation and sonication; however, these were inadequate to separate PPy 
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aggregates and resulted in insulative composites (data not shown).  There resultant 

PPy/PU composites demonstrated conductive heterogeneity throughout all loading mass 

percents of PPy. There have been several attempts to fabricate PPy-embedded elastomers 

[11, 22, 25]. However, in each instance, the final product was inappropriate for use in 

CTE due to scalability issues or intrinsic material properties.   

For tissue engineering applications of this composite material, processibility of 

the raw product is important to discuss. After reaction quenching and subsequent washing, 

the PPy:PU composite can be formed into the desired shape.  Following solvent removal, 

the composite retains shape memory and is unable to be furthered process.  Although PU 

is a thermoplastic, heated press manipulation is inappropriate for material processing.  

The melting temperature of the PU used (approximately 216oC) is well above the Tg of 

PPy (approximately 160oC) [15]; temperatures this high effectively impair electrically 

conductive contribution of PPy to the composite.  Processing temperature of 93oC for 

press processing of composites caused a significant loss of electrical conductivity in the 

composite (data not shown). 

 

C.5 Conclusion 

We successfully show that an electrically conductive composite can be 

synthesized via the in situ polymerization of chemical polymerization of PPy in a PU 

emulsion mixture by the drop-wise addition of an oxidant. The resultant PPy/PU 

composites demonstrate elastomeric properties and prove to be intrinsically 

cytocompatible.  The creation of an electrically percolating network within the elastomer 
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opens the door for further experimentation in this novel application of skeletal myoblasts 

for use in CTE.  This technology may overcome the proposed pro-arrhythmogenicity 

dilemma precluding the use of SMs for cardiac therapy. 
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Figure C.1 Schematic of PU:PPy composite synthesis. Pyrrole was emulsified in 

PU/chloroform solution containing SDS with vigorous agitation. Then, by dropwise 

addition of FeCl3, PPy nanoparticles were polymerized in situ. Reaction was quenched 

and the precipitant was washed with ethanol. Composite melt was then molded into films.  
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Figure C.2 Scanning electron micrographs of the sections of PU:PPy composites: (A) 

1:100, (B) 1:20, (C) 1:10, and (D) 1:5. With increase in PPy portions in the composites, 

the numbers of PPy particles were observed. PPy particles interdispersed within the PU 

housing of the composite.  Composites were flash frozen and broken to image the inner 

content of the material.   
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Figure C.3 IR spectra of various PPy:PU composites and PU. 
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Figure C.4 Mechanical properties of PU and various PU:PPy composites: (A) tensile 

strength, (B) breaking elongation, and (C) Young’s modulus.  
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Figure C.5 Normalized metabolic activities of the C2C12 myoblasts cultured on PU and 

PU:PPy composites. Metabolic activities were analyzed using MTS reagents and 

aborbace was measured at 470 nm (n=3).  The plus (+) represents positive controls, 

where additional substrate was added in the growing cells.  
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Figure C.6 Scanning electron micrographs of C2C12 myoblasts directly cultured on PU 

and PPy:PU composites for 24 h. (A) PU, (B) 1:100, (C) 1:20, (D) 1:10, and (E) 1:100. 

The lower magnificiation images (top) demonstrate cellular growth from an initial 

seeding at 2.5×105 per cm2. The higher magnification images (bottom) demonstrate 

cellular growth from an initial seeding at 1.0×105 per cm2. 
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Table C.1 Conductivities of various PPy:PU composites.   

Weight ratio (PPy:PU) Average conductivity (± standard deviation) (S/cm) 

1:5 2.32×10-6 ± 2.97×10-7 

1:10 2.00×10-7 ± 8.17×10-8 

1:20 7.46×10-10 ± 1.88×10-10 

1:100 9.95×10-11 ± 8.03×10-11 
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