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Advanced neural interfacing technologies have the ability to communicate with the central 

nervous system (CNS) and provide researchers with valuable information about the complex 

physiology of the brain. Traditional neural electrodes interact with nervous tissue electrically, 

either through recording or stimulation, but are limited in their potential to chemically interface 

with the CNS. This dissertation describes the development of a conductive neural biomaterial 

with the capability of recording neurochemical signals in addition to providing both immobilized 

and soluble chemical cues to influence cell behavior. 

The material consists of a graphene oxide/conducting polymer (GO/CP) nanocomposite 

deposited onto the surface of metal or carbon electrodes for improved, multimodal interfacing 

capabilities with neurons and neural stem cells (NSCs). The GO/CP nanocomposite 

demonstrated good biocompatibility with neurons and NSCs and improved neuronal 

differentiation and neurite outgrowth as a result of its chemical and morphological properties. 

Additionally, the GO nanosheets present at the nanocomposite surface enabled patterning with 

bioactive molecules to further influence cell growth. The electrochemical properties of the 

GO/CP nanocomposite enabled highly controllable, on-demand drug delivery, and the chemical 

properties contributed by the GO nanosheets created a platform for highly sensitive and selective 

dopamine detection. With an eye toward developing a highly customizable device that 
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incorporates the versatile chemical interfacing capabilities of GO/CP with the electrical 

recording ability of planar multielectrode arrays, this body of work concluded with the 

characterization of an in vitro cultured neuronal network (CNN) damage model for investigating 

the pathobiology of neuronal injury. A crush injury applied to the CNN interrupted the normal 

activity patterns of the network and the addition of NSCs to the injury site demonstrated the 

ability to protect the network from developing dysfunctional circuitry, making the model an 

exciting platform for exploring neuronal regeneration. While the work here focuses solely on the 

potential of the nanocomposite in neural interfacing applications, its uses are not limited to the 

CNS but span all systems in the body and, as a result of its extremely unique chemical and 

electrical properties, extend to fields outside biomedicine. 
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1.0  INTRODUCTION 

While tremendous progress has been made in the fields of neuroscience and neurorehabilitation 

in the past several decades, the brain remains the most uncharted organ in the body. Composed 

of billions of electrically excitable neurons that form precise and intricate connections with each 

other, the brain embodies a high level of complexity that will require decades of work to unravel. 

Advanced neural interfacing technologies that have the ability to interact with the nervous 

system will be able to assist this endeavor by providing information about the physiology 

underlying the complex set behaviors and cognition characteristic to humans. Ultimately, 

advances in this area will generate the knowledge that is necessary to create life-changing 

therapeutics for nervous system damage and disease. The overarching goal of this dissertation is 

to further the efforts towards understanding the enigmatic brain physiology and creating 

therapeutics for injury and disease by developing and characterizing a novel neural material that 

can improve the ability to chemically interface with the nervous system.  

1.1 INTERFACING WITH THE NERVOUS SYSTEM 

Neural interfacing technologies can provide scientists and engineers a window into complex and 

intricate physiology of the brain. Traditionally, glass or metal electrodes have been used to 

record electrical signals from the central nervous system (CNS) in behaving animals, and these 
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types of recordings have been the basis for our current understanding of the neural control of 

behavior and cognition [1-3]. Additionally, neural electrodes are being developed for brain-

machine interfaces that can restore function to the nervous system by electrically stimulating 

dysfunctional circuitry or by translating recorded signals to drive prosthetic devices. The state-

of-the-art neural electrode systems are multi-channel arrays composed of metal that have the 

ability to simultaneously sample from or stimulate populations of neurons [4, 5]. The electrodes 

function by transducing the electrical signals that occur at the neuron-electrode interface, a 

process that is mediated by the transfer of charge between the electrode surface and the 

surrounding electrolyte solution [6]. While great progress has been made for neural interfacing 

devices in their ability to record electrical signals from nervous tissue, these devices lack the 

capability of multimodal interfacing. The goal of this dissertation is to describe a material that 

was developed as a neural electrode modification that will create the means to interface 

chemically with cells in the CNS by providing cues, either immobile or soluble, and by detecting 

neurochemical signaling. The novel nanocomposite material consists of graphene oxide (GO) 

nanosheets embedded in a conducting polymer (CP) matrix that has unique chemical and 

electrical properties amenable to chemical interfacing with nervous tissue. The following 

sections will introduce the unique properties of CPs and GO separately and briefly summarize 

their bioapplications. 

1.2 CONDUCTING POLYMERS 

The first reported synthesis of intrinsically conducting polymers (CPs) occurred in the mid-

nineteenth century when British chemist, Henry Letheby, described the electrochemical 
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oxidation of polyaniline [7]. Since their modern development in the 1970s, CPs have found a 

wide range of applications in electronics [8], fuel cells [9], sensors [10, 11], biointerfacing [12], 

and tissue engineering [13]. Because of their intrinsic conductivity of both electrons and ions, 

CPs lend themselves particularly well to neural interfacing applications, in which responsiveness 

to electrical signaling is a necessary component of interfacing materials [14-19]. Two of the most 

commonly studied CPs, and the two which will be the focus of this dissertation, are polypyrrole 

(PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 1.1). 

 

 

Figure 1.1. Structure of CPs (a) PEDOT and (b) PPy. Both have the characteristic conjugated π 

backbone that is partially responsible for the conductivity of the polymers.  

 

1.2.1 Synthesis 

One of the attractive properties of CPs is their inexpensive and facile processing, which can be 

carried out either chemically or electrochemically. The polymerization reaction is induced by 

oxidation of the monomers in solution and then proceeds by free radical polymerization to create 

insoluble polymer precipitates [20]. Chemical polymerization utilizes strong oxidizing agents, 
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such as ammonium peroxydisulfate, permanganate ions, or hydrogen peroxide, that are either 

added in bulk to a solution of monomer to create a CP suspension, or coated onto a surface to 

induce the formation of a thin CP film [21]. In general, chemical polymerization of CPs is 

beneficial for applications in which large quantities of polymer are desired because of the 

scalability of the reaction; however, poor control over the uniformity of the final CP product 

limits the use of this method for applications requiring thin films. On the other hand, 

electrochemical polymerization of CPs is a highly controllable reaction and is more widely used 

for creating thin films of polymer. In this method, an oxidizing current or voltage is passed 

through an electrode immersed in an electrolyte solution of monomer to initiate free radical 

polymerization, and the synthesized CP deposits preferentially at the electrode surface to create a 

thin film. All of the work described in this dissertation utilizes electrochemical synthesis of thin 

CP films at the surface of electrodes and, as such, will be the focus here. 

The benefit of electrochemical polymerization lies in the ability to finely control the type 

of electrical stimulation applied through the electrode, which will ultimately lead to a high level 

of control over the properties of the synthesized polymer film. In general, there are three 

methods of electrochemical deposition: potentiodynamic, potentiostatic, and galvanostatic [22]. 

In the potentiodynamic method, the electrode potential is cycled through a wide range that 

includes the oxidation potential of the monomer. When the electrode potential surpasses the 

oxidation potential, polymer is synthesized and deposited at the electrode surface, and when the 

potential is swept back below that potential, deposition ceases, resulting in a thin layer of 

polymer. As the deposition continues, additional thin layers are deposited onto the surface of the 

previous layer, enabling control over the final thickness of the CP film. However, the repeated 
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cycling allows solvent molecules to be entrapped between layers of the CPs, creating a 

disordered structure in the final CP film.   

Alternately, the potentiostatic and galvanostatic methods hold the electrode potential or 

current, respectively, at a point above the oxidation potential of the monomer during the entire 

duration of the synthesis. In these methods, CP is continuously deposited onto the surface of the 

electrode and the thickness and morphology of the final film is controlled by the total length of 

the deposition and the magnitude of applied electrical stimulation [14, 23]. The polymerization 

reaction can be described by the following equation: 

 

(𝑛𝑛 + 2)𝐻𝐻𝐻𝐻𝐻𝐻 → 𝐻𝐻𝐻𝐻(𝑀𝑀𝑛𝑛)𝑀𝑀𝐻𝐻(𝑛𝑛𝑛𝑛)+ + (2𝑛𝑛 + 2)𝐻𝐻+ + (2𝑛𝑛 + 2 + 𝑛𝑛𝑛𝑛)𝑒𝑒−            (1) 

 

where HMH is the starting species, and x is the doping level of the specific CP, which generally 

falls between 0.25 and 0.4 [22]. According to Equation (1), the amount of polymer formed 

during the reaction is directly related to the number of electrons consumed during the reaction. 

As such, controlling the current during CP deposition by using the galvanostatic method provides 

the most reliable means of controlling the CP film growth because the current is fixed at a 

particular magnitude for the duration of the reaction. On the other hand, with the potentiostatic 

method, the current can fluctuate throughout the course of the deposition reaction, resulting in 

inconsistencies in the total amount of charge passed during a particular time period and a 

decrease in the repeatability of the reaction. While the galvanostatic method has the benefit of 

repeatability, the potentiostatic method has been demonstrated to produce CP films that exhibit 

higher conductivity and lower impedance that possibly results from a larger surface area created 

during the non-uniform deposition [24]. Each of the deposition techniques exhibit benefits and 
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drawbacks, but ultimately, the electrochemical synthesis methods provide a huge level of control 

over the final film properties, allowing the CPs to be tailored to a wider array of potential 

applications. 

1.2.2 Electrical Properties 

CPs are unique among polymeric materials because they exhibit intrinsic conductivity, while 

most other polymers are insulating in nature.  The excellent ability of CPs to conduct electrical 

current was first explored in the 1970s with the characterization of polysulfur nitride and 

polyacetylene. These early studies found that these polymer materials could behave like metals, 

and their conductivity could be increased by orders of magnitude after oxidation into their 

polymeric cation form [25-27]. The conductivity of CPs arises from 1) their conjugated 

backbone, and 2) the formation of polarons and bipolarons in their structure as the ionized 

backbone is neutralized by ionic dopant molecules.  

The conjugated structure consists of alternating single and double bonds between the 

carbon atoms in their backbone. The double bonds in the structure contain delocalized π-bonds 

that overlap and can share electrons, creating a continuous supramolecular orbital though which 

the electrons freely move [28]. In parallel to the conjugated structure, the doping process of the 

CP improves its conductivity. During synthesis by electrochemical oxidation, the CP is produced 

in its ionized form, with net positive charges accumulating on its backbone. Any negatively 

charged species present in the aqueous polymerization environment moves into the growing CP 

to neutralize the charge and stabilize the CP structure. This dopant molecule then creates holes in 

the electronic structure of the CP and creating polarons and bipolarons, mobile charge carriers 

consisting of loosely localized electrons surrounded by lattice distortions [29]. When an 
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electrical voltage is applied to the CP film, the polarons and bipolarons move, leading to the 

passage of current through the polymer. The conductivity of CPs can vary hugely, and is largely 

dependent on the type of dopant molecule or synthesis method used [22, 24, 30, 31]. 

1.2.3 Redox Properties 

A unique property of CPs is their ability to switch between their oxidized and reduced forms in 

response to electrical stimulation. After synthesis via galvanostatic or potentiostatic methods, the 

CP exists in its oxidized state, carrying positive charges on its backbone that are balanced by 

negatively charged dopant molecules. With the application of a reducing voltage potential, the 

CP will switch to its reduced state and small, mobile anionic dopants will exit the film as the 

backbone neutralizes [28]. In the case where CP has been doped with large, immobile dopants 

that are sterically restricted from moving out of the film, cations will instead move into the film 

to neutralize the immobile dopant during CP reduction. The reversible redox properties of CPs 

have been used as a method to achieve controllable release of various drug molecules for 

applications in biomedicine [32-37]. 

1.2.4 CP Bioapplications 

The type of dopant molecule used in CP systems can have a huge impact on both the electrical 

and physiochemical properties of the CP film. A wide range of different dopants have been 

investigated for CP applications, from small ions such as chloride or phosphate, to large 

polymers such as poly(styrenesulfonate) (PSS), and bioactive molecules such as hyaluronic acid 

and nerve growth factor [38-44]. Because of the versatility of potential dopant molecules and the 
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consequent ability to control the electrical, morphological, and chemical properties of the 

resultant film, CPs have been widely investigated as customizable substrates for a variety of 

biomedical applications [10, 13, 34, 45-47].  

In the past decade, CPs have generated excitement within the field of neural engineering 

because their unique electroactivity opens the possibility of interfacing with the electrically 

excitable cells of the CNS [16]. Neural electrodes coated with CPs exhibit a much rougher 

surface morphology that creates a larger effective surface area and can lead to improved 

electrical properties. Ideal neural electrodes have a very small size profile that will enable single 

cell interfacing and reduce damage that occurs during insertion into tissue [5]; however, as their 

size decreases, their electrochemical impedance increases, reflecting the smaller surface area that 

will result in low signal-to-noise ratios [4, 48]. Electrochemical impedance spectroscopy, a 

common method of measuring the charge transfer that occurs at an electrode surface, indicates 

how well a particular electrode will perform and is often used as a method to evaluate neural 

electrodes. After being coated with CP, electrodes can exhibit decreases in impedance by an 

order of magnitude or more, reflecting the potential of these modifications to create improved 

interfaces for neural recording [14, 15, 17, 19, 41, 49]. A common problem faced during chronic 

neural recordings in vivo is the inflammatory tissue response that ultimately leads to the failure 

of the implanted electrode [5]. However, CPs can be doped with bioactive molecules that combat 

this reaction and have the potential to improve the lifespan of implanted electrodes [16, 38, 40, 

42, 50]. In sum, the ability to create high surface area interfaces with favorable electrical 

properties, along with their ease of customization, have rendered CPs a popular material for uses 

in neural interfacing. 
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1.3 GRAPHENE AND GRAPHENE OXIDE 

Carbon nanomaterials and graphene family materials, in particular, have been widely 

investigated in recent years for a variety of applications in electronics, optics, and medicine 

because of the unique properties that arise from their nanostructures. Graphene (G) is the basic 

unit of all carbon materials and is composed of a tightly packed honeycomb carbon lattice that is 

exciting because of its 2-dimensional structure. First synthesized in 2004, true G measures a 

single atom in thickness (ca. 0.3 nm), leading to its quantum behavior that creates exceptional 

conductivity, mechanical strength and optical properties [51]. To produce G, several methods 

have been used, with chemical exfoliation of graphite becoming popular because of its low cost 

and scalability, and because it creates an opportunity for chemical modification that allows for a 

wider range of applications [52]. In reality, the chemical method of synthesis creates a product 

that is not true, pristine G because it contains residual oxygen functional groups, but it exhibits 

similar properties and can be processed as a colloidal solution, which improves the ease of 

handling. The chemical exfoliation method is carried out by oxidizing graphite platelets with 

strong oxidizing agents, such as sulfuric acid and potassium permanganate, to create graphite 

oxide [53, 54]. The oxidation reaction creates multiple oxygen containing functional groups on 

the graphite oxide layers, and results in a stacked structure of hydrophilic graphene oxide (GO) 

nanosheets that are intercalated by water molecules and can be easily mechanically exfoliated 

with sonication treatment into few-layer or single nanosheets measuring from hundreds of 

nanometers to a few microns in diameter (Figure 1.2). By itself, GO is an insulating material 

because the ballistic electron transport that is observed in G is interrupted by defects in the lattice 

structure formed during the addition of oxygen functional groups. However, GO can be further 

processed into reduced GO (RGO) through chemical, thermal or electrochemical reduction to 
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produce a final product that has similar properties to G. While this chemical synthesis method 

was originally intended to create the final conductive RGO product as an analog to G, much 

attention has been focused on the intermediate GO after the observation of its interesting 

chemical properties and ease of functionalization. 

 

 

Figure 1.2. GO is a Single-Layered Nanosheet. Atomic force microscopy image of exfoliated GO 

sheets and corresponding height profiles showing the sheet-like structure of the nanomaterial and its single 

atomic layer thickness (ca. 1 nm). Image reproduced with permission from [55] © 2007 Elsevier. 

 

1.3.1 GO Structural and Chemical Properties 

While the structure of GO is still under debate, it is generally accepted that during the oxidation 

from G, several types of oxygen functional groups are added to the structure, creating mixed 

domains of sp2- and sp3-bonded carbon (Figure 1.3) [53, 56]. The most widely accepted 

structural model of GO is the Lerf-Klinowski model that includes hydroxyl (C-OH) and epoxide 

(C-O-C) functional groups, with a lesser amount of carboxyl (C-O-OH) functional groups 
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localized to the edge of the sheets [57], though other models have recently emerged to include 

lactol rings and tertiary alcohols [58]. The oxygen content of GO can vary considerably 

depending on the method of oxidation and may be a contributing factor to the dissension over its 

structure [53]. 

 

 

Figure 1.3. Structure of GO Based on a Variation of the Lerf-Klinowski Model. The honeycomb 

carbon structure exhibits domains of sp2-bonded carbon (blue) interspersed with sp3 carbon bonded with 

oxygen (red). GO contains carboxyl, epoxide and hydroxyl functional groups that endow the nanomaterial 

with a high level of chemical reactivity. Image adapted with permission from [53] © 2010 The Royal Society 

of Chemistry. 

 

The functional groups on the GO structure have the benefit of adding chemical reactivity 

to the nanomaterial, which renders it suitable for a variety of applications, especially in the field 

of chemistry and bioscience. With its highly reactive structure, GO has been explored for use as 

a metal-free catalyst in synthetic reactions and electrochemistry [59, 60]. The “carbocatalyst” 

demonstrates catalytic oxidation of alcohols and alkenes, hydration of alkynes, and ring opening 

of epoxides [61, 62]. Along with its catalytic activity, the unique chemistry of GO can 
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additionally be used as a method to functionalize the nanomaterial to create biohybrids for 

medical applications. Both the carboxyl group and the epoxide group are amenable to simple 

reactions that can be utilized to introduce small molecules or polymers onto the structure of GO 

[53, 63, 64]. The existing sp2 domains on the GO structure not interrupted by functional groups 

during oxidation can participate in non-covalent interactions such as π-π stacking or van der 

Waals interactions and have been utilized as additional methods of functionalizing the 

nanomaterial. By taking advantage of the ease of covalent and non-covalent modifications, GO 

nanosheets have been functionalized with a variety of molecules, for example, polyethylene 

glycol (PEG) and other polymers to improve dispersibility and biocompatibility, folic acid or 

magnetic particles for targeted drug delivery, fluorescent probes for cellular imaging, and 

aptamers, enzymes or DNA for biosensor applications [63-65]. 

1.3.2 Neural Engineering Applications 

Within the field of neural engineering, much recent work has focused on adapting the exciting 

electrical and chemical properties G and GO to create functional neural electrodes or to drive the 

behavior of neurons and NSCs. There has been interest in fabricating G-based neural recording 

electrodes because of the exceptional conductivity of the material that arises from the entirely 

sp2-bonded carbon structure, which creates a delocalized π-electron orbital that extends over the 

entire nanomaterial allowing for the ballistic transport of electrons [66]. Additionally, RGO can 

be formed into flexible, freestanding conductive ribbons, which could be of use in in vivo neural 

recording applications where compliant electrode designs are being pursued in order to reduce 

inflammatory tissue reaction [67, 68]. A flexible G electrode incased in insulating 

polydimethylsiloxane (PDMS) has demonstrated the ability to record electrical signals from both 
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cardiac and neural cells with a high signal-to-noise ratio [69]. Alternately, metal neural recording 

electrodes were modified with layers of G and exhibited lowered impedance and increased 

conductivity that suggests the modified electrode would perform well in neural recording 

applications [70]. Conductive G and RGO substrates have additionally been used as substrates 

for neuron growth and have demonstrated biocompability [71-74], the potential for patterned cell 

growth [75], and the ability to improve neuron cell-cell interactions with the application of weak 

electric fields [76]. A recent intriguing study found that NSCs differentiated on the surface of G 

electrodes exhibited not only an improved amount of differentiation to the neuronal lineage, but 

also improved functional maturation into electrically active neurons [77]. This work indicates 

that the conductive substrate may provide cues to the developing cells that reinforce their 

electrical connections and may have implications for neural tissue engineering and regeneration 

applications.  

While the potential of G and RGO has been investigated for tissue engineering, very few 

studies have evaluated the use of GO for this application. Neurons growing on the surface of GO 

modified with amine groups [78] or choline-like units [79] exhibited healthy morphology and 

neurite extensions without reduced viability, indicating that these modifications create 

biocompatible scaffolds based on GO nanomaterials and these studies demonstrate their potential 

for neural tissue engineering.  

1.4 DISSERTATION ORGANIZATION 

The work described in this dissertation explores a GO/CP nanocomposite as a material for 

communicating with cells in the nervous system. While CPs have been extensively studied as 
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neural interfacing materials over the past decade, and several recent studies have evaluated the 

use of G/GO nanomaterials for neural tissue engineering, few have evaluated the potential of 

GO/CP nanocomposites for interacting with the nervous system. By creating a composite of 

these two materials, the chemical functional groups present on the GO that can be utilized for 

functionalization or chemical catalysis are combined with the unique electrical and redox 

properties of the CP, and the result is a highly versatile neural interfacing material that has 

multiple applications.  

In Chapter 2 and Chapter 3, neurons and NSCs are seeded on the surface of a 

GO/PEDOT nanocomposite to evaluate its potential as a scaffolding material for neural tissue 

engineering. These chapters additionally demonstrate a simple, yet effective, method of 

immobilizing bioactive cues onto the surface of the nanocomposite film using carbodiimide 

chemistry. The results of the experiments indicate that the GO/PEDOT nanocomposite has 

potential as a scaffolding material for both neurons and NSCs. This work has implications in 

tissue engineering applications where controlled cell growth or differentiation is necessary to 

achieve a desired therapeutic effect. The work described in Chapter 2 was published in [80] and 

is reproduced by permission of The Royal Society of Chemistry. 

Chapter 4 demonstrates that conventional CP drug release systems can be significantly 

improved with the addition of GO nanosheets as co-dopants in the drug-loaded CP film synthesis 

reaction. The unique structure of the GO nanosheets enables an increase in the amount of drug 

loaded into the film, and creates a means to fine tune the release properties of the drug delivery 

platform. These results have implications in clinical applications where precise, temporally 

controlled drug delivery can minimize systemic side effects and maximize drug effectiveness. 
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The work in this chapter was published in [81] and is reproduced by permission of the American 

Chemical Society.  

In Chapter 5, the GO/PEDOT nanocomposite was evaluated for its potential as a 

dopamine (DA) sensor.  Glassy carbon electrodes modified with the nanocomposite detected DA 

with a higher level of sensitivity and reduced the amount of interference from a competing 

analyte. The unique structure of the GO nanosheets created a chemical environment at the 

electrode surface that resulted in the improved detection properties. The promising results of this 

work suggest that the GO/PEDOT composite may be applied to in vivo chemical detection 

applications, were current devices suffer from poor sensitivity to the low physiological levels of 

DA present in the brain.  

Finally, Chapter 6 characterizes an in vitro model of neuronal injury and regeneration 

that integrates electrophysiological recordings to monitor the changes in neuronal firing patterns 

in response to injury. Preliminary work suggests that the injury model has potential use as a lab-

on-a-chip method for testing pharmaceuticals and cell therapies, or as a platform to gain basic 

knowledge about cellular processes that occur following brain injury. This work provides the 

foundation for the development of a multifunctional device consisting of a multielectrode array 

(MEA) with GO/PEDOT-modified electrodes capable of simultaneous electrical and chemical 

recordings, drug delivery, and surface patterning. 

The work presented in this dissertation demonstrates the huge amount of versatility the 

GO/CP nanocomposite embodies, with applications in cell scaffolding, drug delivery and 

chemical sensing, among others. While the work here focuses solely on the potential of the 

nanocomposite in neural interfacing applications, its uses are not limited to the CNS, but span all 

 15 



systems in the body and, as a result of its extremely unique chemical and electrical properties, 

extend to fields outside biomedicine. 
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2.0  PURE GRAPHENE OXIDE DOPED CONDUCTING POLYMER 

NANOCOMPOSITE FOR BIO-INTERFACING 

2.1 INTRODUCTION 

With advances in the preparation and characterization of graphene (G) and graphene oxide (GO), 

there has been exponentially growing interest in these materials because of their outstanding 

electrical, physical and chemical properties [82-84]. The application of G [85-90] and GO [91-

94] for interacting with biological systems has only recently been explored, though it has

demonstrated great potential for fields such as biosensing, tissue engineering, and drug delivery 

[64, 65]. To date, studies evaluating the biocompatibility of G and GO have been inconclusive, 

with some reports demonstrating severe dose-dependent toxicity [95, 96], while others indicate 

that G nanomaterials may enhance cell growth [93, 97]. These conflicting results suggest that the 

biocompatibility of G and GO depends heavily on their specific chemical and physical states as 

well as their preparation methods, and further investigation is warranted [98, 99]. 

Another class of conductive organic material, conducting polymers (CPs), has been 

extensively studied in biological and biomedical fields such as biosensors, neural tissue 

engineering and neural electrodes [17, 46, 49, 100, 101]. In these applications, it is desired to 

immobilize biomolecules to the polymer in order to impart functionalities specific for interfacing 

with the biological systems. Such modification often requires the substrate material to have at 
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least one derivatizable functional group, which many of the CPs, such as 

polyethylenedioxythiophene (PEDOT), lack. In order to add functional groups to PEDOT, 

generally two strategies have been adopted. One is the direct addition of functional groups to the 

monomer 3,4-ethylenedioxythiophene (EDOT), followed by polymerization of the modified 

EDOT monomer [102-108]. This method requires tedious synthesis and purification procedures 

for the modified EDOT monomers, and the added functional groups may pose electronic and 

steric limitations during polymerization [109]. The other strategy is the copolymerization of 

EDOT with other monomers or molecules that possess functional groups [110-112]. Although 

considerably simple, this method is still unsatisfactory because the existence of these molecules 

may impair the conductivity and stability of the resultant PEDOT. Another method of imparting 

bioactive function to PEDOT is to dope the polymer with the bioactive molecules directly. 

Peptides, drugs and proteins have been directly incorporated in PEDOT for neural interfacing or 

controlled drug delivery [38, 101, 113, 114]. However, only negatively charged biomolecules 

can be used as dopants and most of them are poor dopants because of their weak charge and 

large size. Poor dopants lead to difficulty in electropolymerization and low conductivity of the 

resulting polymer. Furthermore, the biomolecules are entrapped throughout the film, limiting the 

exposure of the functional domain at the surface. 

GO possesses many oxygen containing functional groups, such as carboxyl, hydroxyl and 

epoxide, rendering it hydrophilic and dispersible in aqueous solutions [53, 115, 116]. This 

property, along with its abundance of negatively charged carboxyl groups, makes it an excellent 

dopant for the electropolymerization of conducting polymers. Additionally, GO has recently 

been shown to act as a promoter of neuronal growth and maturation, making it an interesting 

candidate as a neural interfacing material [73, 117, 118]. CP/GO nanocomposites have exhibited 
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favorable electrical properties, energy storage and stability [90, 119]; however, the performance 

of GO/PEDOT nanocomposites as biomaterials has yet to be substantially characterized. In this 

work, we report the straightforward electrochemical synthesis of a PEDOT material doped 

exclusively with GO and demonstrate its in vitro compatibility with neuronal cells. The GO 

sheets are partially entrapped by PEDOT on the surface of the nanocomposite and many of the 

carboxyl functional groups of GO on the surface are exposed freely, enabling biomolecule 

decoration on the GO/PEDOT film surface via carbodiimide conjugation. We achieve successful 

covalent immobilization of peptide RNIAEIIKDI (p20), the functional neurite outgrowth domain 

of extracellular matrix protein, laminin [44, 50, 120, 121], and this immobilization procedure 

may be universally applied to bioactive proteins and peptides for a variety of bio-interfacing 

applications. 

2.2 MATERIALS AND METHODS 

2.2.1 Materials 

Graphite powder was purchased from Bay Carbon Inc. (SP-1, Bay City). 3,4-

Ethylenedioxythiophene (EDOT), poly(sodium-4-styrenesulfonate) (PSS, MW ~ 70,000), 

phosphate buffered saline (PBS, pH 7.4, 10 mM sodium phosphate and 0.9% NaCl), 

glutaraldehyde (25% in H2O), osmium tetroxide (OsO4, 4 wt.% in H2O), hexamethyldisilazane 

(HMDS), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and N-Hydroxysuccinimide 

(NHS) were purchased from Sigma-Aldrich. The peptide RNIAEIIKDI (p20) was synthesized at 
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the University of Pittsburgh Peptide Synthesis Facility. All other chemicals were of analytical 

grade, and Milli-Q water from a Millipore Q water purification system was used throughout.     

2.2.2 Electrodeposition  

GO was synthesized through the oxidization of graphite powder according to the modified 

Hummers method [54, 122], and characterized using transmission electron spectroscopy (TEM) 

(JEOL JEM-2100F). GO/PEDOT films were electrodeposited onto platinum/iridium (Pt/Ir) 

microelectrodes (standard tip, diameter: 2-3 µm, MicroProbes, Gaithersburg, MD) for 

electrochemical characterization or gold sputtered plastic microscope coverslips (macroelectrode 

area: 0.38 cm2) for surface characterization and cell culture using a Gamry Potentiostat, 

FAS2/Femtostat (Gamry Instruments, Warminster, PA) with Gamry Framework software. A 

conventional three-electrode system with the Pt/Ir or gold electrode acting as the working 

electrode, a platinum foil as the counter electrode, and a silver/silver chloride (Ag/AgCl) 

reference electrode (CH Instruments, Austin, TX) was used.  The GO/PEDOT was 

electropolymerized from an aqueous solution containing 0.02 M EDOT and 10 mg mL-1 GO. 

PEDOT/PSS films were synthesized from an electropolymerization solution containing 0.02 M 

EDOT and 0.1 M PSS. A constant potential of 1.0 V was applied to achieve a charge density of 

200 nC total for microelectrodes or 100 mC cm-2 for macroelectrodes.                                 

2.2.3 Modification of GO/PEDOT with p20 

The peptide p20 was covalently immobilized on the surface of the GO/PEDOT coated electrodes 

through an amine reaction between carboxyl groups on the GO and amine groups on the peptide. 
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The GO/PEDOT electrodes were incubated in a solution of 0.2 mg mL-1 p20, 0.2 M EDC and 0.2 

M NHS in sterile H2O for 3 h at room temperature, and then thoroughly washed with sterile PBS 

to remove any free p20, EDC or NHS. In another set of samples, GO/PEDOT films were 

incubated with p20 in the absence of EDC/NHS as a control for physical adsorption. The amount 

of p20 on the surface of the covalently modified GO/PEDOT film was quantified using amino 

acid hydrolysis followed by high performance liquid chromatography as previously described 

[44]. 

2.2.4 Electrochemical Impedance Spectroscopy 

The electrochemical impedance spectroscopy (EIS) was measured with an Autolab 

potentiostat/galvanostat, PGSTAT128N (Metrohm Autolab) with Nova 1.8 software using a 

three-electrode system with a platinum foil counter electrode and Ag/AgCl reference electrode. 

The EIS was measured in PBS in the frequency range from 10 Hz to 100 kHz using an 

alternating current sinusoid of 20 mV in amplitude with the direct current potential set to 0 V.  

2.2.5 GO/PEDOT Film Surface Analysis 

The surface of PEDOT/GO films was characterized using Fourier transform infrared (FTIR) 

spectroscopy, scanning electron microscopy (SEM) and x-ray photoelectron spectroscopy (XPS). 

FTIR measurements were carried out using a Bruker Vertex 70 spectrometer equipped with a 

Hyperion 2000 microscope. A 20x attenuated total reflectance (ATR) objective was employed to 

record the spectra of deposited thin films. The ATR spectra were converted to transmittance 

spectra via the standard method within the spectrometer operation software package, OPUS 6.5.  
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The surface morphologies and microstructures of the GO/PEDOT films were examined 

with an XL30 SEM (FEI Company) operated at 10 kV. Samples with neurons growing on the 

surface were analyzed with the same SEM, but at a lower operating potential of 5 kV. Samples 

with cells were treated with 2.5% glutaraldehyde and 1% OsO4, both for one hour in sequence, 

followed by dehydration. The dehydration was performed by soaking the samples in 30% and 

50% ethanol in PBS, 70% and 90% ethanol in water, and 100% ethanol in sequence for 15 min 

each, followed by immersion in HMDS for 15 min. 

XPS analysis of GO/PEDOT films after treatment with p20 in the presence or absence of 

EDC/NHS was performed with a K-Alpha XPS system (Thermo Scientific) equipped with a 

monochromated Al Kα source (1486.68 eV). High resolution scans of the C1s and N1s regions 

were taken at two locations on each sample. 

2.2.6 Primary Neuron Culture 

GO/PEDOT coated macroelectrodes were fixed to the surface of 24-well culture plates with 

Kwik-Sil (World Precision Instruments) and sterilized with exposure to UV light for 15 min. 

Following sterilization, the polymer surfaces were washed with sterile PBS. Cortical tissue was 

isolated from E18 Sprague-Dawley rat embryos and treated with 0.025% Trypsin in a digestion 

buffer containing 137 mM NaCl, 5 mM KCl, 7 mM Na2HPO4, and 25 mM HEPES. Neurons 

were dissociated with gentle tritruation and maintained in Neurobasal medium (Invitrogen, 

21103-049) supplemented with B27 (Invitrogen, 17504-044), GlutaMax (Invitrogen, 35050-061) 

and Antibiotic-Antimycotic (Invitrogen 15240-062). For neuron growth assays, cells were 

seeded on GO/PEDOT and PEDOT/PSS surfaces at a density of 100k cells per electrode and 

grown for 3 days. For neuron viability and death assays, polymer samples were cut to fit into 96-
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well plates and seeded with neurons at a density of 10k per well. For the cell cultures intended to 

assess the p20 functionalization on GO/PEDOT films, similar procedures were followed. In 

order to measure the neurite length easily by preventing the formation of very long and 

interconnected neurites, neurons were seeded on the GO/PEDOT surfaces at a density of 100k 

cells per electrode and grown for only 24 h before fixation and immunocytochemical analysis. 

2.2.7 Immunofluorescence Staining and Quantification 

Neurons growing on the polymer surfaces were fixed in 4% paraformaldehyde in PBS for 15 min 

and washed several times with PBS. The cells were immersed in a blocking buffer (5% goat 

serum/0.2% triton-X in PBS) for 20 min followed by incubation in mouse monoclonal antibody 

against β-III-tubulin (TuJ1, 1:1000, Sigma) for 1 h. After washing in PBS, the cells were 

incubated in goat anti-mouse Alexa Fluor 488 (1:1000, Invitrogen) secondary antibody for 1 h, 

washed in PBS and counterstained for nuclei using Hoechst 33342 (Invitrogen). 

TuJ1-immunoreactive cells were imaged using a fluorescence microscope. For each 

experimental group, 10 random 10x images were collected from each sample (n = 3). Neuron 

density was quantified by counting the number of TuJ1-immunoreactive cells that extended at 

least one neurite that measured longer than the width of the cell body. Neurite analysis was 

performed using the NeuronJ plugin for ImageJ (http://rsbweb.nih.gov/ij/). Neurites extending 

from each TuJ1+ cell body were traced and measured, and the average neurite length was 

calculated.  
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2.2.8 Neuron Viability and Toxicity Assay 

The viability of neurons growing on the GO/PEDOT composite and PEDOT/PSS films, as 

indicated by their mitochondrial activity, was assessed with the MTT Cell Proliferation Assay 

Kit (Molecular Probes). The ratio of absorbance signal at 570 nm to 630 nm (reference 

wavelength) was used to assess metabolic activity. All polymer samples were normalized to a 

blank containing the polymer sample with no cells, and compared to a positive control 

containing cells growing on the tissue culture polystyrene (TCP) well surface.  

Percentage of cell death was assessed using the propidium iodide (PI) assay. PI fluoresces 

after binding to the nuclear material of dead cells, while the plasma membrane of healthy cells 

excludes the dye. Polymer samples were prepared and neuron culture performed as in the MTT 

assay. Fluorescence was evaluated in a spectrometer with an excitation at 530 nm and emission 

at 618 nm. Polymer samples were normalized to controls containing the same polymer with 

100% dead cells, and compared to cells growing on the TCP control surface. 

2.2.9 Statistical Analysis 

All statistical analyses were carried out in SPSS software. Student’s t-tests were utilized for 

comparisons of two experimental groups and one-way analysis of variance (ANOVA) tests 

followed by Bonferroni’s post hoc analysis were utilized for comparisons of more than two 

experimental groups. Statistical significance was considered for p < 0.05 (*) and p < 0.01 (**). 

All data is presented as the mean (± SEM). 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Synthesis and Characterization of GO/PEDOT Film 

GO was synthesized using the modified Hummers method and its microsheet morphology was 

confirmed with transmission electron microscopy (TEM) (Figure 2.1). For GO/PEDOT film 

synthesis, electropolymerization of EDOT was carried out in aqueous solution containing only 

EDOT and GO. 

 

 

Figure 2.1. TEM Micrograph of the Prepared GO. 

 

No additional electrolyte was used in order to avoid the involvement of any dopant other 

than GO. In the presence of the negatively charged GO, EDOT could be successfully 

electropolymerized on the electrode surface, indicating that GO, itself, acts to sufficiently dope 

the polymer film. To maintain a conductive polymerization solution, a GO concentration of 10 

mg mL-1 was utilized. Because solutions containing lower amounts of GO resulted in slower or 

 25 



less charge passage during the polymerization reaction, a high concentration of GO was selected 

to ensure adequate film growth. The resulting film is uniform, and the incorporated GO created a 

network-like surface morphology (Figure 2.2). 

 

 

Figure 2.2. SEM images of the Electrodeposited PEDOT/GO. Images illustrate the rough, network-

like morphology of the surface. The film was electropolymerized at 1.0 V for 600 s in 0.02 M EDOT solution 

containing 10 mg mL-1 GO. Scale bar in (a) is 5 µm. Scale bar in (b) is 1 µm. 

 

FTIR analysis of the synthesized GO sheets and the GO/PEDOT films verified successful 

incorporation of GO into the film (Figure 2.3). Pure GO exhibits peaks at 3396 cm-1, 1726 cm-1, 

1404 cm-1, 1283 cm-1, and 1058 cm-1 that represent carboxylic O-H stretching and vibration, 

carboxylic C=O stretching and vibration, O-H deformation, epoxy C-O stretching and vibration, 
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and alkoxy C-O stretching and vibration, respectively [90, 123]. The spectrum of the 

electrodeposited GO/PEDOT nanocomposite contains the characteristic peaks for C=O 

stretching and vibration of carboxyl groups at 1744 cm-1 and O-H deformation at 1410 cm-1. The 

PEDOT polymer does not contain either carboxyl or hydroxyl functional groups, so these must 

be attributed to GO, the sole dopant in the polymerization solution, indicating that the GO sheets 

have been successfully incorporated into the polymer film. Notably, the presence of the 

carboxylic carbonyl peak indicates that the film contains carboxylic acid functional groups 

provided by the GO sheets that can be utilized for biomolecule immobilization with 

carbodiimide cross-linking. The carboxylic O-H stretching and vibration band that should be 

apparent around 3400 cm-1 is absent in the GO/PEDOT spectrum, and is likely obscured by the 

tail of the ~ 1 eV bipolaron absorption band, a typical attribute of conductive polymers [41].   

 

 

Figure 2.3. FTIR Spectra of GO and GO/PEDOT Nanocomposite. 
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2.3.2 Cytotoxicity of GO/PEDOT Nanocomposite 

Although PEDOT doped with various molecules, such as heparin [124], poly(styrene sulfonate), 

(PSS) [18] and adhesive peptides [125] has been shown to be non-cytotoxic, and soluble GO has 

demonstrated inconsistent toxicity effects [93, 96, 99], the biocompatibility of GO incorporated 

in conducting polymers has not previously been studied. To explore the cytocompatibility of the 

GO doped conducting polymer film, the viability and death of neurons growing on the 

GO/PEDOT surface after 24 h were evaluated with the MTT viability and propidium iodide (PI) 

exclusion assays and compared to PEDOT films containing the commonly and extensively 

studied dopant PSS. To isolate the effects of the polymer surface directly on the cell 

viability/death, the surfaces were not coated with laminin, an extracellular matrix protein widely 

used to promote neuron attachment and growth on various surfaces [126, 127]. There was no 

significant difference in viability between the GO/PEDOT and PEDOT/PSS films, with each 

group exhibiting greater than 96% of the metabolic activity of neurons growing on a control TCP 

surface (Figure 2.4a). Neurons growing on the GO/PEDOT surface did not undergo a higher 

percentage of death than the cells on the PEDOT/PSS surface (GO: 12.79 ± 5.0; PSS: 20.61 ± 

3.78, Figure 2.4b). 
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Figure 2.4. Cytotoxicity Assessment of PEDOT Films. (a) Viability and (b) death of neurons growing 

on PEDOT films doped with GO or PSS at 24 h in culture. GO/PEDOT films perform similarly to control 

PEDOT/PSS films, exhibiting no loss of viability and minimal cell death. Error bar represents SEM (n = 5). 

 

The mechanism of soluble GO cytotoxicity shown in previous reports remains unclear, 

but multiple processes have been suggested, including uptake into the cell or adsorption onto the 

cellular membrane and consequent apoptosis or death, disruption of membrane integrity and 

cellular exchange, interference with cell adhesion, or induction of oxidative stress [95, 96, 128, 

129]. The absence of significant cytotoxicity caused by GO/PEDOT films in the current study 

may arise from the entrapment of the GO sheets within the film, hindering their ability to diffuse 

within the culture media and interact freely with the neurons. Cells growing on the surface of the 

film are largely contacting the PEDOT polymer, which has demonstrated biocompatibility with 

neuronal cells [18]. The minimal toxicity of GO/PEDOT films indicates that the nanocomposite 

has potential as a neural interfacing material. However, long-term toxicity studies must be 

performed to determine the full cytocompatibility of the material.  
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Figure 2.5. SEM Image of a Neuron Growing on the GO/PEDOT Surface at 1 d in Culture. The cell 

exhibits extensive neurite branching and forms contacts with other cells, demonstrating the biocompatibility 

of the GO/PEDOT film. 

2.3.3 Neuron Growth on the GO/PEDOT Nanocomposite 

To evaluate the neural biocompatibility of the GO/PEDOT composite, films were 

electrochemically deposited on gold sputtered coverslips, and the resulting GO/PEDOT coated 

coverslips were used as substrates to grow primary neuron cultures. SEM imaging revealed that 

neurons exhibited healthy growth on the surface of nanocomposite films in the absence of 

laminin treatment (Figure 2.5). Cells spread and flattened on the composite surface and 

interconnected with other neurons, demonstrating that the surface supported neural attachment 

and maturation. Due to the specific network-like microstructure of the GO/PEDOT film, some of 

the smaller processes of neurons intimately grew along or around the partially exposed GO 

ridges on the surface of the film, potentially using the film morphology as a guidance cue for 

neurite outgrowth. Representative fluorescent images show neuron attachment and growth on 

GO/PEDOT and PEDOT/PSS films after 3 d in culture (Figure 2.6a, b). The neurons grew on the 

surface of the GO/PEDOT film at a density comparable to that of PEDOT/PSS, indicating that 

the GO is not specifically contributing any obstruction to the attachment of cells (Figure 2.6c). 
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While previous GO biocompatibility studies have indicated that GO initiates downregulation of 

adhesion proteins, such as laminin, fibronectin, and focal adhesion kinase-1, leading to a 

decrease in cellular adhesion [96], our data suggest that GO entrapped in the polymer matrix may 

not have such adverse effects on neuron attachment. This agrees with a proposed mechanism for 

decreased cell adhesion that attributes altered gene expression to the activation of intracellular 

pathways after GO nanoparticles adhere to the cell membrane [96]. GO sheets embedded in the 

PEDOT polymer matrix may be restricted from interacting with the cell membrane in a way that 

would initiate changes in gene expression, rendering the GO/PEDOT film a favorable surface for 

cell attachment and growth. 

Neurons growing on the GO/PEDOT film exhibited significantly longer neurites than 

cells growing on the PEDOT/PSS film (Figure 2.6d, GO: 36.4 ± 2.0 µm; PSS: 22.5 ± 1.8 µm, p < 

0.01). This finding is supported by previous work demonstrating that pure GO surfaces promote 

neurite outgrowth in hippocampal neurons [73], and soluble GO can enhance neurite outgrowth 

in SH-SY5Y neuroblastoma cells by potentially shuttling adsorbed proteins into the cell body 

during uptake [118]. Although the GO from the GO/PEDOT film is likely not being taken into 

the neuron cell body due to its entrapment within the polymer matrix, its ability to strongly 

physically adsorb proteins, a consequence of the huge surface area of its single-layer carbon 

structure, may attract components of the cell media to the surface of the polymer film, enhancing 

growth cone outgrowth. Additionally, neurons have been shown to be extremely responsive to a 

variety of topographical cues, and in particular, surface roughness has been shown to promote 

neurite extension [128, 129]. The rough, network-like surface morphology of the GO/PEDOT 

film (Figures 2.2 and 2.5), compared to the smooth and featureless surface of PEDOT/PSS at the 

same scale (previously reported in [50]) may contribute to the longer neurite outgrowth in  
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Figure 2.6. Neuron growth on PEDOT surfaces doped with GO and PSS at 3 d. Representative 20x 

fluorescent images of β-III-tubulin immunofluorescent reactivity (green) of neurons growing on (a) GO and 

(b) PSS doped PEDOT. Blue color is Hoechst nuclear counterstain. Scale bar represents 100 µm. (c) Neuron 

density and (d) average neurite length (± SEM; n = 3) of cells growing on the polymer surfaces. GO doped 

PEDOT films support neurons with longer neurite extensions than PSS doped PEDOT films (** p < 0.01). 
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GO/PEDOT as compared to PEDOT/PSS. Regardless of the mechanism, the desirable effect on 

neurite outgrowth demonstrates that GO/PEDOT films are an amenable material for supporting 

neuronal growth and maturation, and may be useful substrates for neural tissue interfacing 

applications. 

2.3.4 Bioconjugation of GO/PEDOT Films with p20 Peptide 

The GO sheets on the top layer of the GO/PEDOT films are partially embedded, as demonstrated 

by the network-like morphology of the film (Figure 2.2), and the exposed portions of the GO, 

rich in carboxyl groups (Figure 2.3), provide the GO/PEDOT films with many free functional 

groups. Utilizing carbodiimide conjugation to modify these functional groups, we demonstrate a 

novel method of biomolecule patterning on conducting polymer films. A laminin fragment 

peptide, p20, which is reported to promote neurite outgrowth [50, 120], was conjugated to the 

electrodeposited film. The peptide was covalently attached to the GO/PEDOT film through the 

formation of amide bonds between the carboxyl groups on the surface of GO/PEDOT and the 

amine groups of the p20, with the assistance of cross-linkers EDC and NHS. The presence of p20 

on the film after carbodiimide modification was verified by hydrolysis and amino acid 

quantification (5.37 pmol-mm-1). 

XPS analysis of the GO/PEDOT film evaluated the surface chemistry of the film after 

p20 immobilization with EDC/NHS (Figure 2.7). The deconvoluted C1s region (Figure 2.7a) 

consists of four peaks in addition to the main C-C peak located at 284.8 eV, including a C-O/C-S 

peak at 285.6 eV, an epoxy C-O-C peak at 286.9 eV, a N-C=O peak at 288.2 eV and an O-C=O 

peak at 288.8 eV [130, 131]. The PEDOT contributes to the C-S and C-O-C peaks, the GO 
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sheets contribute to the C-O, C-O-C, and O-C=O peaks, and the peptide contributes to the O-

C=O and N-C=O peaks. Analysis of the C1s region of the PEDOT/GO film treated with p20 in 

the absence of EDC/NHS resulted in a similar deconvolution. During the amide bond formation 

in the presence of EDC/NHS, a carboxylic acid provided by the GO reacts with an amine on the 

peptide, resulting in a net gain of one amide bond and a net loss of one carboxylic acid bond. 

However, since both the GO and peptide contain carboxylic acids, a comparison of the ratio of 

amide to carboxylic acid between the experimental groups cannot be used to verify the formation 

of covalent amide bonds between the peptide and the film with the addition of EDC/NHS. The 

carboxylic acid signal of the GO sheets is likely variable across the film depending on the 

proportion of GO exposed to the surface versus embedded within the polymer matrix, so the ratio 

of amide to carboxyl will not reflect the amount of covalently attached peptide. A more 

appropriate method of evaluating the amide formation is to monitor the ratio of amine to amide 

bonds. During the covalent reaction, one amine in the peptide p20 reacts with a carboxylic acid 

group to form an amide bond, so there will be more amide and less amine after the covalent 

treatment, as compared to the physical adsorption treatment. A high-resolution scan of the N1s 

region of the film treated with p20 and EDC/NHS revealed a peak centered at 388.9 eV, 

corresponding to the nitrogen in the peptide (Figure 2.7b). Deconvolution of the N1s peak 

resulted in a C-N (amine) peak at 399.7 eV, a N-C=O (amide) peak at 400.3 eV, and a protonated 

amine peak at 401.8 eV [130, 132]. The amide/amine ratio is 0.58, compared to 0.19 in the 

absence of EDC/NHS crosslinking, indicating that the EDC/NHS treatment produced covalent 

linkages between the peptide and the GO/PEDOT film. 

 34 



 

Figure 2.7. High-Resolution XPS Spectra of the GO/PEDOT Surface after Treatment with p20 in 

Conjugation with EDC/NHS. Deconvoluted peaks of the (a) C1s region (C1: C-C; C2: C-O/C-S; C3: C-O-C; 

C4: N-C=O; C5: O-C=O) and (b) N1s region (N1: C-N; N2: N-C=O; N3: protonated amine). 

 

The electrical properties of the electrodeposited GO/PEDOT films before and after p20 

immobilization were studied using EIS. As shown in Figure 2.8a, coating the electrode with the 

GO/PEDOT film resulted in decreased impedance across all frequencies measured. This 

significant impedance decrease may be attributed to an increase in the effective surface area of 

the electrode due to the network-like surface microstructure of the nanocomposite polymer film 
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[14]. Longer deposition times resulted in a progressive decrease in impedance, demonstrating the 

film properties can be tuned as desired by controlling deposition parameters (Figure 2.9). At 1 

kHz, a frequency relevant to single unit neural recording, the impedance is decreased by an order 

of magnitude after the GO/PEDOT deposition, indicating that the film may be a beneficial 

microelectrode coating to improve the recording and stimulation capability of neural electrodes 

[133]. The Nyquist plot of the impedance (Figure 2.8b) demonstrates that the bare metal has 

mostly capacitive behavior, as indicated by its steep linear curve. The electrodes coated with 

GO/PEDOT films exhibit a knee that separates capacitive behavior at low frequencies and 

diffusive behavior, characterized by a more gradual slope, at higher frequencies [90, 134]. The 

emergence of diffusion-dominated behavior may be attributed to the creation of a diffusion 

barrier by the conducting polymer film. After immobilization of p20 at the surface of the 

polymer film, the impedance increases slightly, a possible result of the creation of a 

nonconductive peptide layer at the electrode surface; however, the impedance remains 

significantly lower than that of the bare metal electrode. 

The bioactivity of the immobilized p20 was assessed with primary neuron culture on the 

functionalized GO/PEDOT films. After 24 h in culture, neuron attachment and average neurite 

length were quantified and compared among GO/PEDOT films unmodified with peptide (bare), 

and films modified with p20 via physical adsorption or covalent immobilization. Representative 

fluorescent images illustrating β-III-tubulin immunoreactivity and neurite outgrowth on each 

film are shown in Figure 2.8a-c. While there are no differences in the density of neurons attached 

to each film (Figure 2.10d), the average neurite length (Figure 2.10e) of the neurons grown on 

the GO/PEDOT films covalently modified with p20 is significantly longer than that on the other 
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Figure 2.8. Electrochemical Impedance Spectroscopy of p20-Modified GO/PEDOT Films. (a) Bode 

and (b) Nyquist plots of the electrochemical impedance behavior of platinum iridium microwires uncoated 

(black circles), coated with GO/PEDOT (blue squares), and coated with GO/PEDOT covalently modified with 

p20 (red triangles). 
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Figure 2.9. Electrochemical Impedance Spectroscopy Comparison of Glassy Carbon Electrodes 

Without and With GO/PEDOT Coatings of Different Electrodeposition Times. Longer deposition times result 

in decreased impedance values. 

 

two films (bare: 14.29 ± 0.63 µm; adsorption: 14.59 ± 1.72 µm; covalent immobilization: 20.48 

± 1.45 µm, p < 0.05). This observation can be ascribed to the effect of p20, which is the neurite 

outgrowth domain of laminin protein, and has been shown to enhance neurite outgrowth when 

incorporated into conducting polymer films as a dopant [44, 50]. There was no discernable effect 

of p20 when physically adsorbed on the GO/PEDOT film (Figure 2.10). It is possible that the 

peptide does not retain its bioactivity, potentially due to conformational changes as a 

consequence of the physical adsorption onto the film that may obstruct laminin receptors on the 

neurons from binding to the peptide. Covalent anchoring of p20 to the GO/PEDOT film leaves 

most of the peptide free to interact with the cell, preserving the bioactivity of the peptide. It is 

also possible that the physically adsorbed peptide desorbs over the course of the cell culture 

experiment, resulting in less neurite outgrowth. The covalently conjugated p20 is very stable and 
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continues to support neurite outgrowth after presoaking in PBS at 37°C for 3 d prior to neuron 

culture (data not shown). This simple method of functionalizing GO doped PEDOT films with 

biomolecules and its superior effectiveness over traditional biomolecule adsorption clearly 

demonstrates the potential of the nanocomposite as a bio-interfacing material.  

 

 

Figure 2.10. Neuron Attachment and Neurite Outgrowth on GO/PEDOT Surfaces Modified with p20 

Peptide at 24 h in Culture. Representative 20x fluorescent images of β-III-tubulin immunofluorescent 

reactivity of neurons cultured on (a) bare, (b) physically adsorbed p20 (p20 ADS) and (c) covalently 

immobilized p20 (p20 COV) GO/PEDOT surfaces. Scale bar represents 50 µm. (d) Neuron density (± SEM; n 

= 3) growing on the p20 modified GO/PEDOT surfaces. Modification with p20 did not result in a change in 

cell density. (e) Average neurite length (± SEM; n = 3) of neurons growing on the p20 modified GO/PEDOT 

surfaces (*p < 0.05). Covalent immobilization, but not physical adsorption of p20 on the film surface 

enhanced neurite outgrowth. 
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2.4 CONCLUSIONS 

We have successfully prepared a conducting polymer PEDOT material doped solely with GO. 

The electrodeposited GO/PEDOT films showed good conductivity, and they can significantly 

lower the impedance of the coated electrodes. The GO/PEDOT films possess a network-like 

surface structure due to the presence of partially embedded GO sheets, and they supported the 

growth of neurons with minimal toxicity. Most interestingly, the partially exposed GO pieces on 

the surface of the GO/PEDOT films are rich in free carboxyl groups, which offer the 

GO/PEDOT films active functional groups for surface modification. Functional laminin peptide, 

p20, was successfully bioconjugated to the surface of the GO/PEDOT film through a simple 

cross-linking reaction that may be universally applied to a multitude of biomolecules. It is 

expected that this biocompatible GO/PEDOT material with excellent modifiability will find 

important biological and biomedical applications, such as neural interfacing and biosensing. 
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3.0  DIRECTED NEURAL STEM CELL DIFFERENTIATION WITH A 

FUNCTIONALIZED GRAPHENE OXIDE NANOCOMPOSITE 

3.1 INTRODUCTION 

Neural stem cells (NSCs) are multipotent cells with the potential to generate neurons, astrocytes, 

and oligodendrocytes, the main components of the central nervous system (CNS). In the mature 

brain, NSCs reside primarily in areas of neurogenesis, the subventricular zone of the lateral 

ventricle and the subgranular zone of the hippocampus, where they proliferate and give rise to 

new neurons throughout the lifetime of an animal [135, 136]. In adult neurogenesis, newborn 

neurons respond to a series of environmental cues by migrating to specific locations, sprouting 

axons and dendrites to exhibit mature neural morphologies, and eventually integrate into existing 

circuitry by forming active synapses with local neurons [137-139]. The ability of NSCs to 

generate functionally mature neurons capable of joining existing populations of cells makes 

NSCs, derived from either adult or embryonic tissues, appealing candidates to potentially restore 

function to damaged brain tissue by rewiring broken connections. A major challenge in utilizing 

NSCs for regenerative therapies is the poor control over the survival, differentiation, maturation 

and functional integration of the transplanted cell population [140-143]. Tools that can control 

the behavior of NSCs, both for basic research purposes and therapeutic applications, are needed 

to address the challenges faced along this continuum. 
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NSCs are not intrinsically wired for differentiation to a particular CNS cell type, but 

instead are influenced by extrinsic factors such as growth factors, extracellular matrix 

components, paracrine and juxtacrine signaling from other cells within their niche, as well as 

electrical or mechanical cues from their microenvironment [144-149]. By taking advantage of 

the responsiveness of NSCs, biomimetic scaffolding materials can be engineered to manipulate 

NSC proliferation, differentiation, and maturation pathways to improve their effectiveness in cell 

replacement therapies. One method used to provide functional cues to NSCs is conjugation of 

extracellular matrix proteins or bioactive peptides onto the surface of scaffolding materials to 

drive NSC attachment and preferential differentiation [146, 150-154].  

Conductive substrates that have the ability to stimulate cells with electrical current have 

also been investigated as scaffolding materials because NSCs and CNS progenitor cells are 

exposed to electrical signaling during development that influences their organization and 

maturation into adult tissue [155-157]. Conducting polymers (CPs) such as poly(pyrrole) and 

poly(3,4-ethylenedioxythiophene) (PEDOT) are intrinsically conductive materials that have been 

used to electrically interface with the nervous system and neural stem cells [47, 158-160]. CPs 

are simple to process, biocompatible, and have versatile physical and electrical properties by 

means of their synthesis method, making them attractive materials for cell scaffolding [18, 29-

31, 43]. During their polymerization, anionic molecules are incorporated into the bulk of the CP 

film as dopants, providing a method to incorporate bioactive molecules such as growth factors, 

extracellular matrix proteins, and functional peptides, that can then influence cell attachment and 

growth [38, 40, 42, 44, 50]. However, this method can interrupt the conductivity and mechanical 

stability of the CP or mask the active sites of the biomolecules because they are located within 
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the polymer matrix [42]. For this reason, methods to covalently immobilize biomolecules on the 

surface of CP films are desirable.  

While traditional CPs do not contain free functional groups that can be utilized in 

covalent cross-linking reactions, graphene oxide (GO) nanosheets have been used as dopants in 

order to introduce functional groups to the CP substrates [80]. GO is a two-dimensional 

honeycomb carbon material rich in functional groups such as hydroxyl, epoxide, and carboxylic 

acid [53]. Because of the presence of carboxylic acid groups in its structure, GO nanosheets are 

negatively charged and can therefore be incorporated into the CP films as dopants during their 

synthesis. GO nanocomposite CP films have demonstrated favorable electrical properties, 

biocompatibility, and potential for electrical interfacing with neuronal tissue [80, 90, 117, 161, 

162]. In this work, we investigate the ability of GO/PEDOT nanocomposite films to act as a NSC 

scaffold. The viability, attachment, and differentiation of NSCs on the GO/PEDOT 

nanocomposite surface was compared to NSC behavior on conventional PEDOT films doped 

with poly(sodium-4-styrenesulfonate) (PSS). Additionally, we demonstrate that the surface of the 

nanocomposite can be easily modified with bioactive molecules to selectively drive NSC 

differentiation towards either neuronal or oligodendrocyte lineage.   

3.2 MATERIALS AND METHODS 

3.2.1 PEDOT Film Synthesis 

The GO/PEDOT nanocomposite films were electrochemically deposited onto the surface of gold 

sputtered plastic coverslips from an aqueous solution using a Gamry poteniostat, FAS2 femtostat 
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(Gamry Instruments) and a three-electrode setup with a platinum foil counter electrode and a 

silver/silver chloride reference electrode (CH Instruments). The deposition solution contained 

3,4-ethylenedioxythiophene (0.02 M; Sigma-Aldrich) and either GO (10 mg ml-1) or 

poly(sodium-4-styrenesulfonate) (PSS) (0.1 M; Sigma-Aldrich). GO was synthesized using the 

modified Hummer’s method as previously described and sonicated for 20 min prior to 

electrodeposition into the polymer to ensure nanosheet exfoliation [80, 81]. The films were 

electrodeposited using chronocoulometry at 1 V until a charge density of 100 mC cm2 was 

reached. The synthesized films were washed in dH2O for 3 d prior to cell culture to ensure the 

removal of any loosely adsorbed monomer or dopant. 

3.2.2 Modification of GO/PEDOT Nanocomposite Films with Biomolecules 

GO/PEDOT nanocomposite films were modified using carbodiimide chemistry to create an 

amine bond between the biomolecule and the GO sheets at the surface of the film. The 

nanocomposites were immersed for 3 h in a solution containing either interferon-γ (IFNγ, Sigma-

Aldrich) or platelet-derived growth factor AA (PDGF-AA, Sigma-Aldrich) at a concentration of 

2.5 µg mL-1 with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 0.2 M; Sigma-Aldrich) 

and N-Hydroxysuccinimide (NHS; 0.2 M; Sigma-Aldrich) in sterile dH2O. As a physical 

adsorption control, the nanocomposite films were incubated in either IFNγ or PDGF-AA, as 

above, but in the absence of EDC and NHS. All prepared samples were washed repeatedly with 

sterile phosphate buffered saline (PBS) after the modification procedure. Samples for cell culture 

were stored in PBS until use, and samples for characterization were stored dry. 
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3.2.3 GO/PEDOT Characterization 

The morphology of the electrodeposited GO/PEDOT and PEDOT/PSS films were evaluated 

using scanning electron microscopy (SEM, JEOL JSM6510) with an operating potential of 3 kV. 

Roughness analysis was carried out with a scanning probe microscope in tapping atomic force 

microscopy (AFM) mode (Veeco Dimension V). Root mean square roughness (Rq) was 

calculated using Nanoscope Analysis software (Bruker). 

Fourier-transform IR (FTIR) spectroscopy was used to evaluate the surface of the 

nanocomposite following carbodiimide crosslinking with IFNγ and PDGF-AA. The analysis was 

carried out with a Bruker Vertex 70 spectrometer with a Hyperion 2000 microscope at a 20x 

attenuated total reflectance (ATR) objective. 

3.2.4 NSC Isolation and Culture 

NSCs were isolated from the cortical tissue of E18 Sprague-Dawley rat embryos. Briefly, the 

tissue was triturated in a solution of Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich) 

containing Glutamax (1%, Invitrogen) and Penicillin-Streptomycin (Pen-Strep; 1%, Invitrogen). 

The tissue was allowed to settle and the supernatant was centrifuged to pellet the cortical cells. 

After resuspension in NeuroCult NS-A proliferation medium (StemCell Technologies) 

supplemented with recombinant human epidermal growth factor (EGF; 20 ng mL-1, Invitrogen), 

recombinant human basic fibroblast growth factor (bFGF; 10 ng mL-1, Invitrogen), Heparin (2 

mg mL-1; StemCell Technologies), and Pen-Strep (1%), the cortical cells were maintained at 

37°C for 3 d or until the formation of neurospheres, at which point they underwent passage. The 

cells were passaged as necessary every 3-4 d and were used for assays within passages 2 to 4. 
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For all NSC culture experiments, the neurospheres were passaged to obtain a single-cell 

suspension and seeded on culture surfaces at a density of 150,000 cells cm-2. The seeded cells 

were maintained at 37°C in NeuroCult NS-A Differentiation medium (StemCell Technologies) 

supplemented with Pen-Strep (1%) in the absence of growth factors to induce differentiation. 

The culture medium was exchanged every 3 to 4 d as necessary. 

3.2.5 Viability Assays 

The viability of differentiating NSCs after exposure to soluble GO nanosheets was assessed with 

the MTT Cell Proliferation Assay. Cells were seeded on the surface of 96-well plates that were 

treated with poly-L-ornithine (PLO, 20 µg ml-1 in PBS, 1 h incubation) and after 24 h were 

treated with GO nanosheets at concentrations of 10, 25, 50, 100, and 200 µg mL-1. The treated 

cells were assayed at 1 d, 3 d or 7 d (n = 5 for each group). The ratio of absorbance signal at 570 

nm to 630 nm was quantified using a spectrophotometer. The experimental groups were 

normalized to controls that contained GO nanosheets without cells, and all data is presented as 

the percent viability compared to positive controls consisting of cells not exposed to the GO 

nanosheets. The viability of NSCs growing on the surface of the GO/PEDOT and PEDOT/PSS 

films was assessed similarly. The cells were assayed at 3 d and 7 d (n = 3 for each group), 

normalized to controls that contained the PEDOT films without cells, and compared to positive 

controls that consisted of cells growing on tissue culture plastic. 
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3.2.6 NSC Attachment and Differentiation on GO/PEDOT Substrates 

NSCs were seeded on the surface of the PEDOT films that were treated with PLO (20 µg ml-1in 

PBS, 1 h incubation) and fixed with paraformaldehyde (4%) at 30 min to evaluate the initial cell 

attachment, or at 7 d to assess differentiation. The samples were immunostained with markers for 

immature neurons (mouse monoclonal anti-β-III-tubulin, TuJ1; 1:500; Sigma-Aldrich), 

astrocytes (rabbit polyclonal anti-glial fibrillary acidic protein, GFAP; 1:500; DAKO) or 

oligodendrocyte precursors (mouse monoclonal anti-O4; 1:500; R&D Systems). Briefly, the cells 

were treated in blocking buffer (5% goat serum in PBS alone for O4 or with Triton-X, 0.02%, for 

TuJ1 and GFAP) for 20 min, then incubated in primary antibody for 2 h at room temperature 

followed by fluorescent secondary antibody (Alexa Fluor 488 anti-mouse or Alexa Fluor 594 

anti-rabbit; Molecular Probes) for 45 min at room temperature. The cells were counterstained for 

nuclei using Hoechst 33342 (Invitrogen). 

TuJ1-immunoreactive (ir) cells or O4-ir cells were quantified to determine the extent of 

neuronal and oligodendrocyte differentiation on each culture substrate (n = 3 for each). Each 

sample was imaged using a 20x objective and 10 random images were taken and used for 

quantification. Values were reported as the percent of differentiation by dividing the number of 

TuJ1-ir or O4-ir cells by the total number of nuclei present in the image. The NeuronJ plugin for 

ImageJ (http://rsbweb.nih.gov/ij/) was used to evaluate neurite growth from neurons. The 

average neurite length was quantified by tracing each neurite extending from each TuJ1-ir cell 

and averaging to obtain the mean length per cell. The total oligodendrocyte area was quantified 

using the ImageJ threshold and measure functions to define the O4-ir area for each cell. 
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3.2.7 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism software. Student’s t tests were 

used to compare two experimental groups, one-way ANOVAs were used to compare three 

experimental groups, and two-way ANOVA was used to compare three experiment groups 

across multiple measures. All data is presented as the mean ± SEM. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Morphological Characterization of GO/PEDOT Nanocomposite Film 

The GO/PEDOT nanocomposite was deposited onto gold macroelectrodes by electrochemical 

polymerization from an aqueous solution containing the EDOT monomer and GO nanosheets. 

The synthesized film exhibited a characteristic surface morphology that included both sub-

micron sheet-like features arising from smaller GO nanosheets engulfed in the polymer and 

larger wrinkle features that are likely the edges of larger GO nanosheets protruding from the 

nanocomposite surface (Figure 3.1a) [163]. The GO/PEDOT morphology differs significantly 

from that of PEDOT films doped with PSS, which exhibit uniform, compact features at the film 

surface (Figure 3.1b). This difference in morphology has implications for its ability to interface 

with cells.  
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Figure 3.1. Surface Morphology of PEDOT Films. SEM images of PEDOT doped with (a) GO 

nanosheets or (b) PSS illustrating the dopant-dependent surface morphologies of CP films. 

 

Neurons and NSCs have been shown to be highly responsive to various material 

properties such as surface morphology, stiffness, and roughness [128, 146, 164, 165]. This 

responsiveness indicates that creating cell-scaffolding materials with alterable physical 

properties will provide a means to control cell behavior to learn about their physiology or to 

produce appropriate cell behaviors for regenerative therapies. CPs demonstrate a wide array of 

morphological properties depending on their dopants, as demonstrated in Figure 3.1 and in work 

by others [30, 43], or by their synthesis method [14, 15, 23]. To further characterize the 

morphology of the GO/PEDOT nanocomposite, the surface roughness was evaluated with AFM. 

As expected, the GO/PEDOT nanocomposite exhibited a much rougher surface than that of the 

PSS-doped PEDOT film, as a result of the larger peaks and valleys created on the film surface by 

the larger GO nanosheets (Figure 3.2). 
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Figure 3.2. Surface Roughness Characterization of PEDOT Films. Representative AFM images of 

PEDOT doped with (a) GO or (b) PSS demonstrating the higher root mean square (Rq) surface roughness of 

GO/PEDOT nanocomposite films. 
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3.3.2 Toxicity Assessment of GO/PEDOT Nanocomposite 

The cytotoxicity of nanoparticles has been under scrutiny in recent years with the increasing 

number of nanomaterials investigated for applications in biology and medicine [166-168]. The 

results of GO toxicity testing have been varied, likely as a result of the inconsistent methods used 

during the synthesis of the nanosheets and the variety of different cell types used for the assays 

[93, 169]. In light of these conflicting toxicity reports, we evaluated the effect of soluble GO 

nanosheets applied at varying concentrations to rat embryonic-derived NSCs. The GO 

nanosheets exhibited both time- and dose-dependent toxicity effects on the NSCs, with exposure 

to concentrations under 25 µg ml-1 for 1 d creating no reduction in viability as measured by 

mitochondrial activity (Figure 3.3a). At doses higher than 25 µg ml-1, the NSCs exhibited a large 

decrease in viability after only 1 d, and all doses elicited a decrease in viability after a 3 d or 7 d 

exposure. The mechanism of GO toxicity is still under investigation, though studies have shown 

that the nanoparticles can be endocytosed into the cell to alter gene expression, increase the 

production of reactive oxygen species, and elicit cell apoptosis [96, 167, 170, 171].  

While the safety of soluble GO nanosheets remains questionable, work has demonstrated 

that when GO is contained within a polymer substrate or deposited onto a surface, there are no 

adverse effects on cell viability [73, 80, 172, 173]. The viability of NSCs cultured on the surface 

of the GO/PEDOT nanocomposite film for 3 d and 7 d was assessed and compared to that of 

NSCs growing on the surface of PEDOT doped with PSS, which has demonstrated good 

biocompatibility [18, 105]. At both time points, NSCs growing on the GO/PEDOT 

nanocomposite exhibited no decrease in their viability, similar to cells growing on the PSS-

doped PEDOT substrate (Figure 3.3b).  
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Figure 3.3. Toxicity Assessment of Soluble GO Nanosheets and GO/PEDOT Nanocomposite Film. (a) 

Viability of NSCs exposed to GO nanosheets for 1, 3, or 7 d at various concentrations. GO exhibits both a 

time- and dose- dependent toxicity effect on the cells (* p < 0.05; n = 6). (b) Viability of NSCs cultured on the 

surface of GO/PEDOT nanocomposite films or PEDOT doped with PSS for 3 d or 7 d. Cells exhibited no 

decrease in viability at either time point on either surface (n = 3). 

3.3.3 NSC Attachment and Differentiation on GO/PEDOT Substrates 

The attachment and growth of NSCs on the surface of the GO/PEDOT nanocomposite was 

evaluated to determine its performance as a cell scaffold. NSCs were seeded on the surface of 

PLO-coated substrates and cultured in differentiation media for either 30 min to evaluate 

attachment onto the substrate or 7 d to evaluate differentiation into neuronal lineages. At the 30 

min time-point, the density of NSCs attached to GO/PEDOT did not differ from the density on 

the surface of the PEDOT doped with PSS, suggesting that initial attachment to the two surfaces 

was similar (Figure 3.4a). However, by 7 d in culture, NSC density on the GO/PEDOT 

nanocomposite surface surpassed that of the PEDOT doped with PSS (Figure 3.4b). Adhesion 

plays an essential role in stem cell maintenance, proliferation and differentiation, and on artificial 

substrates is mediated by a number of factors including surface charge, wettability and 

nanotopography [146, 174]. Because cell density differences occur at the 7 d time point, it is 
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possible that the initial adhesions formed were more stable on the GO/PEDOT nanocomposite 

surface, allowing for better growth during the longer culture. One possible explanation for the 

improved attachment may be that the PLO adsorbed more readily at the GO/PEDOT 

nanocomposite surface. PLO modification is commonly used to create a more hydrophilic 

substrate for improved cell attachment [175]. PLO is positively charged as a result of its multiple 

amine groups, and it might electrostatically interact with the negative carboxylic acid groups 

contributed by the GO at the surface of the nanocomposite. A second possibility for the 

improved cell density at later time points is that extracellular matrix (ECM) proteins secreted by 

the cells may have adsorbed on the GO/PEDOT nanocomposite surface more favorably than at 

the PEDOT doped with PSS surface. Again, electrostatic interactions might play a role, but 

additionally, π-stacking interactions can also occur between aromatic structures in the proteins 

and the benzene rings contained in the GO nanosheets [95, 97]. Proliferation may also play a role 

in the improved density present at the GO/PEDOT surface at 7 d. Compared to the density of 

cells growing on the GO/PEDOT surface at 30 min there is approximately a 7x increase at the 7 

d time point. The NSCs were maintained in differentiation media without growth factors so the 

cells should not continue to proliferate. However, it is possible that the surface of the GO 

provides a mitogenic cue that encourages the NSCs to remain in their proliferative state and 

continue dividing, even in the absence of growth factors. Future work to investigate the effect on 

NSC proliferation will assist in characterizing the influence of the GO/PEDOT nanocomposite 

on NSC behavior. 

 

 53 



 

Figure 3.4. NSC Attachment and Differentiation on PEDOT Scaffolds. Total cell density present on 

PEDOT films doped with GO or PSS at (a) 30 min and (b) 7 d in culture in differentiation media. There are 

no differences between the groups during the initial attachment, but a significantly higher density of cells is 

present on the GO/PEDOT nanocomposite at 7 d (** p < 0.01; n = 3). (c) Percent of neuronal differentiation 

and (d) average length of neurite outgrowth from differentiated neurons on PEDOT films after 7 d. The 

GO/PEDOT film supports a higher yield of differentiated neurons and a longer average neurite length (* p < 

0.05; n = 3). Representative fluorescent images of differentiated NSCs growing on the (e) GO/PEDOT 

nanocomposite and the (f) PEDOT/PSS substrate. Cells were immunolabeled for neuron-specific TuJ1 

(green), astrocyte-specific GFAP (red) and nuclei (blue). Scale bar measures 50 µm in (e) and (f). 

 

For regenerative therapies in the central nervous system, neurons are often the therapeutic 

target population because the normal functioning of these cells drives all behaviors and cognition 

[141, 176]. The dysfunction of neurons and neural circuitry commonly underlies the morbidity of 

neuropsychiatric disorders, neurodegenerative diseases and traumatic brain injury. For this 

reason, engineered scaffold materials that can drive neuronal differentiation and maturation are 

of great interest to improve the therapeutic ability of NSC populations. The differentiation 
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behavior of NSCs growing on the surface of the materials was evaluated at 7 d to determine the 

suitability of the GO/PEDOT nanocomposite as a scaffolding material. The GO/PEDOT 

nanocomposite supported significantly more neuronal differentiation than the PEDOT doped 

with PSS (Figure 3.4c, e, f) and those differentiated neurons extended longer neurites on the 

GO/PEDOT nanocomposite surface (Figure 3.4d, e, f). Improved neuronal differentiation on the 

surface of the nanocomposite may arise from biophysical cues from the rough nanotopography, 

chemical cues provided by the substrate itself or adsorbed ECM proteins secreted from the 

differentiating cells.  

Neural stem cells have demonstrated high sensitivity to nanostructured substrates, with 

nanoscale roughness affecting cell differentiation pathways [146, 164, 177]. NSCs selectively 

differentiate into neurons when seeded on nanoscale fibrous substrates, a morphology that may 

imitate the fibrous ECM structure in vivo [177]. The wrinkle-like morphology of the PEDOT/GO 

nancomposite film may mirror this fibrous morphology (Figure 3.1) and be the driving factor 

behind the improved neuronal differentiation observed on its surface. Additionally, neuronal 

precursor cells are also sensitive to nanoscale features during development, indicating that the 

surface roughness may also contribute to the improved neurite growth exhibited by the cells 

growing on the GO/PEDOT nanocomposite [128]. In addition to the influential surface 

topography of the GO/PEDOT nanocomposite, it is possible that its chemical content may play a 

role in the increased neuronal differentiation. It has been demonstrated that chemical functional 

groups present on a substrate can have a significant impact on NSC growth and differentiation 

[178]. Amine and carboxylic acid groups support neuronal differentiation, while sulfonic acid 

groups will not. On both substrates explored here, the surfaces have been treated with PLO that 

contains amine groups that would promote neuronal differentiation. However, the surface of the 
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GO/PEDOT nanocomposite likely contains free carboxylic acid functional groups that could be 

synergistically contributing to the neuronal differentiation, while the PEDOT doped with PSS 

would have many sulfonic acid groups that are present on the PSS molecules that would be non-

permissive to neuronal differentiation.  

3.3.4 Directed NSC Differentiation on Functionalized GO/PEDOT  

A successful method of engineering scaffolding materials is surface patterning with bioactive 

peptides and proteins to provide cues to seeded cells [179]. In their microenvironment, stem cells 

are exposed to a multitude of soluble and immobilized cues that influence all aspects of their 

behavior [180], creating a need for highly customizable scaffolding materials that can present a 

variety of cues to recapitulate the in vivo environment and enable fine control over NSCs for 

particular therapeutic applications. To explore the potential of the GO/PEDOT nanocomposite 

film as an adjustable scaffold to drive NSC behavior, the surface of the nancomposite was 

modified with either pro-neuronal or pro-oligodendrocyte biomolecules. GO has been noted as a 

highly modifiable material, a property that arises from the plentiful functional groups in its 

structure [53, 64]. The GO nanosheets in the nanocomposite contain multiple carboxylic acid 

groups at their edges, some of which may be accessible at the surface of film, as indicated by the 

wrinkle-like structures in the film morphology that are created by the edges of the nanosheets 

protruding from the polymer surface (Figure 3.1). Previous work described in Chapter 2 has 

shown that these free carboxylic acid groups can be utilized to cross-link a functional peptide 

onto the surface of the nanocomposite to influence neuron growth [80]. Extending these studies, 

the efficacy of cross-linking larger molecules like IFNγ and PDGF-AA using carbodiimide 

chemistry was investigated. IFNγ is a cytokine that is secreted by infiltrating immune cells 
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following brain injury, and has been shown to promote neuronal differentiation [181] while 

PDGF signaling increases oligodendrocyte precursor proliferation and differentiation [182]. Both 

IFNγ and PDGF-AA act on cell surface receptors and do not need to be internalized to initiate 

the intracellular pathways that result in the changes in cell behavior, which suggests that the 

covalent immobilization technique will not interfere with the bioactivity of the molecules. These 

were chosen as model biomolecules to demonstrate the versatility of the GO/PEDOT 

nanocomposite as a NSC scaffold.  

Biomolecules were attached to the surface of the GO/PEDOT nanocomposite using 

carbodiimide crosslinking that creates amide bonds between the carboxylic acid groups of the 

GO nanosheets and the amine groups on the proteins. To verify the presence of biomolecules 

after the crosslinking procedure, the surfaces were analyzed using FTIR (Figure 3.5). The 

unmodified GO/PEDOT nanocomposite film exhibited a spectrum that included characteristic 

GO peaks including carboxylic C=O (1742 cm-1), O-H (1418 cm-1), C-OH (1367 cm-1), epoxide 

(1209 cm-1) and alkoxy C-O (1067 cm-1), as well as characteristic PEDOT peaks including 

thiophene (1520 cm-1, 1487 cm-1, and 1240 cm-1), ethylenedioxy (1142 cm-1, 1093 cm-1, and 930 

cm-1), and C-S (981 cm-1 and 845 cm-1) [161, 183]. The biomolecule-modified surfaces both 

exhibit strong amide I bands around 1650 cm-1 that arise from C=O stretching of the amide 

bonds in their protein structure, and the IFNγ spectrum exhibited an amide III band at 1298 cm-1 

that arises from CN stretching and NH bending [184]. Additionally, on both biomolecule 

modified spectra, the carboxylic C=O shifts to the right, suggesting that the source may no 

longer be the free carboxylic acid groups from the GO nanosheets, which would have been 

consumed during the formation of the amide bond between the biomolecules and the 
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nancomposite surface, but rather the C=O signal from the proteins on the nanocomposite surface 

[185]. 

 

Figure 3.5. Characterization of Immobilized Biomolecules at the Surface of the GO/PEDOT 

Nanocomposite. Representative FTIR spectra of bare, unmodified GO/PEDOT (black), and GO/PEDOT 

modified via carbodiimide chemistry with IFNγ (blue) and PDGF-AA (red). Amide bands appear on the 

protein-modified film spectra, confirming their presence on the film. The carboxylic C=O signal present on 

the bare film shifts to the left, suggesting that the free carboxylic acids bound to the ring structure of the GO 

nanosheets have been consumed during the reaction and the new signal arises from carboxylic acids present 

in the proteins. 

 

The differentiation behavior of NSCs growing on the surface of the modified 

nanocomposite films was evaluated after 7 d in differentiation medium. The surface of the 

nanocomposites was not treated with PLO to ensure that any effect on cell density or 

differentiation was due to the IFNγ or PDGF modification, rather than non-specifically adsorbed 
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PLO. NSCs growing on the film covalently modified with IFNγ through carbodiimide chemistry 

(IFNγ-CM) exhibited significantly more neuronal differentiation than cells growing on an 

unmodified nanocomposite film (bare) or a nanocomposite film modified with IFNγ via 

nonspecific physical adsorption (IFNγ-PA) (Figure 3.6). There was no difference between the 

groups in cell density or length of neurite extension (data not shown). The differentiated neurons 

growing on the surface of the IFNγ-PA and the bare nanocomposite mostly existed within large 

cell clusters containing astrocytes (Figure 3.6a, b), while the differentiated neurons on the IFNγ-

CM surface often localized outside of the cell clusters, indicating a higher affinity for the 

substrate. 

Oligodendrocytes, which produce myelin that insulates neuron axons, are a promising 

cell population for cellular therapies targeted at demyelinating diseases of the nervous system 

such as multiple sclerosis. In vitro, the rate of oligodendrocyte differentiation from NSCs is very 

low, making the development of therapies relying on oligodendrocyte transplantation difficult. 

To address this need, we modified the GO/PEDOT with oligodendrocyte mitogen PDGF-AA to 

assess its ability to drive the NSCs toward the oligodendrocyte lineage. Differentiation was 

evaluated at the surface of PDGF-CM, PDGF-PA, and bare GO/PEDOT nanocomposite 

substrates after 7 d in differentiation medium. As hypothesized, the PDGF-CM surface 

significantly improved the amount of oligodendrocyte differentiation compared to the bare 

nanocomposite surface (Figure 3.7d). Notably, the extent of oligodendrocyte process outgrowth, 

quantified by total cell area, was significantly higher on the PDGF-CM substrates as compared to 

the PDGF-PA and bare substrates (Figure 3.7a, b, c, e). The higher level of process outgrowth 

indicates that the cells have matured further down their differentiation pathway and confirms that 

the cross-linking procedure preserved the bioactivity of the protein. 
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Figure 3.6. Differentiation of NSCs on the IFNγ-Modified GO/PEDOT Nanocomposite. 

Representative fluorescent images of NSCs differentiated for 7 d on the surface of the (a) bare GO/PEDOT 

nanocomposite, or the GO/PEDOT nanocomposite modified with IFNγ by (b) nonspecific physical adsorption 

(PA) or (c) covalent carbodiimide cross-linking (CM). Cells were immunolabeled for neuron-specific TuJ1 

(green), astrocyte-specific GFAP (red) and nuclei (blue). Scale bar measures 50 µm. (d) Percent of neuronal 

differentiation on each surface demonstrating the efficacy of the IFNγ-CM (* p < 0.05; n = 3). 
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Figure 3.7. Differentiation of NSCs on the PDGF-modified GO/PEDOT Nanocomposite. 

Representative fluorescent images of NSCs differentiated for 7 d on the surface of the (a) bare GO/PEDOT 

nanocomposite, or the GO/PEDOT nanocomposite modified with PDGF by (b) nonspecific physical 

adsorption (PA) or (c) covalent carbodiimide cross-linking (CM). Cells were immunolabeled for 

oligodendrocyte precursor cell marker O4 and counterstained for nuclei (blue). Scale bar measures 50 µm. 

(d) Percent of oligodendrocyte differentiation on each surface demonstrating the efficacy of the PDGF-CM (* 

p < 0.05; n = 3). (e) Average spreading area of differentiated oligodendrocytes on each surface showing the 

improved process outgrowth on the PDGF-CM surfaces (** p < 0.01; n = 3). 
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In both cases, the CM biomolecule performed better than the PA biomolecule. This 

demonstrates the superiority of the covalent crosslinking procedure and its ability to present the 

molecules to the cells in a way in which they can still interact with their receptors. Carbodiimide 

cross-linking activates the amine groups present on the arginine, lysine, asparagine, and 

glutamine amino acid residues of the protein for the covalent interaction with the carboxylic acid 

groups at the GO/PEDOT nanocomposite surface. There are multiple potential cross-linking sites 

on both IFNγ (47 residues) and PDGF (25 residues), increasing chances that the cross-linking 

will occur at a site that does not interfere with receptor binding. Although the biomolecules that 

were nonspecifically physically adsorbed were present at the nanocomposite surface after 

repeated washing prior to the start of the cell culture (FTIR data not shown), they did not 

significantly affect NSC differentiation, indicating that the proteins either desorbed over the 

course of the culture period, were denatured as a consequence of adsorption, or the receptor 

binding sites were masked. 

3.4 CONCLUSIONS 

While NSC therapies hold tremendous potential for the treatment of various CNS injuries and 

disorders, shortcomings related to the control of cell differentiation into specific lineages must be 

addressed. We explored the potential of a GO/PEDOT nanocomposite film as a scaffolding 

material to influence the behavior of cultured NSCs in vitro. The unmodified GO/PEDOT 

composite supported higher cell densities and improved neuronal differentiation as compared to 

conventional PEDOT films doped with PSS. By utilizing free carboxylic acid groups donated by 

GO at the surface of the nanocomposite, biomolecules were covalently immobilized at the film 
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surface to preferentially promote either neuronal or oligodendrocyte lineage differentiation. The 

conductive nature of the GO/PEDOT nanocomposite will enable future investigations of the 

influence of electrical stimulation on NSC biology and its potential synergy with the presentation 

of chemical cues. The GO/PEDOT nanocomposite has potential for applications in in vitro 

processing of NSCs for transplantation, exploratory in vitro experimentation to elucidate the 

biology of NSC differentiation and maturation, and in vivo applications in which chemically 

decorated, conductive scaffolding materials can be utilized to explore activation of endogenous 

NSC populations or to improve the transplantation efficacy of exogenous cells. 
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4.0  ELECTRICALLY CONTROLLED DRUG DELIVERY FROM GRAPHENE           

OXIDE NANOCOMPOSITE FILMS 

4.1 INTRODUCTION 

On-demand release of drug molecules from biomedical devices enables precise, targeted dosing 

that can be temporally tuned to meet requirements for a variety of therapeutic applications [186-

188]. Recent advances have facilitated the use of various cues, such as UV- and visible-

wavelength light, NIR radiation, magnetic field, ultrasound and electrical stimulation to trigger 

drug release in vivo from implanted smart materials [186, 189, 190]. These techniques enable 

greater control over drug delivery, compared to traditional in vivo drug-release systems that rely 

on passive delivery that is programmed prior to implantation and cannot be modified in response 

to changing therapeutic needs. To achieve precise, controlled drug delivery, nanomaterial drug 

carriers are increasingly investigated because of their unique structures and tunable properties 

[168, 191]. For example, the large surface area and sp2 carbon lattice associated with carbon 

nanomaterials, such as carbon nanotubes, graphene, and graphene oxide (GO), enable highly 

efficient drug loading, while their capacity for modification provides multiple routes for targeted 

and controlled drug delivery [192, 193].  

GO is a two-dimensional nanomaterial composed of a honeycomb carbon lattice structure 

with hydroxyl, carboxyl and epoxide functional groups [53]. It is known for its exceptional 
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electrical, chemical, and mechanical properties and has been investigated recently as a material 

for a variety of biomedical applications [64, 80, 193-196]. Of these applications, targeted drug 

delivery has been particularly interesting. The presence of reactive functional groups at the basal 

plane and edges of GO nanosheets creates an opportunity to covalently modify the particles for 

use in targeted drug delivery, while the abundance of localized π-electrons at the nanosheet 

surface enables π-π interactions with aromatic drug compounds [197, 198]. Targeted drug 

delivery has been achieved by covalently modifying drug-loaded GO with cancer cell–targeting 

antibodies and molecules or by functionalization with paramagnetic particles for magnetically 

directed delivery [199-203]. However, once at the targeted location, these methods rely on 

desorption of the drug molecules from the GO nanosheets through either passive or pH/redox-

controlled mechanisms, which limits the ability to control the drug dosage in real time [198, 

201]. A drug-loaded hydrogel composed of reduced GO and poly(vinyl alcohol) enabled on-

demand control of dosing via modulation of drug release rate with the application of an external 

electric field [204]. However, this system required the use of large voltages that could be 

damaging to biological tissues, and drug passively diffused from the bulk of the polymer in the 

absence of stimulation because of the porous morphology of the hydrogel.  

In this work, we describe an electrically controlled drug delivery system based on GO 

nanosheets incorporated into a conducting polymer (CP) film. CP-mediated drug delivery 

systems, composed of an electrode coated with a drug-loaded CP thin film, yield highly flexible 

release profiles that are favorable for addressing dosing needs that may change over the course of 

treatment [34]. Drug-loaded CP films release drug molecules in response to electrical 

stimulation, with the amount and duration of release controlled by the type of stimulation applied 

to the film [32, 35, 205]. A major limitation of CP-mediated drug release is the finite amount of 
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drug that can be loaded into and released from the thin films. We address this shortcoming in 

CP-mediated release systems by developing a CP nanocomposite film composed of poly(pyrrole) 

(PPy) doped with graphene oxide (GO) nanosheets for controlled delivery of anti-inflammatory 

drug.  

Nanocomposite films consisting of GO nanosheets and CPs have recently generated 

interest as materials for bioapplications, such as cell scaffolding or chemical sensing, as a result 

of their favorable electrical properties, good stability, neuronal biocompatibility and ease of 

surface modification with bioactive molecules [80, 90, 162, 206, 207]. We demonstrate that, 

when incorporated into PPy along with the anti-inflammatory drug dexamethasone (DEX), the 

GO nanosheets create a highly stable nanocomposite film that releases the drug molecules on-

demand in response to electrical stimulation, without passive diffusion. The CP matrix provides 

a conductive scaffold through which electrical stimulation can be applied in order to elicit drug 

release from the nanocomposite, while the GO nanosheets act as nanocarriers that improve the 

amount of drug loaded into and released from the nanocomposite film.  Furthermore, altering the 

thickness and size of the GO nanosheets by utilizing its unique response to sonication treatment 

changes the physical properties and release profile of the nanocomposite, suggesting that the 

system can be tuned to the needs of various applications, making it a valuable tool for both 

therapeutics and research within the field of biomedicine. 
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4.2 MATERIALS AND METHODS 

4.2.1 Electrochemical Apparatus  

All electrochemical experiments were performed with a Gamry Potentiostat, FAS2/Femtostat 

(Gamry Instruments), using a three-electrode set-up with glassy carbon working electrodes (3 

mm diameter, CH Instruments), a platinum wire counter electrode, and a silver/silver chloride 

reference electrode (CH Instruments). 

4.2.2 GO Synthesis 

GO was synthesized from graphite powder (SP-1, Bay Carbon Inc., Bay City). A pre-oxidation 

step was performed to increase the extent of oxidation of the final product, followed by oxidation 

by the modified Hummer’s method [54, 208]. In brief, a solution of 50 mL H2SO4, 10 g K2S2O8 

and 10 g P2O5 was heated to 80°C. Graphite powder (12 g) was added and reacted for 6 h at 

80°C. The solution was diluted with 2 L dH2O, filtered through a glass filter (pore size: 2.5 – 4.5 

µm), and air-dried overnight. The pretreated graphite (688.5 mg) was added to 23 mL H2SO4 

chilled to 0°C, and 3 g KMnO4 was added while the temperature was controlled below 10°C. 

The solution was reacted for 2 h at 35°C, and then 46 mL dH2O was added while the temperature 

was controlled below 50°C. The solution was reacted for an additional 2 h at 35°C and then was 

diluted with 140 mL dH2O. A 2.5-mL volume of H2O2 (30%) was added, and the mixture was 

allowed to settle overnight. After decanting the supernatant, the GO was washed by 

ultracentrifugation with 500 mL HCl, followed by washing with copious dH2O until the wash 
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solution reached a neutral pH value. The GO was dialyzed for 4 d and then stored in H2O until 

use. 

4.2.3 Nanocomposite Film Synthesis  

GO/PPy-DEX nanocomposite films were electrochemically synthesized on the glassy carbon 

electrodes from an aqueous solution containing pyrrole (0.2 M, Sigma-Aldrich), dexamethasone 

21-phosphate disodium salt (10 mg ml-1, Sigma-Aldrich) and GO nanosheets (5 mg ml-1). The 

GO suspension was ultrasonicated for 30 min or 60 min immediately prior to 

electropolymerization. A constant potential of 0.8 V vs. a silver/silver chloride reference 

electrode was applied until the charge density reached 400 mC cm-1. Conventional PPy-DEX 

films were electrochemically synthesized under the same conditions, with the exclusion of the 

GO nanosheets from the aqueous polymerization solution. 

4.2.4 Electrochemical Measurements   

Electrochemical impedance spectra of prepared films were collected in PBS, in the frequency 

range of 1 to 100 kHz, using an alternating current sinusoid of 5 mV. CV analysis was performed 

in PBS by sweeping the potential from -0.9 V to 0.5 V at 100 mV s-1. 

4.2.5 Nanosheet and Film Characterization  

GO nanosheet thickness and size was evaluated with atomic force microscopy (Bruker 

Dimension V SPM). Nanosheet suspensions were drop coated on mica surfaces, and the height 
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profile was analyzed in tapping mode. Nanoscope Analysis software (Bruker) was used to 

calculate the histograms of sheet thicknesses and mean nanosheet diameter after 30-min or 60-

min sonication treatments. The surface morphology and microstructure of the nanocomposite 

film were evaluated with scanning electron microscopy (JEOL JSM6510). Film surface 

chemistry was evaluated with attenuated total reflectance Fourier transform IR (Bruker Vertex 

70), and elemental analysis was performed by energy-dispersive X-ray spectroscopy (Oxford 

INCA EDS).  

4.2.6 Electrically Controlled Drug Release  

For all drug release experiments, modified electrodes were immersed in PBS and submitted to 

release stimulation. The PBS solutions containing the released drug were analyzed with UV 

spectroscopy at a wavelength of 242 nm to quantify the amount of DEX released. To compare 

the amount of DEX released from conventional PPy-DEX films and the GO/PPy-DEX 

nanocomposite, a square-wave, biphasic voltage pulse (-2 V for 5 s, followed by 0 V for 5 s) was 

applied for 1000 cycles, and the cumulative amount of DEX release was quantified. To 

determine total amount of releasable drug from the GO/PPy-DEX nanocomposite, films 

underwent aggressive voltage pulses (-2 V for 5 s, followed by 0 V for 5 s) until cumulative drug 

release reached a plateau. The plateau value was considered the total amount of releasable drug 

contained in the nanocomposite. To evaluate the release profile in response to repeated stimulus 

application, films were submitted to square-wave, biphasic voltage pulses (-0.5 V for 5 s, 

followed by 0.5 V for 5 s). The amount of drug release was reported as the percentage of total 

drug release (the plateau value) determined using the aggressive voltage stimulation. The 
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negative phase of the stimulus was varied from -2 V to -0.25 V to evaluate the stimulus 

magnitude effect on drug release.  

4.2.7 DEX Loading Capacity Assay  

The amount of DEX loaded on GO sheets was evaluated by incubating DEX (100 µM) with GO 

(0.5 mg ml-1) in H2O for 2 h at room temperature. Prior to incubation with DEX, the GO 

suspension was sonicated for 30 min or 60 min. The mixture was centrifuged for 30 min at 

14,000 RPM to pellet the DEX-loaded GO nanosheets, and the supernatant was analyzed with 

UV spectroscopy at 242 nm to determine the amount of DEX remaining in solution. The amount 

of drug loaded was calculated by subtracting the amount of free DEX in the supernatant from the 

amount of DEX in a sample not incubated with GO.  

4.2.8 Bioactivity Assay  

All animal procedures were approved by the Institutional Animal Care and Use Committee of the 

University of Pittsburgh. Hippocampal tissue was isolated from E18 Sprague Dawley rat 

embryos, treated with a digestion buffer containing 0.025% trypsin, 137 mM NaCl, 5 mM KCl, 7 

mM Na2HPO4, and 25 mM HEPES. For astrocyte cultures, dissociated hippocampal cells were 

maintained in DMEM supplemented with fetal bovine serum and penicillin/streptomyocin, 

grown to confluence in a culture flask, trypsinized and seeded on bare glass coverslips at a 

density of 15k cells/cm2. The cultures were incubated for 1 h at 37°C to allow cell attachment 

and then were treated with release solutions from the GO/PPy-DEX films (rDEX) or a prepared 

DEX solution (DEX). The DEX release solutions were obtained by applying an aggressive 
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voltage stimulation paradigm (-2 V for 5 s, followed by 0 V for 5 s, 1000 cycles) to the GO/PPy-

DEX film. The total amount of DEX in the release solution was quantified using UV 

spectroscopy, and a volume was added to the culture media to create a concentration of 1 µM 

DEX. For neuron cultures, dissociated hippocampal cells were maintained in Neurobasal with 

B27, GlutaMax, horse serum and penicillin/streptomyocin. Glass coverslips were prepared for 

neuron culture by coating with polyethylimine (PEI) followed by laminin, and neurons were 

seeded on the coverslips at a density of 25k cells/cm2. To evaluate any toxic byproduct released 

from the films, control films without drug underwent the same aggressive electrical stimulation 

parameters as the drug-loaded films, and the resulting release solutions were added to the 

neuronal culture at the same volumes as the treatments.  

4.2.9 Immunofluorescence   

After 2 d (neurons) or 4 d (astrocytes), the cultures were fixed in 4% paraformaldehyde for 30 

min. The cells were blocked and permeabilized by immersion in a solution containing 5% 

normal goat serum and 0.2% TritonX. Neuron cultures were immunostained with mouse 

monoclonal anti-ß-III-tubulin (1:500, Sigma-Aldrich), and astrocyte cultures were 

immunostained with polyclonal rabbit anti-glial fibrillary acidic protein (GFAP, 1:500, Dako). 

For both culture types, the samples were incubated in the primary antibody for 2 h, washed with 

PBS, incubated in a goat Alexa Fluor 488 (1:1000, Invitrogen) against the appropriate species for 

45 min, washed in PBS and counterstained for nuclei with Hoechst 33342 (1:1000, Invitrogen). 

Immunoreactive cells were imaged with a Zeiss Axioskop 2 fluorescent microscopic. Six random 

10x images were collected from each sample (n = 4), and mean neuron density, average neurite 

length and astrocyte density were quantified.  
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4.2.10 Statistical Analysis    

All statistical analyses were done using SPSS software (IBM). Student’s t-tests or one-way 

analysis of variance (ANOVA), followed by Tukey’s post hoc analysis, were used to compare 

experimental groups. All data are presented as mean (± SEM). 

4.3 RESULTS AND DISCUSSION 

4.3.1 GO/PPy Nanocomposite Film Synthesis and Characterization 

The DEX-loaded GO/PPy (GO/PPy-DEX) films were electrodeposited onto glassy carbon 

electrodes from a solution containing both GO nanosheets and DEX. During CP film 

polymerization, negatively charged species are loaded into the polymer matrix to balance 

positive charges formed on the backbone of the growing polymer. The GO nanosheets are 

negatively charged as a consequence of carboxylic acid groups formed at their edges during the 

oxidation procedure, enabling them to be incorporated into the CP film as dopant molecules, 

along with anionic drug molecules (Figure 4.1a). During the electropolymerization reaction, the 

GO nanosheets compete with the free anionic DEX, as dopant molecules. Fourier-transform IR 

spectra of the GO/PPy-DEX film display peaks attributable to both GO and DEX, indicating that 

the drug molecules are successfully loaded into the film, along with the GO nanosheets (Figure 

A1.1). GO nanosheets have been noted for their large surface/volume ratio and sp2-hybridized 

carbon structure, which enables efficient loading of aromatic drug molecules, such as DEX [97, 

193]. Therefore, although some DEX molecules are directly doped into the film, a portion of the 
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drug molecules may adsorb on the GO nanosheets and be carried into the synthesized composite 

films as the nanosheets are incorporated as dopant molecules.  

 

 

Figure 4.1. Drug Loading into and Release from the GO/PPy Nanocomposite. Schematic 

representation of (a) the GO/PPy-DEX nanocomposite and (b) DEX release from the GO/PPy nanocomposite 

in response to electrical stimulation. During synthesis, positive charges form on the growing polymer 

backbone and are balanced by anions, such as GO and DEX molecules, present in the deposition solution. 

Reduction of the nanocomposite with voltage stimulation elicits release of small, mobile drug molecules as the 

polymer backbone neutralizes. 

 

The electrical properties of the GO/PPy-DEX film were explored using electrochemical 

impedance spectroscopy and cyclic voltammetry (CV), and compared to conventional PPy-DEX 

films that do not contain GO nanosheets as co-dopants. The electrode modified with GO/PPy-

DEX film exhibited an impedance drop across all measured frequencies compared to both the 

bare electrode and the electrode modified with PPy-DEX, indicating that the nanocomposite film 

improves the capacitance of the electrode/electrolyte interface (Figure 4.2a). CV analysis carried 

out in phosphate buffered saline (PBS) showed that the electrodes modified with GO/PPy-DEX 

film have a higher charge-storage capacity, compared to both bare electrodes and PPy-DEX 

modified electrodes, as determined by comparison of the area underneath the CV curves (Figure 
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4.2b). The CV curve of the GO/PPy-DEX modified electrode exhibits a reduction peak at -0.52 

V that occurs as anionic DEX molecules leave the film as a consequence of the negative 

potential sweep through the film, and an oxidation peak at -0.09 V that is associated with re-

doping by small ions in the PBS or by DEX previously adsorbed on GO [209]. The GO/PPy-

DEX reduction peak is much broader with a higher amount of current passed between 0 V and -

0.5 V. The larger reduction peak area, which reflects the amount of drug molecules leaving the 

film, suggests that the GO/PPy-DEX film will release drug more effectively than the PPy-DEX 

film. The low impedance and high charge storage capacity of the synthesized nanocomposite 

reflect the excellent electrochemical properties of the nanocomposite film; as these properties 

decrease and increase, respectively, more current will pass through the film in response to a 

particular voltage pulse, enabling more efficient drug release. 

 

 

Figure 4.2. Electrical Properties of the GO/PPy-DEX Nanocomposite Film. (a) Electrochemical 

impedance spectra and (b) cyclic voltammograms for the bare glassy carbon electrodes, electrodes modified 

with a PPy-DEX film, and electrodes modified with the GO/PPy-DEX nanocomposite film. The GO/PPy-DEX 

modified electrodes exhibit lower impedance values and higher charge-storage capacity, indicating the 

electroactivity of the nanocomposite. 
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4.3.2 Electrically Controlled Drug Release from GO/PPy Nanocomposite 

Electrically controlled release of DEX molecules can be achieved by utilizing the unique redox 

properties of the GO/PPy-DEX nanocomposite film. When the film is electrochemically reduced, 

the anionic DEX molecules previously associated with the positive charges along the PPy 

backbone in the oxidized form will be released as the charges on the polymer backbone are 

neutralized (Figure 4.1b). Since large dopant molecules are generally immobile within CP films, 

the GO nanosheets, which measure from hundreds of nanometers to microns in the x-/y-

direction, are expected to remain within the CP during film reduction [53, 209]. To evaluate the 

drug-releasing performance of the GO/PPy-DEX nanocomposite film, voltage pulses were 

applied through the nanocomposite when immersed in PBS, and the release solution was 

analyzed by UV absorbance spectroscopy to quantify the amount of DEX expelled from the film. 

Drug release from the GO/PPy-DEX nanocomposite was compared to release from conventional 

PPy-DEX films that do not contain GO nanosheets as co-dopants. The films were stimulated 

with an aggressive, biphasic voltage pulse (-2 V for 5 s, followed by 0 V for 5 s) for 1000 cycles 

to evaluate the total DEX release from the films (Figure 4.3a). When the PPy films were co-

doped with GO nanosheets, the aggressive release paradigm elicited 2.3x the amount of drug 

release of conventional PPy films without GO (209.7 µg cm-2 vs. 88.9 µg cm-2, p < 0.01, n = 3). 

Conducting polymer mediated drug release is thought to be a surface area dependent process, 

with drug releasing more efficiently from the surface than the bulk of the film [33, 205]. The 

nanocomposite film exhibits a much rougher surface morphology than conventional PPy films 

without GO (Figure A1.2), and the difference in the film surface area is a possible cause of the 

significant improvement in drug payload.  
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Figure 4.3. Electrically Controlled DEX Release from GO/PPy Nanocomposite Film. (a) Total DEX 

release from PPy films with or without GO as a co-dopant in response to an aggressive square wave, biphasic 

voltage stimulation (-2.0 V for 5 s, followed by 0 V for 5 s) repeated for 1000 stimulations. The GO/PPy-DEX 

nanocomposite release a significantly larger quantity of DEX (p < 0.01; n = 3). (b) Cumulative release profile 

of the GO/PPy-DEX nanocomposite in response to aggressive repeated square wave, biphasic voltage 

stimulation (-2.0 V for 5 s, followed by 0 V for 5 s) for 1200 stimulations (n = 6). The release profile reaches a 

plateau at 600 voltage pulses under this aggressive stimulation paradigm, indicating that all available drug 

has been released at this point. (c) Cumulative release profile of the GO/PPy-DEX nanocomposite in response 

to milder release stimulation (-0.5 V for 5 s, followed by 0.5 V for 5 s) and in the absence of electrical 

stimulation (passive diffusion) (n = 3). Electrical stimulation elicited linear release for up to 400 pulses, while 

no drug passively diffused from the film when no voltage stimulation was applied. (d) Effect of voltage 

stimulus modulation on amount of DEX released from nanocomposite films. GO/PPy-DEX nanocomposite 

films were submitted to 100 square wave, biphasic stimulation pulses where the negative phase was varied 

from -2 to -0.25 V, the positive phase was 0.5 V, and the stimulus lingered at each phase for 5 s. Bars labeled 

with nonmatching letters indicate a significant difference between groups (p < 0.01; n = 3). 
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To determine the maximum amount of drug released from the GO/PPy-DEX 

nanocomposite film, the cumulative release profile in response to the aggressive stimulation was 

evaluated. After 600 stimulations, the drug-release profile reaches a plateau, suggesting that no 

more drug can be released from the GO/PPy-DEX film (Figure 4.3b). Small quantities of DEX 

can be repeatedly released from the GO/PPy-DEX film in response to milder electrical 

stimulation (-0.5 V for 5 s, followed by 0.5 V for 5 s), creating a drug-release profile that is 

linear over 400 stimulations, while no observable amount of drug passively diffuses from the 

film in the absence of stimulation (Figure 4.3c). Modulation of the voltage stimulation 

magnitude altered the amount of drug released from the nanocomposite, demonstrating the 

flexibility and high level of dosage control provided by the release system (Figure 4.3d). There 

was no visible cracking or delamination of the GO/PPy-DEX film after 1000 release stimulations 

(-0.5 V for 5 s, followed by 0.5 V for 5 s), reflecting the good stability of the nanocomposite 

(Figure A1.3). The sustained linear release profile, responsiveness to changes in stimulation 

magnitude, and stability following repeated stimulation demonstrate the potential of the GO/PPy 

nanocomposite for applications requiring long-term and temporally precise drug dosing. 

The bioactivity of the released drug was assessed by addition of solutions containing 

DEX released from GO/PPy films to primary astrocyte cultures and evaluation of the extent of 

interruption in cell proliferation. DEX is a synthetic glucocorticoid (GC) commonly used to treat 

inflammation and is used here as a model drug to demonstrate the efficacy of the released drug. 

Chronic DEX exposure has been shown to interrupt astrocyte proliferation, likely by down-

regulating GC receptor expression [210]. Astrocyte cultures exposed to the release solution or a 

prepared DEX solution (1 µM) showed similar reductions in cell density after 4 d of culture, 

compared to control cultures that received no drug treatment (Figure 4.4, p < 0.05). The drug 
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release solutions were obtained using the aggressive stimulation paradigm (-2 V for 5 s, followed 

by 0 V for 5 s, 1000 cycles). These data indicate that the process of loading and stimulated 

release does not detectably alter the bioactivity of DEX molecules. However, it should be noted 

that within the release solution, there are drug molecules that were released during early cycles, 

as well as later cycles. Therefore, it is possible that if some of the drug released during the later 

cycles lost bioactivity as a result of repeated exposure to the voltage stimulation, the loss would 

be obscured by the presence of the more bioactive drug released by earlier cycles. Future work is 

needed to further elucidate the ability of DEX and other drug molecules to withstand chronic 

exposure to voltage stimulation while encapsulated in the nanocomposite film. 

 

 

Figure 4.4. Bioactivity of DEX Released from GO/PPy Nanocomposite Film. Representative 

fluorescent images of astrocyte cultures exposed to (a) no drug (control), (b) DEX released from GO/PPy 

nanocomposite films (rDEX), and (c) prepared solutions of 1 µM DEX (DEX). GFAP (green); Hoechst 33342 

(blue). (d) Density of astrocyte cultures 4 d after exposure to drug treatment. *Indicates significant difference 

from control (p < 0.05, n = 4). 
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The safety of graphene nanoparticles for use in bioapplications has been questioned as a 

result of a growing body of evidence indicating the potential toxicity of soluble nanomaterials 

[167, 169, 195]. To exclude the possibility of potential release of any toxic byproducts from the 

GO/PPy film, including soluble GO nanosheets, DEX release solutions were applied to primary 

neurons, a more sensitive cell population that does not proliferate and should be unresponsive to 

DEX treatment. In addition, GO/PPy films without drug loading underwent the same stimulation 

protocol as drug-loaded films, and the release solution was applied to neuron cultures. No effect 

on neuronal cell density was observed under either condition after 2 d of exposure (Figure 4.5), 

and the cells exhibited robust, interconnected neurite extensions indicative of healthy growth. 

This suggests that the interruption of astrocyte growth in response to the application of released 

DEX was due to specific actions of DEX, rather than non-specific cytotoxicity from components 

of the GO/PPy film, such as monomer or GO nanosheets, that may have delaminated from the 

electrode during electrical stimulation.  

4.3.3 Tuning of Nanocomposite Properties  

During chemical synthesis of GO, oxidized graphite sheets are commonly exfoliated with 

ultrasonication to obtain single- and few-layer GO (s/fGO) nanosheets. During sonication, the 

sheets also are reduced in the x-/y-dimension to create a smaller particle size that can measure as 

few as hundreds of nanometers, depending on the extent of sonication treatment [53, 211]. To 

investigate the effect of altering the GO nanosheet size on the properties of the nanocomposite, 

GO suspensions were submitted to 30 or 60 min of sonication immediately prior to incorporation 

into the nanocomposite film. Atomic force microscopy measurements verified that the sonication 
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Figure 4.5. Effect of Released DEX on Neuronal Cultures. Representative fluorescent images of 

neurons treated with (a) no drug (control), (b) release solutions from GO/PPy films without DEX loaded 

(rGO), or (c) release solutions from GO/PPy-DEX films (rDEX). β-III-tubulin (green); Hoechst 33342 (blue). 

(d) Neuronal density after 2 d of exposure to drug treatment. The treated cultures showed no significant 

difference compared to control cultures (n = 4). 

 

treatment successfully reduced the size and thickness of the GO nanosheets. After 60 min of 

sonication, the distribution of nanosheet thickness shifted to smaller values, compared to the 

distribution in the 30-min treatment group, indicating that the nanosheets were exfoliated into 

more s/fGO sheets (Figure 4.6a).  As expected, the mean diameter of the GO nanosheets also 

decreased as the duration of sonication treatment increased (467.8 nm vs. 392.7 nm, p < 0.05), 

verifying that the mechanical vibrations created during sonication break the nanosheets into 

smaller pieces (Figure 4.6b). The size and thickness of the GO nanosheets can dictate their 

physiochemical properties, such as surface area, colloidal stability, and surface chemistry, all of 

which can affect the deposition and properties of the nanocomposite film [53, 212].  
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Figure 4.6. Effect of Ultrasonication on GO Nanosheet Properties. (a) Histogram of nanosheets thickness and 

(b) average diameter of nanosheets after 30-min and 60-min sonication (*p < 0.05; n = 6). (c) Amount of DEX 

adsorbed by free GO nanosheets (***p < 0.001; n = 3). Increasing duration of sonication treatment results in 

GO nanosheets that are thinner and smaller in diameter and that adsorb more DEX molecules. 

 

With longer sonication, the soluble GO nanosheets physically adsorb a larger amount of 

DEX molecules per unit mass (Figure 4.6c). The increase in loading capacity likely stems from 

the larger amount of GO surface area that is created within the suspension as multi-layer GO 

nanosheets are exfoliated into multiple s/fGO particles. The propensity of graphene and GO to 

adsorb drug molecules such as DEX arises from the abundance of 2p orbitals extending from the 

planar surface of the nanomaterial that will readily participate in π−π interactions with aromatic 

compounds [53, 198]. Therefore, it is expected that as surface area increases through exfoliation, 

more active locations are uncovered, and a larger quantity of drug molecules may be adsorbed. 

 81 



The improved loading capacity of GO may enable the nanomaterial to act as a nanocarrier by 

shuttling adsorbed drug into the nanocomposite film and increasing the total drug load. The 

extent to which GO sonication treatment affects drug load into the nanocomposite was evaluated 

by elemental analysis using Energy Dispersive Spectroscopy (EDS). EDS of the DEX-loaded 

nanocomposite films provided a semi-quantitative summary of the amount of drug loaded into 

the film. Each DEX molecule contains one fluorine atom, and each subunit of PPy contains one 

nitrogen atom. Thus, the ratio of fluorine atoms to nitrogen atoms in the film corresponds to the 

amount of drug loading. As expected, nanocomposite films synthesized with GO sonicated for 

60 min loaded more drug than those in the 30-min sonication group, as indicated by the F:N ratio 

(Figure 4.7a, p < 0.01). Interestingly, although increased GO sonication led to higher drug 

loading into the nanocomposite, the rate of DEX released from the film in response to voltage 

pulse stimulation was 38% higher for the nanocomposite synthesized with GO sonicated for 30 

min, compared to the 60-min sonication group (Figure 4.7b, p < 0.05). 

The schematic in Figure 4.7c depicts the proposed mechanism by which controlling GO 

sonication time can tune the amount of drug loaded into and released from the nanocomposite. 

The drug-loaded GO/PPy nanocomposite is electropolymerized from an aqueous solution 

containing GO sheets and DEX molecules, creating an opportunity for the drug to adsorb onto 

the surface of the nanosheets prior to film deposition. With longer sonication treatment, more 

GO sheets are present in the polymerization suspension as each multi-layer GO particle is 

exfoliated into several s/fGO sheets. Prior to electrodeposition, the GO sheets load some DEX 

molecules onto their surfaces through physical adsorption and then compete with the remaining 

free DEX molecules as dopants during the polymerization reaction. When GO undergoes 

sonication, the nanoparticle size decreases in the z-direction as each multi-layered GO exfoliates 
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Figure 4.7. Effect of GO Sheet Sonication on GO/PPy Nanocomposite Properties. (a) Elemental 

analysis of GO/PPy-DEX nanocomposite film. The F:N ratio reflects the amount of drug loaded into the film. 

Longer sonication treatment yields a higher quantity of drug loading (**p < 0.01; n = 3). (b) Amount of DEX 

released from nanocomposite films in response to 100 voltage pulses (-0.5 V for 5 s, followed by 0.5 V for 5 s). 

Less sonication results in a higher release rate (*p < 0.05; n = 4). (c) Schematic representation of the effect of 

GO sheet sonication on nanocomposite properties. 

 

into multiple s/fGO particles (Figure 4.6a) and in the x-/y-direction as each GO sheet breaks into 

several smaller sheets (Figure 4.6b), creating a larger number of smaller particles that would act 

as more-efficient dopant molecules [209]. In addition, as each multi-layered GO sheet exfoliates 

into multiple s/fGO particles, a larger number of reactive nanosheet edges containing negatively 

charged carboxylic acid groups will be present, leading to more GO nanosheets depositing into 

the nanocomposite film. Because each GO sheet can carry multiple drug molecules into the film, 

a larger total amount of DEX can be loaded as a result of increased sonication treatment. 
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We propose that the strong adsorption of DEX molecules onto the GO sheets is the 

mechanism behind the slowed drug-release rate. Because more GO nanosheets are likely to be 

incorporated into the nanocomposite as the amount of sonication time increases, there is likely to 

be less DEX directly doped into the film. Potentially, the DEX molecules adsorbed onto the 

surface of the GO nanosheet cannot be released from the film as easily as directly doped DEX 

molecules, because of the strength of the π-π interactions, limiting the amount of drug release in 

response to the same electrical stimulation. Potentially, as the directly doped DEX molecules exit 

the film upon electrical stimulation, the GO-adsorbed DEX molecules may desorb from the 

sheets, diffuse through the PPy matrix and replenish the doping sites. By this mechanism, the 

release profile of the nanocomposite would be extended. With future work to explore the GO-

drug adsorption/desorption phenomenon, the unique properties of the GO/PPy nanocomposite 

could be utilized to create a highly tunable release system with the ability to address various 

dosing needs for a multitude of drug delivery applications. 

Along with providing control over drug loading and release, the GO nanosheets create a 

unique opportunity to alter the morphological characteristics of the nanocomposite film. 

Sonication had a significant effect on the morphology of the GO/PPy-DEX film (Figure 4.8). 

With less GO sonication, the film exhibited globular, cauliflower-like features on the scale of 

tens of microns that are characteristic of PPy films (Figure A1.2) [34]. As the amount of GO 

sonication increased from 30 min to 60 min, the large globular features flattened to create a more 

uniform surface (Figure 4.8c). The large features are possibly a result of nucleation sites created 

by the multi-layer GO nanoparticles. As the nanoparticles deposit into the film, they provide a 

scaffold around which the growing polymer can accumulate. After a longer sonication time, the 

smaller s/fGO particles distribute more evenly in the film, creating a smoother surface (Figure 
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4.7c). At a smaller scale, small sheet-like features became more apparent at the surface of the 

film, suggesting that more GO sheets are incorporated into the nanocomposite (Figure 4.8d). At 

the 60-min sonication time point, the sheet-like features reduced in size to sub-micron 

dimensions, as would be expected, because increased sonication treatment fractures GO sheets 

into smaller particles. The ability to subtly alter the nanocomposite surface morphology at 

different length scales can have important implications for applications in which the film 

interacts with tissue or cells. Multiple cell types have demonstrated sensitivity toward 

mechanical and topographical cues in their environment, suggesting that the nanocomposite film 

morphology may be engineered to act synergistically with electrically controlled drug release to 

provide additional signals to the targeted cell population [213-215]. 

 

 

Figure 4.8. Effect of GO Sonication on GO/PPy Film Morphology. SEM images of GO/PPy-DEX 

films prepared with GO sonicated for (a, b) 30 min and (c, d) 60 min. Longer sonication time results in a 

smoother surface morphology and the emergence of more sheet-like features at the surface of the film. 
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4.4 CONCLUSIONS 

The unique properties of GO sheets enable several degrees of customizability to the electrically 

controlled drug release platform. By altering the size and thickness of the nanosheets, significant 

changes can be made to nanocomposite film morphology, drug load, and drug release properties. 

As a nanocarrier, GO may enable loading of a variety of biomolecules, not limited to anionic 

species, into the film. Furthermore, the GO/PPy nanocomposite film exhibits a linear release 

profile that persists over several hundred stimulations, indicating that the release platform could 

be used for long-term drug release applications that require repeated dosing over time. On-

demand controlled drug delivery provides more-effective therapies with less toxicity by tuning 

delivery directly to spatial and temporal requirements for a given application. In addition, 

controlled delivery may be beneficial in various in vitro assays, such as high-throughput drug 

screening or exploratory cell biology experimentation. As a result of its adjustable properties, 

stability, and fine control over dosing, the novel GO nanocomposite release platform described 

here has the potential to advance these drug delivery technologies by enabling tailored drug 

release profiles.  
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5.0  ORIGIN OF IMPROVED ELECTROCHEMICAL DOPAMINE DETECTION BY 

GRAPHENE OXIDE/CONDUCTING POLYMER NANOCOMPOSITE-MODIFIED 

ELECTRODES 

5.1 INTRODUCTION 

Efforts toward the development of detection methods that allow sensitive real-time monitoring of 

neurotransmitter signaling within the central nervous system (CNS), or point of care sampling 

from blood, urine or cerebrospinal fluid (CSF), have received increasing attention in recent 

years. The signaling of one such neurotransmitter, dopamine (DA), within the CNS orchestrates 

many behaviors such as learning, motivation, and motor control [216], and its dysfunction has 

been implicated in multiple diseases such as Parkinson’s [217], schizophrenia [218], and 

addiction [219]. Additionally, DA has been investigated as a peripheral biomarker for the 

diagnosis of Parkinson’s disease [220] and adrenal tumors [221]. The potential of utilizing DA 

signaling for both diagnostic and basic science applications motivates the development of low-

cost tools for monitoring catecholamine levels in biological fluids and high-resolution in vivo 

sensors for use in the CNS [222, 223]. 

Traditional methods of DA detection of biological fluids include chromatography 

analysis, colorimetric detection, and spectroscopic analysis, among others [224-226]. These 

methods require complicated, expensive equipment or reagents, and have slow sample 
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processing times that impede their use by clinicians and makes exploratory research slow and 

costly. Electrochemical methods of detection have been developed that take advantage of the 

redox activity of DA molecules and enable simple, rapid analysis of biological samples using 

low-cost electrodes as sensors [222]. However, current electrochemical sensors suffer from 

limited sensitivity and specificity towards DA. Physiological levels of DA range from nanomolar 

to low micromolar, creating a need for highly sensitive tools with very low detection limits. In 

biological samples that contain DA, there also exist a variety of interfering molecules, such as 

ascorbic acid (AA) and uric acid (UA), that exhibit similar redox behavior and can obscure DA 

signals.  

To address the shortcomings in sensor sensitivity and specificity, researchers have 

developed a variety of electrode modifications to improve these properties. Graphene-based 

materials have received much focus as biosensor materials because of their unique electrical and 

chemical properties [227, 228]. Reduced graphene oxide (RGO), synthesized by the chemical or 

electrochemical reduction of graphene oxide (GO), exhibits rapid electron transfer kinetics that 

enables highly sensitive detection of DA [94, 229], and composites of RGO with a variety of 

other materials have demonstrated the ability to selectively detect DA in the presence of 

interfering species [206, 230, 231]. However, little work has been done to characterize the 

potential of its precursor, GO, as a DA sensor. By itself, GO exhibits poor conductivity 

compared to its reduced form, requiring its incorporation into a conductive matrix in order to act 

as an effective electrode coating. Conductive polymers, such as poly(3,4-

ethylenedioxythiophene) (PEDOT) and poly(pyrrole) have been utilized to create stable, 

conductive nanocomposites with GO, and have demonstrated potential for electrical recording 

and biointerfacing applications [80, 81, 90, 161-163]. In this work, we describe a GO/PEDOT 
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nanocomposite material and demonstrate for the first time that GO, in its unreduced form within 

a conductive polymer matrix, creates a sensitive and selective sensor for DA detection. The 

GO/PEDOT nanocomposite selectively amplifies the DA oxidation signal, but not AA or UA 

signals, as a result of electrostatic interactions between DA molecules and the nanocomposite 

surface. In addition, the nanocomposite reduces interference from AA as a result of a significant 

shift in its oxidation potential due to an electrocatalytic effect of the nanocomposite material on 

the AA oxidation reaction. The performance of the GO/PEDOT nanocomposite for selective and 

sensitive DA oxidation along with its electrochemical stability underlines the potential of the 

nanocomposite material as a novel electrode modification for the development of improved DA 

sensors. 

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

L-ascorbic acid (AA), 3,4-dihydroxyphenylacetic acid (DOPAC), 3,4-ethylenedioxythiphene 

(EDOT), 3-hydroxytyramine hydrochloride (DA), potassium chloride (KCl), sodium chloride 

(NaCl) and uric acid (UA) were purchased from Sigma-Aldrich. Monosodium phosphate and 

disodium phosphate were purchased from Fisher Scientific. Graphite powder (SP-1) was 

purchased from Bay Carbon, Incorporated. Phosphate buffed saline (PBS, 10x) was purchased 

from EMD Millipore and diluted to a 1X working concentration for all experiments (137 mM 

NaCl, 2.7 mM KCl, 10 mM phosphate buffer). Purified water filtered through a Milli-Q System 

(EMD Millipore) was used throughout all experiments. 
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5.2.2 Graphene Oxide Synthesis 

Graphene oxide was synthesized as previously described using the modified Hummer’s method, 

and stored in H2O until use [54, 81]. Prior to deposition into the nanocomposite, GO nanosheets 

were sonicated with a probe sonicator in H2O for 15 min, 30 min, 60 min, or 90 min to alter the 

thickness and x-y size of the nanoparticles. 

5.2.3 Electrochemical Apparatus 

A Gamry potentiostat, FAS2 femtostat (Gamry Instruments) was used for electrode pretreatment, 

GO/PEDOT nanocomposite film polymerization and impedance measurements. An Autolab 

potentiostat/galvanostat PGSTAT128N was used for all analyte detection assays. All 

electrochemical experiments were carried out using a three-electrode setup consisting of a glassy 

carbon working electrode (GC, 3 mm diameter, CH Instruments), a silver/silver chloride 

reference electrode (CH Instruments) and a platinum foil counter electrode. 

5.2.4 Electropolymerization of GO/PEDOT Films 

Glassy carbon electrodes (GCEs, 3 mm diameter, CH Instruments) were polished with 1.0 and 

0.05 µm alumina slurries and cleaned by ultrasonication in 100% ethanol followed by H2O. The 

GCEs were electrochemically pretreated by applying a cleaning voltage pulse (-2 V, 250 s), 

followed by a cyclic voltammetry sweep (0.3 V to 1.3 V, 100 mV s-1, 5 cycles). Following 

pretreatment, GO/PEDOT nanocomposite films were electrochemically deposited onto GCEs 

from a polymerization solution composed of EDOT (0.2 M) and GO (5 mg ml-1). GO/PEDOT 
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nanocomposite films were synthesized using GO nanosheets that had been sonicated for 15 min 

(GO15), 30 min (GO30), 60 min (GO60) or 90 min (GO90). An oxidizing current of 20 µA was 

applied through the GCE for 200 s to carry out the polymerization reaction. The GO/PEDOT 

modified GCEs were gently rinsed in H2O to remove any adsorbed monomer or GO, and stored 

in H2O until use.  

5.2.5 Nanocomposite Characterization 

GO/PEDOT nanocomposite surface morphology was imaged using a scanning electron 

microscope (SEM, JEOL JSM6510), with an operating potential of 3 kV. The atomic ratio of 

oxygen to sulfur was calculated as a semi-quantitative estimate of the amount of GO contained in 

the nanocomposite film. Elemental analysis was carried out using energy dispersive spectroscopy 

(EDS, Oxford INCA EDS) with an operating potential of 20 kV. For each sample (n = 4 per 

sonication group), the atomic percent of oxygen and sulfur were measured from three separate 

areas, and averaged to obtain the mean value for the sample. 

The chemical bonds in the nanocomposite films were evaluated with attenuated total 

reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) using a Bruker Vertex 70 

spectrometer with a Hyperion 2000 microscope and 20x ATR objective. For each sample (n = 4 

per sonication group), three separate areas were analyzed, and all spectra were averaged to obtain 

one spectrum per group. The areas underneath the alkoxy C-O peak (1064 cm-1) and the C-S 

peak (845 cm-1) on the averaged spectra were calculated using custom MATLAB software to 

evaluate changes in relative alkoxy content with increasing GO sonication treatment.   

Electrochemical impedance measurements were collected in PBS using an alternating 

current sinusoid of 10 mV. Electrochemical stability of the nanocomposite was characterized by 
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collecting impedance measurements in the frequency range between 1 Hz and 100 kHz after 0, 2, 

and 1000 cyclic voltammetry (CV) sweeps from -0.5 V to 0.6 V at 100 mV s-1. The 

electrochemical properties of the nanocomposite synthesized with GO treated for various 

sonication times were evaluated by collecting impedance measurements in the frequency range 

between 10 mHz and 100 kHz (n = 7 per sonication group). 

5.2.6 Electrochemical Detection of DA, AA, UA, and DOPAC 

All electrochemical detection assays were carried out in PBS using CV with a voltage sweep 

from -0.5 V to 0.6 V at a speed of 100 mV s-1. Electrodes were immersed in the electrochemical 

cell, and known concentrations of DA, AA, UA or DOPAC were added to the PBS with a 30 s 

equilibration time prior to CV measurement. The oxidation peak location (Ep) was defined as the 

point at which the oxidation current reached its maximum. The oxidation peak current (Ip) was 

determined after a PBS background subtraction as the maximum current value of the oxidation 

peak. For assays carried out at a basic pH (9.5), PBS was prepared at the appropriate pH by 

altering the ratio of monosodium phosphate to disodium phosphate (3.2 mM monosodium 

phosphate, 2.67 M disodium phosphate), while maintaining the same phosphate buffer strength 

(10 mM) and ionic content (137 mM NaCl, 2.7 mM KCl) as the purchased pH 7.4 PBS. 

5.2.7 Statistical Analysis 

All statistical analyses were carried out in GraphPad Prism software. All data are presented as 

the mean ± standard error of the mean. Comparisons across two experimental groups were made 

with Student’s t-test, and comparisons across greater than two experimental groups were made 
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with one-way analysis of variance followed by Tukey’s post hoc analysis. Dopamine calibration 

curves were analyzed using linear regression.  

5.3 RESULTS AND DISCUSSION 

5.3.1 GO/PEDOT Stability and Electroactivity 

GO/PEDOT nanocomposite films were electrodeposited onto bare GCE electrodes from an 

aqueous solution of monomer and GO nanosheets. During conducting polymer electrodeposition, 

oxidation of the monomer via electrical stimulation elicits free radical polymerization during 

which the polymer deposits onto the anode surface, incorporating negatively charged molecules 

from the polymerization solution as dopants. The GO nanosheets contain negatively charged 

carboxylic acid groups on their edges, enabling their incorporation into the PEDOT film [116, 

162, 163, 205]. The resulting film exhibits a morphology consisting of sub-micron, fuzzy, 

sheetlike features that are likely GO nanosheets engulfed in the PEDOT matrix (Figure 5.1a). 

The nanocomposite also contains sharp wrinkles that are characteristic of pure GO films and can 

be observed in conducting polymer films doped with GO [117, 163]. The wrinkles may be 

formed by larger GO nanosheets protruding from the surface of the PEDOT matrix. The 

resulting nanocomposite film is a conductive, electrochemically stable electrode material. A 

comparison of the CV of the bare GCE electrodes and the GO/PEDOT nanocomposite-modified 

electrodes demonstrated that the modified electrodes exhibit a much higher charge storage 

capacity, as indicated by the total area inside of the curve (Figure 5.1b). This property results 

from an increase in surface area as the nanocomposite film deposits on the surface of the 
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electrode. Additionally, the electrochemical impedance of the electrode drops after modification 

with the nanocomposite, most notably in the lower frequency region (Figure 5.1c). In this low 

frequency range, impedances are influenced by the effective surface area of the electrode, with 

impedance value inversely correlating with surface area [232, 233]. A large effective surface 

area has implications for electrochemical sensing applications in which increased surface area 

may lead to an increased number of active sites for the targeted analyte and result in improved 

sensor properties. 

Electrochemical detection of DA is often carried out in vivo by utilizing repeated CV 

scanning, during which the size of the DA oxidation peak is monitored over time to evaluate 

transient signaling in the central nervous system [222]. To evaluate its stability in response to 

repeated electrical stimulation, the nanocomposite-coated electrode underwent multiple CV 

scans and the electrochemical impedance was monitored (Figure 5.1c). After two CV cycles, the 

low frequency impedance values slightly increased, suggesting that there was a minimal loss of 

surface area from the film, likely due to loosely adsorbed oligomers or GO nanosheets 

delaminating from the nanocomposite surface. After 1000 CV cycles, there was no additional 

increase in the low frequency region, demonstrating the stability of the nanocomposite. 

Interestingly, there was a slight drop in impedance at the higher frequency region following 

multiple CV stimulations. At higher frequencies, impedance is dominated by the electrode 

material, rather than effective surface area, suggesting that the nanocomposite film has become 

more conductive, possibly as a result of small ions from the electrolyte solution moving into the 

polymer matrix during the stimulation [232, 233].  
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Figure 5.1. Characterization of the GO/PEDOT Nanocomposite Material. (a) Scanning electron 

micrograph of the GO/PEDOT nanocomposite illustrating its sheetlike morphology. The arrow points out a 

wrinkle feature that is likely due to the protrusion of a GO sheet from the polymer surface. (b) CV of a bare 

GC electrode and the GO/PEDOT-modified electrode in PBS (scan rate: 100 mV s-1) demonstrating the 

increase in charge storage capacity after modification. (c) EIS of the bare GC electrode and the GO/PEDOT-

modified electrodes after repeated CV cycling in PBS (-0.5 V to 0.6 V; 100 mV s-1). The nanocomposite retains 

its stability after 1000 CV cycles. 
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5.3.2 Improved Sensitivity and Selectivity Toward DA Oxidation at the GO/PEDOT 

Nanocomposite 

The electrochemical oxidation of DA, AA, and UA at the surface of the GO/PEDOT 

nanocomposite-modified electrodes was evaluated with CV and compared to the behavior of a 

bare GCE. Electrodes were assayed in solutions containing DA (100 µM), AA (1 mM) or UA 

(100 µM) separately, or in solutions containing all three analytes combined (Figure 5.2a, b). In 

the presence of all three analytes, the CV of the bare GCE exhibits only two distinguishable 

oxidation peaks, a result of the broad AA oxidation peak merging with the smaller DA oxidation 

peak. At the GO/PEDOT nanocomposite, DA exhibited a clear and separate oxidation peak (Ep = 

147 mV) with no overlap from the interfering analyte oxidation peaks located at -28.6 mV for 

AA and and 287 mV for UA (Figure 5.2b). DA, AA, and UA coexist in the CNS and biological 

fluids such as cerebrospinal fluid and blood [222], making accurate quantification of the species 

difficult because of their close oxidation potentials. The GO/PEDOT-modified electrode enables 

more selective discrimination of DA than the bare GCE by increasing the separation between the 

oxidation peaks of DA and AA (Figure 5.2c). The increased separation arises from the 

significant leftward shift (Ep: 65.0 mV for bare GCE vs. -28.6 mV for GO/PEDOT, p < 0.001) 

and decreased width of the AA oxidation peak at the GO/PEDOT nanocomposite surface, that 

are likely a consequence of faster electron transfer to the film or improved electrocatalytic 

activity of the film towards AA oxidation [234, 235]. Neither the DA nor UA molecules exhibit a 

change in their oxidation peak location, and there is no effect on the separation between the two 

species at the GO/PEDOT nanocomposite surface compared to the bare GCE surface (Figure 

5.2d). The absence of effect on the peak location indicates that the DA and UA oxidation 
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reactions are not electrocatalyzed by the GO/PEDOT film surface as is the AA oxidation 

reaction.  

DA calibration curves of GO/PEDOT nanocomposite-modified electrodes and bare 

electrodes were compared to evaluate the sensitivity of the modified electrodes (Figure 5.2e). 

Within the range of 1 µM to 40 µM, the GO/PEDOT nanocomposite-modified electrode 

demonstrated a significant increase in sensitivity toward DA, indicated by the slope of the 

calibration curve (bare: 0.046 ± 0.005 µA µM-1; GO/PEDOT: 0.151 ± 0.005 µA µM-1; p < 

0.001), with an improved accuracy, indicated by the linearity of the curve (bare: R2 = 0.961; 

GO/PEDOT: R2 = 0.995). The limit of detection, calculated assuming a signal-to-noise ratio of 3, 

was 83.0 nM for the GO/PEDOT electrode. This enhanced DA sensing performance may arise 

from a locally increased concentration of DA at the surface of the nanocomposite film as a result 

of interactions between the film surface and the DA molecules. Notably, there is no improvement 

in sensitivity toward AA or UA at the GO/PEDOT nanocomposite, suggesting the mechanism of 

DA interaction is not shared by these molecules (Figure 5.3). 
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Figure 5.2. Electrochemical Oxidation of DA in the Presence of Interfering Species. CVs of the (a) 

bare GC electrode and (b) GO/PEDOT-modified electrode in solutions containing 100 µM DA, 1 mM AA, or 

100 µM UA alone, or in combination. Three separate oxidation peaks are discernable on the CV of the 

GO/PEDOT-modified electrode, but not the CV of the bare GC electrode, in solutions containing all three 

analytes. Total separation between the (c) AA and DA oxidation peaks, and the (d) UA and DA oxidation 

peaks. There is a significant increase in separation between the AA and DA oxidation peaks at the 

GO/PEDOT nanocomposite surface (*** p < 0.001; n = 7). (e) Linear DA detection curves for the bare GC 

and GO/PEDOT-modified electrodes, illustrating the increased sensitivity of the modified electrodes to DA 

(*** p < 0.001; n = 7). 
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Figure 5.3. Selective Sensitivity of the GO/PEDOT Nanocomposite Towards DA. Peak oxidation 

current response of the bare and GO/PEDOT-modified electrodes in (a) 100 µM DA, (b) 1 mM AA, and (c) 

100 µM UA measured to CV (100 mV s-1). The GO/PEDOT nanocomposite selectively increases the DA 

oxidation current compared to the bare GC electrode, but not the AA or UA oxidation current (p < 0.01; n = 

7). 

 

At physiological pH, DA exists as a cation, while both AA and UA are anionic 

molecules. The difference in charge may play a role in the improved sensitivity via concentration 

of DA molecules at the nanocomposite surface through electrostatic interactions. While the bare 

GC electrodes contain some oxygen functional groups formed by polishing and electrochemical 

pretreatment that may impart a negative charge to the surface [236, 237], the GO/PEDOT 

nanocomposite contains a large amount of hydroxyl, carboxyl, and epoxide groups [162], with 

negatively-charged carboxyl groups located at the surface of the film [80]. Elemental analysis of 

the GO/PEDOT film with EDS gave an elemental ratio of oxygen to carbon of 0.309 (± 0.034, n 

= 4), which is higher than reported literature values of 0.22 for electrochemically-pretreated GC 

electrodes [236], indicating that there may be more negative charges at the nanocomposite 

surface provided by the additional oxygen functional groups. Along with electrostatic 

interactions between the anionic GO/PEDOT nanocomposite and the cationic DA molecules, π-π 

interactions may also play a role in the improved sensitivity toward DA. The DA molecule, but 
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neither the AA nor UA molecule, contains a phenol ring that may readily participate in 

noncovalent π-π stacking with the benzene rings present in GO [238, 239].  

5.3.3 Mechanisms Behind Improved DA Sensitivity of the GO/PEDOT Nanocomposite 

The GO nanosheets within the nanocomposite provide a unique way to subtly alter its physical 

properties. By changing the size and shape of the GO nanosheets prior to deposition in the 

nanocomposite, the physical and chemical properties can be controllably altered without grossly 

changing the composition of the nanocomposite. Utilizing this unique property, the mechanism 

by which GO nanosheets contribute to the improved sensitivity to DA can be explored. True GO 

nanoparticles exist as two-dimensional, single-layer nanosheets (ca. 1 nm thickness), ranging in 

size in the x-y-direction from hundreds of nanometers to microns, depending on the extent of 

oxidation. However, during synthesis from graphite via the modified Hummer’s method, many 

layered GO platelets are formed as an intermediate to single-layer GO [53]. The GO platelets 

will persist until exfoliated by mechanical perturbation using sonication into single-layer GO, 

double-layer GO, and few-layer GO (3-10 nanosheet layers). With increasing sonication 

treatments, the distribution of sheet thicknesses shifts toward smaller values and the diameter of 

the sheets decreases [81, 211]. The size and thickness of the GO nanosheets can significantly 

alter the physical and chemical properties of the prepared GO/PEDOT nanocomposite without 

significantly changing its material composition, creating a unique method of probing the 

properties driving the electrochemical detection performance. 
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5.3.3.1 Effect of GO Sonication on the Nanocomposite DA Sensitivity and Chemical 

Properties 

To investigate the effect of GO sonication on the properties of the GO/PEDOT nanocomposite, 

GO suspensions were sonicated for 15 min, 30 min, 60 min and 90 min prior to deposition into 

the nanocomposite. Electrodes modified with the sonication-treated GO/PEDOT nanocomposite 

were assayed for their sensitivity toward 100 µM DA using CV analysis in PBS. The magnitude 

of the peak DA oxidation current increased with increasing GO sonication treatment, with the 30 

min, 60 min and 90 min treatment group exhibiting a significantly larger peak current than a 

bare, unmodified electrode (Figure 5.4a). The chemical composition of the nanocomposite films 

was evaluated using energy dispersive spectroscopy to investigate the source of the improved 

sensitivity toward DA. The oxygen to sulfur (O/S) ratio provides a semi-quantitative measure of 

the amount of GO incorporated into the nanocomposite film. Each PEDOT unit contains a fixed 

O/S ratio (2:1), and the sulfur is present only in the polymer, not the GO nanosheets. As such, 

any increase in the O/S ratio indicates that there are 1) more GO sheets incorporated into the 

film, or 2) GO sheets with higher oxygen content selectively incorporated into the film. With 

increasing sonication treatment, the O/S ratio of the nanocomposite film increases significantly 

(Figure 5.4b). It is most likely that the increased oxygen content arises from a larger number of 

GO nanosheets incorporating into the film. With sonication, the GO nanosheets decrease in size, 

and smaller molecules act as more efficient dopants in the electropolymerization reaction that 

creates the nanocomposite film [209].  
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Figure 5.4. GO Sonication Improves Sensitivity of GO/PEDOT Towards DA. (a) Peak DA oxidation 

current at the bare GC electrodes and the GO/PEDOT nanocomposite synthesized with GO sonicated for 15 

min (GO15), 30 min (GO30), 60 min (GO60), or 90 min (GO90) prior to electrodeposition into the composite 

(* p < 0.05; n = 7). (b) Atomic ratio of O to S in the nanocomposite synthesized from GO with varying 

sonication treatment prior to electrodeposition (* p < 0.05; n = 5). O/S ratio indicates the density of oxygen 

containing functional groups, donated by GO, in the nanocomposite film. 

 

The increased O/S ratio positively correlates to the magnitude of the DA oxidation current (R2 = 

0.963, p < 0.05), suggesting that the increased amount of GO nanosheets within the film may 

produce the improved sensitivity toward DA. GO nanosheets contain negatively charged 

carboxylic acid groups at its edges that may electrostatically interact with DA, and benzene rings 

within its plane that may interact with the phenol ring of DA via π-π interaction. To evaluate 

which type of interaction causes the improved sensitivity of the GO/PEDOT nanocomposite, CV 

analysis of 100 µM DA was carried out in PBS at pH 9.5. At this more basic pH, the amine 

group on the DA molecule is deprotonated (pKa: 8.9), rendering the molecule either neutral, or 

slightly negative, as the hydroxyl groups become deprotonated [240]. Additionally, at this higher 

pH, the GO/PEDOT nanocomposite film should become more negative as the pH moves further 

from the pKa of the carboxylic acid groups of the GO nanosheets [241]. At these conditions, 

there should be much less electrostatic interaction and possibly some electrorepulsion. As 
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expected, the peak DA oxidation current at pH 9.5 (Figure 5.5a) is less than the current at 

physiological pH (Figure 5.4a) with a significant difference appearing for the nanocomposite 

film synthesized with GO receiving the 90-minute sonication treatment (pH 7.4: 16.18 µA; pH 

9.5: 7.00 µA; p < 0.01). Additionally, the sonication effect present in physiological pH 7.4 

conditions, in which the peak current increases with increased sonication time, is not exhibited at 

pH 9.5, and no differences arise between the electrode groups at the higher pH (p = .1445). 

These data support the hypothesis that the improved DA sensitivity demonstrated by the 

GO/PEDOT nanocomposite-modified electrodes at physiological pH is driven by electrostatic 

interactions between the positively charged amine group present on the DA molecules and the 

negatively charged carboxylic acid groups provided by the GO nanosheets in the GO/PEDOT 

nanocomposite. While π-interactions may exist between the benzene rings in the GO nanosheets 

and the phenol ring structure of the DA molecules, these interactions are clearly not the driving 

force behind the improved nanocomposite sensitivity that appears at higher GO sonication times 

because this effect completely disappears at the higher pH where the π-interactions would still 

persist. 

To further confirm that electrostatic interactions play a role in the improved DA 

sensitivity of the GO/PEDOT nanocomposite, the electrochemical oxidation of DOPAC at the 

surface of the nanocomposite-modified electrodes was investigated with CV in PBS at 

physiological pH 7.4. DOPAC is a metabolite of DA and shares a similar structure to its 

precursor, with the exception that the amine group of DA is replaced with a carboxylic acid 

group to form the DOPAC molecule. At physiological pH, the DOPAC molecules exist as anions 

but retain the phenol ring structure. As such, electrochemical oxidation behavior of DOPAC at 

the surface of the GO/PEDOT nanocomposite provides valuable information regarding the 
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influence of electrostatic interactions vs. π-interactions on the sensitivity of the nanocomposite. 

At the surface of nanocomposite films synthesized with GO sonicated for 30 minutes or greater, 

the DOPAC peak oxidation current was significantly lower than the DA peak oxidation current 

(p < 0.01), demonstrating that the nanocomposite exhibits less sensitivity toward the DOPAC 

molecules. There is no influence of sonication treatment on the nanocomposite sensitivity toward 

DOPAC (Figure 5.5b), as was exhibited toward DA, suggesting that the source of interaction 

between DA and the nanocomposite does not exist between DOPAC and the nanocomposite. The 

structure of DA and DOPAC are identical with the exception of their charged functional groups, 

confirming that electrostatic interactions between the DA amine and the GO carboxylic acid are 

likely the driving force behind the nanocomposite sensitivity.  

 

 

Figure 5.5. GO Sonication Does Not Effect Sensitivity of GO/PEDOT Nanocomposite Toward 

Neutral or Negatively Charged Analytes. (a) Peak DA oxidation current in PBS at pH 9.5 recorded at bare 

GC electrodes and electrodes modified with the GO/PEDOT nanocomposite synthesized with GO sonicated 

for 15 min (GO15), 30 min (GO30), 60 min (GO60) or 90 min (GO90) prior to electrodeposition into the 

nanocomposite (n = 7). (b) Peak DOPAC oxidation current in PBS at pH 7 recorded at bare GC electrodes 

and electrodes modified with the nanocomposite synthesized from GO sonicated for varying amounts of time 

prior to deposition (n = 7). 
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5.3.3.2 Effect of GO Sonication on the Nanocomposite Electrochemical Properties 

The electrochemical properties of the GO/PEDOT nanocomposite film synthesized with 

sonicated GO nanosheets were evaluated with electrochemical impedance spectroscopy to 

further probe the mechanism behind the improved electrochemical DA detection properties. The 

Nyquist plots of the nanocomposite impedance demonstrate characteristic behavior of GO-doped 

conducting polymer nanocomposites (Figure 5.6a) [80, 90, 162]. At low frequencies, the Nyquist 

plots exhibit steep slopes, indicative of highly capacitive behavior, while at high frequencies 

(Figure 5.6a inset) the curves present a more gradual slope that reflects the diffusive behavior of 

the film [90, 134]. Notably, the 15-minute sonication treatment group transitions from diffusive 

to capacitive behavior at a lower frequency than the other treatment groups; that is, it exhibits 

more diffusion-dominated behavior, indicating that the shorter sonication treatment may result in 

a nanocomposite film with slower charge transfer kinetics. The increase in diffusive behavior of 

the 15-minute sonication group may arise from a larger content of few-layer GO in the 

nanocomposite compared to longer sonication times that would contain more single- or double-

layer GO. Inherently, GO is not conductive, a result of the disruption in its π-electron network as 

oxygen functional groups are added to the structure during its oxidation reaction [53]. Any larger 

GO nanosheets contained in the nanocomposite could decrease the charge transfer of the 

nanocomposite film or create a diffusion barrier at the electrode/electrolyte interface that would 

result in the observed Nyquist behavior.  
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Figure 5.6. Effect of GO Sonication on the Electrochemical Impedence Spectroscopic Behavior of 

GO/PEDOT Nanocomposite. (a) Nyquist plots of the GO/PEDOT nanocomposites synthesized from GO 

sonicated for 15 min (GO15), 30 min (GO30), 60 min (GO60), or 90 min (GO90) prior to electrodeposition. 

Inset: High frequency range of the nyquist plot displaying the increased diffusive behavior of the GO15 

nanocomposite (n = 7). (b) Bode plots of the GO/PEDOT nanocomposites synthesized with GO sonicated for 

varying amounts of time prior to electrodeposition. Inset: Comparision of the 10 mHz impedance behavior 

(** p < 0.01; n = 7). The GO15 nanocomposite demonstrates significantly higher 10 mHz impedance, 

suggesting that it has a larger effective surface area. 
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The impedance modulus of the nanocomposite films differs subtly as a result of GO 

sonication treatment (Figure 5.6b). At high frequencies, no significant changes emerge, but at 

impedances lower than approximately 10 Hz, the 15-minute sonication group diverges from the 

longer sonication groups. At the 10 mHz frequency, the impedance is significantly larger for the 

15-minute sonication group than the longer sonication treatment groups (p < 0.01) indicating that 

both the capacitance and electrochemical surface area are lower (Figure 5.6b inset) [232, 233]. 

The decreased surface area has implications for the sensitivity of the nanocomposite towards DA 

electrochemical oxidation, with a lower surface area likely to produce a decreased DA 

sensitivity. In fact, the 15-minute sonication group does display a lower DA oxidation peak 

current than the longer sonication groups, with no significant improvement over the bare 

electrode that exists for the longer treatments (Figure 5.4a). The difference in nanocomposite 

surface area likely arises from the fact that the sonication treatment alters the size of the GO 

nanosheets, with longer sonication creating smaller, thinner sheets. Increasing GO sonication 

treatment prior to electrodeposition into conducting polymer films results in a rougher 

nanocomposite topography and the appearance of smaller features at the surface, likely due to 

the fact that more small GO nanosheets are preferentially incorporated into the polymer matrix as 

dopants [81]. A rougher surface topography would possibly provide an increased number of 

active sites with which the DA molecules could electrostatically interact, improving the 

sensitivity of the nanocomposite film towards the electrochemical oxidation of DA. The increase 

in surface area supports the finding that increased oxygen content in the nanocomposite 

correlates to a higher sensitivity towards the electrochemical oxidation DA. As more GO 

nanosheets are incorporated into the nanocomposite to increase its roughness and surface area, it 
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is expected that there would be more carboxylic acid groups provided by the GO within the 

nanocomposite that would interact with DA molecules to produce the boosted sensitivity. 

5.3.4 Effect of GO Sonication on the Electrocatalytic Activity Towards AA 

At the surface of the GO/PEDOT nanocomposite, AA exhibits a leftward shift in its oxidation 

potential, demonstrating the electrocatalytic effect of the nanocomposite and its potential as a 

material to improve the specificity of electrochemical detection methods (Figure 5.2b, c). To 

probe the mechanism by which the nanocomposite interacts with AA, GO/PEDOT films were 

synthesized using GO that underwent graded sonication treatment and the effect on 

electrocatalysis of AA was evaluated. The negative shift in AA oxidation potential at the 

nanocomposite surface, as compared to a bare electrode, was significantly less at the longest 

sonication time of 90 min (Figure 5.7a). GO has been noted as a highly catalytic material 

because of the abundance of oxygen functional groups in its structure [59, 61, 62]. The 

electrocatalysis of the AA oxidation reaction by GO relies on the extent of GO oxidation, with 

higher levels of oxygen content correlating with increased electrocatalytic activity [60]. 

Interestingly, the favorable electrocatalysis has been shown to disappear when GO is chemically 

reduced, with the AA oxidation potential moving back towards the same positive voltage 

exhibited by the bare electrodes [60]. This suggests that the ability of GO to electrocatalyze the 

AA reaction lies with its reducible oxygen functional groups, such as hydroxyl or epoxide, but 

not its carbonyl groups that can persist following reduction [58, 242]. To explore the role of GO 

oxygen functional groups, the relationship between negative potential shift and oxygen bonds in 

the nanocomposite films was evaluated using FTIR (Figure 5.7b). The negative potential shift 

significantly correlated with the alkoxy C-O content in the nanocomposite (R2 = 0.967, p < 0.05), 
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but not to the other oxygen functional group content in the nanocomposite, suggesting that the 

electrocatalysis may arise from interactions between the AA molecule and the alkoxy functional 

groups present at the surface of the nanocomposite (Figure 5.7c). The AA electrochemical 

oxidation pathway is a two-step process with AA first directly oxidized into a dehydroascorbic 

acid (DHA) radical that adsorbs onto the electrode surface before further oxidation into the final 

product, DHA, that then desorbs from the electrode [243-245]. The formation of hydrogen bonds 

between the multiple hydroxyl groups on the DHA radical and the alkoxy groups of the GO 

nanosheets may be one way in which the nanocomposite catalyzes the oxidation reaction. The 

hydrogen bond interactions could coordinate the unstable DHA radical to reduce the energy 

barrier needed to carry out the reaction, resulting in a leftward shift in oxidation potential. At the 

longest sonication times, there is a reduction in available alkoxy groups, and a consequent 

reduction in the amount of hydrogen bond-mediated stabilization of the DHA radical would 

reduce the leftward shift observed in the AA oxidation potential as the reduction in the energy 

barrier to complete the reaction is not as large.  

The origin of the decrease in alkoxy groups at the 90-min GO sonication time may be 

attributed to a population of smaller GO nanosheets, with a lower oxygen content per nanosheet, 

being incorporated into the nanocomposite. As the GO nanosheets are broken into smaller pieces 

with sonication treatment, only those that contain a negatively charged carboxylic acid group 

will be able to act as dopants in the electropolymerization reaction of the nanocomposite. 

Therefore, as smaller nanosheet sizes are produced at the longest sonication time, it is likely that 

the ratio of carboxylic acid to alkoxy in the nanocomposite would increase, and total alkoxy 

content would decrease, as small GO nanosheets containing only hydroxyl and epoxide groups 

are selectively omitted from the nanocomposite. 
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Figure 5.7. Alkoxy C-O Content in the GO/PEDOT Nanocomposite Correlates to the Shift in AA 

Oxidation Potential. (a) Negative shift in the AA oxidation potential, compared to a bare GC electrode, at the 

GO/PEDOT nanocomposite synthesized from GO sonicated for 15 min (GO15), 30 min (GO30), 60 min 

(GO60), or 90 min (GO90).  The GO90 nanocomposite exhibits a significant decrease in the magnitude of AA 

oxidation potential shift (p < 0.05; n = 7). (b) Representative FTIR spectrum of the GO90 nanocomposite 

exhibiting peaks corresponding to oxygen containing functional groups donated by the GO and the peak 

corresponding to the sulfur group donated by PEDOT. (c) Linear correlation between the magnitude of the 

AA oxidation potential (Ep) negative shift and the ratio of alkoxy C-O to C-S peaks. The ratio is a semi-

quantitative estimate of the alkoxy content in the nanocomposites. 

 

Notably, at the nanocomposite surface there is no electrocatalysis of the DA and UA 

oxidation reaction, as the location of the oxidation peak does not change for either molecule 

(Figure 5.2). The structure of DA contains fewer hydroxyl groups than the AA structure, and the 

UA molecule contains no hydroxyl groups, potentially decreasing the ability of the 

nanocomposite to catalyze their oxidation reactions. The selective electrocatalysis of the 

oxidation reaction of AA, but not DA, makes the GO/PEDOT nanocomposite a promising 

electrode material for the selective determination of DA in biological solutions that also contain 

AA, such as blood, urine, or cerebral spinal fluid. 
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5.4 CONCLUSIONS 

The electrochemical oxidation behavior of DA, AA, and UA was investigated at the surface of a 

GO/PEDOT nanocomposite material. The nanocomposite selectively amplified the signal of DA 

oxidation as a result of electrostatic interactions between the DA molecules and the negative 

charges at the nanocomposite surface.  Interference from AA was eliminated by electrocatalysis 

of the AA oxidation reaction by the nanocomposite surface, shifting its oxidation potential 

sufficiently away from the DA oxidation potential. These data indicate that this high 

performance nanocomposite material will be useful for the development of more selective and 

sensitive biosensors that will have the potential to improve both diagnostics and exploratory 

science by providing a more reliable and accurate depiction of DA in biological samples and 

tissues. 
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6.0  DEVELOPMENT OF AN IN VITRO PLATFORM FOR THE STUDY OF 

NEURONAL INJURY AND REGENERATION 

6.1 INTRODUCTION 

Traumatic brain injury (TBI) presents a huge public health problem with over 2 million new 

cases each year, and an estimated 5.3 million Americans currently living with a TBI-related 

disability [246]. The challenge of treating TBI lies in the complex pathobiological cascade that 

occurs following injury, including processes such as induction of oxidative stress, excitotoxicity, 

and energy failure that ultimately lead to the activation of apoptotic pathways and widespread 

cell death [247, 248]. Because of the level of complexity embodying the injury response, 

effective clinical therapies are difficult to develop. By taking advantage of in vitro injury models, 

where experimental variables are individually isolated and probed, researchers can achieve a 

better understanding of the mechanisms underlying TBI and ultimately move toward the 

development of targeted, effective therapeutics. 

Several in vitro models of TBI exist that can recapitulate both focal and diffuse damage 

occurring after injury [249, 250]. Focal injury occurs as a direct result of the initial insult, and is 

modeled using transection or compression injuries. Diffuse injury occurs in response to shear 

forces from the brain moving within the skull upon impact and has been modeled using stretch 

injuries. In both of these in vitro models, organotypic slice cultures and dissociated cultured 
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neuronal networks (CNNs) have been used as model systems. While they have added a great 

amount to the understanding of the pathology underlying TBI, most of these injury models rely 

on end-point molecular or genetic analyses and are limited in their ability to follow a single cell 

culture longitudinally after injury. 

Multielectrode arrays (MEAs), consisting of grids of microelectrodes that can stimulate 

or record from CNNs, have been used extensively in the field of neuroscience to study the 

development and plasticity of electrical activity in vitro [251, 252]. Because of their non-

invasive recording ability, the devices can collect information from a CNN over the course of 

several weeks, providing information about the dynamics of network activity. Recently, 

stretchable MEAs, composed of electrode grids on an elastomeric substrate, have been developed 

that can impart a stretch injury to CNNs or slice cultures to evaluate the effects of injury on 

electrical activity [253, 254]. However, because the electrical components and insulation 

materials of MEAs are easily damaged, no models have yet been developed that utilize these 

devices with transection or compression injuries. In this work, we describe an in vitro injury 

model based on commercially available MEAs that uses an elastomeric stamp to introduce a 

focal injury into a mature CNN. The injury creates dysfunctional network activity characterized 

by decreases in the firing rate, asynchronous firing activity and disordered burst patterns for up 

to 7 d following the introduction of damage. This work provides the groundwork for a platform 

that can be used as a tool to assess potential therapeutic interventions, such as cellular therapies, 

without the need of animal models.  

Neural stem cells (NSCs) have the ability to differentiate into functional neurons [138] 

and have been implicated as a potential therapy for TBI and other brain injuries [143, 255]. 

However, there have been conflicting reports about their ability to survive following 

 113 



transplantation and integrate into existing circuitry [140-142]. A reduced model of NSC 

transplantation would create a valuable platform for investigating the physiological events that 

occur when a population of NSCs is introduced into a damage site, and assist in providing 

information that could be used to improve the efficacy of current transplantation methods. Using 

the MEA-based model of neuronal injury, we transplanted a population of embryonic-derived 

NSCs into the injury site and monitored the resultant CNN activity to evaluate any therapeutic 

effects provided by the cells. Injured CNNs treated with NSCs did not exhibit the same activity 

deficits as untreated damaged CNNs, suggesting that the transplanted cells were imparting a 

protective effect to the damaged network. These experiments represent a first step towards 

creating a repeatable in vitro model of neuronal damage and regeneration. 

6.2 MATERIALS AND METHODS 

6.2.1 MEA Preparation  

MEAs with 64 electrodes with a diameter of 50 µm and an inter-electrode distance of 150 µm 

were used for this study (AlphaMED Scientific, Osaka, Japan). The electrodes were patterned 

into two 32-electrode grids located at a distance of 10 mm from each other (Figure 6.1). To 

create a consistent cell culture area over the electrode space, a custom polydimethylsiloxane 

(PDMS) barrier was created to constrain the cell growth to a 15 mm x 3 mm area. The PDMS 

was made using a Sylgard 184 Silicone Elastomer Kit (Dow Corning, Midland, MI) at a ratio of 

10:1 and cured for 48 h at room temperature, and the barrier was cut out using a stencil. The 

PDMS barrier and the polyacrylamide surface of the MEA were activated with a 30 s treatment 
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with a plasma cleaner (PDC-001, HarrickPlasma) operated with ambient air.  A drop of methanol 

was added to the surface of the MEA to aid in the placement of the barrier, then the barrier was 

positioned and bonded to the surface at 37°C for 30 min. Prior to cell culture, the MEA culture 

surface was washed in sterile dH2O and exposed to UV light for 10 min. The culture surface 

within the PDMS barrier was treated with polyethylenimine (PEI, 0.05% in borate buffered 

saline) for 1 h, washed with sterile dH2O, then treated with laminin (20 µg ml-1 in Neurobasal 

medium) overnight at 37°C, washed with sterile phosphate buffered saline (PBS) and stored in 

PBS until culture. 

 

 

Figure 6.1. Schematic Representation of CNN Damage Platform. The device consists of a 

commercially available MEA that contains two grids of 32 electrodes (50 µm diameter, 150 µm inter-

electrode distance) separated by a space of 10 mm. A culture barrier made of PDMS was fixed to the surface 

to constrain the culture area to 45 mm2. A CNN was grown inside of the culture barrier for 22 d prior to the 

introduction of a focal injury using a PDMS stamp that ablated all cells within the damage area. 
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6.2.2 Cell Culture 

Primary hippocampal neurons were isolated from Sprague-Dawley rat E18 embryos as described 

previously [256]. Neurons were seeded within the PDMS culture barrier at a density of 

approximately 11k cells per mm2 and maintained in Neurobasal media supplemented with 2% 

B27 (Invitrogen), 1% Glutamax (Invitrogen), 10% horse serum (Sigma-Aldrich), and 1% 

penicillin-streptomycin (Pen-Strep; Invitrogen). The medium was exchanged every 2 to 3 d, as 

necessary. In experimental groups C2, D2, and D2-tx (Table 1), the neuron media was 

additionally supplemented with cytosine arabinoside (AraC; 5 µM; Sigma-Aldrich) after 8 days 

in vitro (DIV) to restrict glial growth. The AraC treatment was removed at 18 DIV in preparation 

for NSC transplantation.  

 

Table 6.1. Experimental CNN Groups 

Experimental Group Injury AraC NSC-Tx Sample Size 

C1 none - - n = 3 

D1 9 mm2 - - n = 2 

C2 none + - n = 2 

D2 1 mm2 + - n = 2 

D2-tx 1 mm2 + + n = 2 

 

 

Embryonic NSCs were isolated from the cortices of Sprague-Dawley rat E18 embryos. 

Cortices were triturated in Hank’s Buffered Salt Solution (HBSS, Sigma-Aldrich) supplemented 

with 1% GlutaMax (Invitrogen) and 1% Pen-Strep. The suspension was allowed to settle for 5 
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min and the supernatant was collected, centrifuged, and transferred into NeuroCult NS-A 

Proliferation Medium (StemCell Technologies) supplemented with recombinant human 

epidermal growth factor (EGF; 20 ng mL-1, Invitrogen), recombinant human basic fibroblast 

growth factor (bFGF; 10 ng mL-1, Invitrogen), heparin (2 mg mL-1; StemCell Technologies), and 

Pen-Strep (1%). The cells were maintained at 37°C and passaged every 3 to 4 d, as necessary. 

NSCs were used at passages 2 or 3 for cell transplantation. 

6.2.3 CNN Damage and NSC Transplantation 

The neuronal injury was introduced to the cultures at 22 DIV by applying a focal injury to the 

center of the culture area using a PDMS stamp (9 mm2 or 1 mm2). The stamp was lowered into 

the CNN using a micromanipulator until it made contact with the underlying culture surface and 

removed after 30 s. Visual assessment confirmed that the cells underneath the stamp were 

completely ablated. After 30 min the damaged cultures underwent a partial medium exchange to 

alleviate some of the damage-induced chemical cascade [257]. At 3 h after injury, NSCs were 

added to cultures to model cell transplantation. In an effort to restrict the NSC localization to the 

CNN area, all media outside of the PDMS culture barrier was removed from the dish, so that 

approximately 50 µL of media remained, covering only the CNN growth area. NSCs were 

switched from their proliferation media into Neurobasal media, then 50k cells were added to the 

inside of the PDMS culture barrier and allowed to attach for 30 min. After the cell attachment 

phase, Neurobasal media was added to fill the entire MEA culture area. 

 117 



6.2.4 Recording 

Spontaneous extracellular network activity was recorded from the CNNs growing on the MEAs 

using a MED64 system with Conductor Software (AlphaMED, Osaka, Japan). The spontaneous 

activity was recorded from each CNN during 5-minute sessions, 3x per recording day. Each 

channel was recorded from simultaneously and was sampled at a rate of 20 kHz. Prior to 

recording, the CNNs were briefly transferred from the incubator to a sterile culture hood in order 

to place them into the MED64 Connector that interfaces the MEA with the amplifier. The CNNs 

were then placed back in the incubator and recordings took place at 37°C. Prior to starting the 

recording, CNNs were allowed to equilibrate for 10 min to reduce any artificial increase in cell 

firing activity that can occur in response to mechanical perturbations during movement [252].  

Activity was monitored weekly during the first three weeks in vitro to ensure the 

development of healthy network activity. CNNs that did not develop strong synchronous 

bursting activity by the third week in culture were excluded from these experiments. Starting at 

21 DIV, the day prior to damage/NSC-tx, activity recordings were taken daily until 7 d post 

injury (DPI). Control CNNs that received no treatment were recorded from daily during 21 DIV 

through 29 DIV, which corresponded 7 DPI in the damaged cultures, to ensure that the all 

comparisons across CNN groups were at similar points developmentally. 

6.2.5 Data Analysis 

6.2.5.1 Spike Detection  

Neural recording segments were analyzed offline to determine the number of neurons recorded, 

noise levels, and signal amplitudes using custom automated MATLAB (Mathworks Inc., MA) 
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software, as described elsewhere [258, 259]. As an overview, the wide-band recordings were 

filtered in software to isolate the spike data (300–5000 Hz). To identify single- and multi- units, 

the threshold for the high-frequency data was established by using a window set at 3.5 standard 

deviations below the mean of the data. For each peak exceeding the threshold window, 

timestamps recorded and plotted as a raster plot.  

6.2.5.2 Burst Detection and Analysis 

The bursting activity of the CNNs is defined as a period of increased firing activity that occurred 

followed by a brief period of silence. Activity was considered a burst if it met the minimum 

requirement of at least 10 spikes occurring in sequence with an interspike interval (ISI) of less 

than 100 ms [260]. The following measures were used to describe the bursting behavior of the 

CNNs: 

 

Burst rate (BR): defined as the frequency of bursting events, in bursts per second, occurring at an 

electrode during the 5-minute recording 

 

Burst duration (BD): defined as the average length in seconds of bursts occurring at an electrode 

during the 5-minute recording 

 

Intra-burst Frequency (IBF): defined as the average firing rate within bursting events occurring 

at an electrode during the 5-minute recording 
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6.2.5.3 Cross-Correlation 

As a metric to quantify the connectivity of the CNN, the cross-correlation, Cxy(τ), between 

electrodes in the dish was calculated as described previously [260, 261]. In brief, the spike trains 

recorded from two electrodes, x and y, in the CNN were compared. For each spike on x, the 

number of spikes occurring within ± 150 ms on y were summed and separated into 30 ms bins so 

that each cross-correlation vector contained 10 elements. The Cxy(τ) was normalized to spikes s-1 

by dividing each element by the total number of spikes in the x train and the bin size. The cross-

correlation coefficient, Cxy(0),  for each electrode pair was calculated as the total number of 

spikes occurring within the 30 ms bin centered at t = 0. To obtain information about the 

connectivity between the two electrode grids, X and Y, the cross-grid correlation coefficient, 

CXY(0) was calculated by averaging the Cxy(0) between each electrode on grid X and each 

electrode on grid Y.  

6.2.5.4 Statistical Analysis  

For each day, the values obtained from the 3 recordings were averaged together to decrease any 

within network variability. To compare changes that happened after the damage or NSC-tx, all 

metrics were normalized to the mean values of 21 and 22 DIV. All statistical analysis was 

carried out using GraphPad Prism software and presented as the mean ± SEM. For comparisons 

between two experimental groups, Student’s t-tests were used. For comparisons across the three 

experimental groups over the 7 d following injury, two-way ANOVA analysis with Bonferroni’s 

posthoc analysis was employed. 
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6.3 RESULTS AND DISCUSSION 

Embryonic E18 hippocampal neurons were plated on the surface of MEAs, matured for 22 DIV, 

and then injured with a focal injury to determine the effect of neuronal damage on network firing 

patterns. CNNs represent an advantageous model system for the study of injury effects on 

electrophysiological activity. As the networks mature, they begin to develop stereotypical 

synchronous bursting behavior that can be used as a benchmark for comparison after the 

introduction of an injury. In this work, three experimental groups received AraC treatment 

between 8 DIV and 18 DIV (Groups C2, D2, and D2-tx; Table 1), while two groups received no 

AraC treatment (Groups C1 and D1). The AraC treatment was introduced as a method of 

restricting astrocyte proliferation because in CNNs glial cells can overgrow neurons, consume 

the majority of available media nutrients and release acidic byproducts, leading to CNN death. It 

was found that in the C1 and D1 groups that were not treated with AraC, regardless of the 

damage treatment, the CNN quit exhibiting firing activity and perished by 30 - 35 DIV. Because 

the goal of these experiments was to evaluate the effect of the introduced focal injury on the 

network activity, and the overgrowth of astrocytes could contribute to altered network firing 

patterns as the health of the network declined, AraC treatment was introduced in the second set 

of experiments.  

6.3.1 Effect of AraC Treatment on CNN Activity 

Interestingly, the firing activity of control cultures was significantly different depending on AraC 

treatment (Figure 6.2). At 29 DIV, CNNs that did not receive AraC exhibited firing activity that 

was organized into densely packed superbursts, consisting of periods of high activity followed by 
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periods of silence extending for seconds (Figure 6.2a). Within the superburst, the activity is 

organized into smaller bursts lasting for 10 - 50 ms with short periods of silence between bursts 

(Figure 6.2c). Superbursting activity occurs normally during CNN development [252, 262] and 

recapitulates spontaneous activity that occurs in vivo, which is thought to be involved in 

strengthening of synaptic connections [263, 264]. Cultures that underwent AraC treatment 

between 8 DIV and 18 DIV did not display the superbursting behavior at any point during the 

course of the experiment; however, they did exhibit bursting behavior that is organized into a 

less stereotyped pattern (Figure 6.2b). The average firing rate measured across all electrodes in 

the CNN was higher in the AraC-treated culture than the untreated culture (Figure 6.3a), while 

the IBF (i.e. the firing rate within bursts) was higher (Figure 6.3d) and BD was lower (Figure 

6.3c), reflecting the dense organization of firing activity into stereotyped bursting events. 

Although the AraC treatment resulted in a significant reorganization of bursting patterns, the 

cross-grid correlation was not significantly different (Figure 6.3b), implying that the widespread 

synaptic connections across the CNN developed normally and could create the highly correlated 

bursting activity between cells in the network that is characteristic of CNNs [251, 252, 265]. 
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Figure 6.2. AraC Treatment Alters the Pattern of Neuronal Firing Activity. Representative raster 

plots of control CNN network activity at 29 DIV that received no AraC treatment (a, c) or that received 5 µM 

AraC between 8 DIV and 18 DIV (b, d). Red line delineates electrodes on the left grid of the MEA from 

electrodes on the right grid of the MEA.  
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Figure 6.3. Effect of AraC Treatment on the Firing Behavior of CNNs. Comparison of (a) firing rate, 

(b) cross-grid correlation coefficient (CXY(0)), (c) burst duration (BD), and (d) intra-burst frequency (IBF) at 

29 DIV in cultures that were treated with AraC between 8 and 18 DIV (AraC+) or that received no AraC 

treatment (AraC-). * p < 0.05; ** p < 0.01. 

 

Astrocytes were historically considered “support” cells of the CNS, with a limited role in 

signaling that leads to the transmission and integration of information [266]. In recent years, 

accumulating evidence depicts astrocytes in a more active signaling role that couples with 

neuron activity. While they cannot fire action potentials like their neuronal counterparts, 

astrocytes do exhibit spontaneous and activity-evoked Ca2+ oscillations [267, 268] that can elicit 

the release of “gliotransmitters” such as neuropeptides, amino acid neurotransmitters, and growth 

factors [269]. Gliotransmission impacts neuronal synaptic transmission, and glutamate release 
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from astroglia activates local neurons in a highly synchronous way, indicating that astrocytes 

play a role in the development of synchronous firing behavior in neurons [270, 271]. In the 

cultures that were treated with AraC between 8 DIV and 18 DIV, astrocyte growth was restricted 

and resulted in a largely different network firing patterns, demonstrating the importance of glia 

in the development of neuron activity. For the future development of the CNN damage model, 

the extent of astrocyte restriction must be carefully considered because unrestricted growth leads 

to unhealthy networks during long-term cultures, while smaller populations of astrocytes hold 

less influence over the formation of synaptic connections and neuronal firing patterns, ultimately 

resulting in different activity patterns in the mature networks. 

6.3.2 Effect of Damage on CNN Firing Activity 

Mature CNNs were damaged with a focal injury inflicted with an elastomeric stamp at 22 DIV. 

The damage site was located approximately equidistant between the two electrode grids. In one 

group, D1, the damage site was 9 mm2, which covered approximately 20% of the total culture 

area, and was considered a severe injury. In a second group, D2, the damage site was 1 mm2, 

which covered approximately 2.2% of the total culture area, and was considered a mild injury. In 

both groups, all cells that were growing under the damage site were completely ablated after the 

injury. The effects of the injuries on the firing activity of the CNN were evaluated for the first 7 

DPI. Experimental group D1 did not receive AraC treatment at any point during the course of the 

experiment and was compared with control C1, which also did not receive AraC treatment 

(Table 1), to determine the effect of damage on the activity of the CNN. Likewise, group D2 that 

was treated with AraC between 8 DIV and 18 DIV was compared with control C2 that also 

received the same AraC treatment. 
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6.3.2.1 Severe Damage 

Severe damage resulted in a marked interruption in the superbursting activity exhibited by C1 

(Figure 6.4a). While correlated bursting activity persists discretely on each grid separately, cross-

grid bursts are no longer present and a large amount of firing activity exists outside of correlated 

bursts. The average firing rate across the entire dish was not significantly different between D1 

and C1 (Figure 6.4b). However, all mean values of D1 were below those of C1, suggesting that a 

trend exists and with a higher sample size, significant differences may emerge. The cross-grid 

correlation coefficient declined over the first 3 DPI, stabilized around 25% of the pre-injury 

value, then exhibited a slight increase at 7 DPI (Figure 6.4c). These data reflect the deteriorating 

connections between the cells in the network, possibly a result of cells continuing to die 

following damage via delayed apoptotic pathways initiated by the insult [272]. Similarly, the BR 

decreased and stabilized at approximately 60% of the pre-injury value, reflecting the disruption 

in connectivity following injury (Figure 6.4d). The increase in cross-grid correlation at 7 DPI 

may be an artifact of the intra-culture variation in activity that occurs across different days [252], 

especially because of the low sample size (n = 2), but it may also indicate the potential of the 

surviving cells to reestablish connectivity. It should be noted that the D1 cultures completely 

ceased to exhibit any firing activity soon after 7 DPI, either because of damage sustained during 

the injury or because of the overgrowth of unrestricted astroglia, so the longer-term response to 

injury could not be monitored.  
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Figure 6.4. Effect of Severe Focal Injury on CNN Firing Activity. (a) Representative raster plots of 

CNN activity at 7 DPI (29 DIV) exhibiting the interruption in superbursting behavior and decrease in 

correlated activity. Red line delineates electrodes on the left grid of the MEA from electrodes on the right grid 

of the MEA. (b) Normalized average firing rate across all electrodes of the MEA, (c) normalized cross-grid 

correlation coefficient (CXY(0)), and (d) normalized burst rate (BR) over the first 7 DPI for control (C1) and 

damage (D1). All data points are normalized to the pre-damage activity at 22 DIV.  * indicates significant 

difference from C1; p < 0.05. 
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6.3.2.2 Mild Damage 

To address the poor long-term survival of the D1 cultures that may arise from unrestricted 

astroglial overgrowth in combination with the severe damage that ablated 20% of the total 

culture area, AraC treatment was given to limit the amount of astrocytes in the CNN and a milder 

damage (2.2%) was introduced to injure the networks. Under this damage condition, D2, the 

networks exhibited a similar disruption in the synchronous behavior that was apparent in D1 

(Figure 6.5a). Some of the correlated intra-grid bursting behavior was retained but, as in D2, 

there was no synchronous cross-grid bursting behavior after injury. Interestingly, some 

electrodes began recording superburst-like behavior with periods of silence in between periods of 

high activity; however, unlike true superbursting activity, the high activity period was not 

organized into small correlated bursts, but instead consisted of disordered firing (Figure 6.5a, left 

grid activity). The mean firing rate across the entire MEA was lower in D2 than in C2, though 

the effect was non-significant, perhaps due to the low sample size (Figure 6.6a), and the cross-

grid correlation coefficient was significantly lower in D2 at several points throughout the first 7 

DPI (Figure 6.6b).  
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Figure 6.5. Effect of Mild Damage With or Without NSC-Tx on CNN Firing Activity. Representative 

raster plots of CNN activity 7 DIV after mild damage (a) without NSC-tx (D2) or (b) with NSC-tx (D2-tx). 

Red line delineates electrodes on the left grid of the MEA from electrodes on the right grid of the MEA. 

Damage disrupts correlated network-wide bursting activity. In CNNs that received the NSC-tx treatment, 

network-wide superbursting behavior was initiated, and cross-grid bursting was restored. 

 

Bursting behavior in neuronal networks is driven by GABAergic inhibition provided by 

interneurons in the circuit and develops as the synaptic inhibitory drive outweighs the excitatory 

drive [251, 273]. In injured CNNs, it is possible that the GABAergic interneurons are more 

susceptible to the injury, leading to the dysfunctional bursting behavior observed in both D1 and 
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D2. In response to prolonged silencing after the introduction of tetrodotoxin, which interrupts 

spontaneous firing in CNNs, there is a disproportionate decrease in GABA signaling, supporting 

the hypothesis that GABAergic cells may be more sensitive to injury [274]. Additionally, in vivo 

damage caused by lesion or infarction results in prolonged loss of GABAergic inhibition and 

dysfunctional circuitry [275-277], again supporting that GABAergic circuits are targeted during 

damage, and indicating that the model described here may be valid for studying these types of 

injuries. 

 

 

Figure 6.6. Effect of Mild Damage and NSC-Tx on Firing Metrics of CNNs. (a) Normalized average 

firing rate across all electrodes of the MEA and (b) normalized cross-grid correlation coefficient (CXY(0)) over 

the first 7 DPI for control (C2), damage (D2), and damage with NSC-tx (D2-tx). All data points are 

normalized to the pre-damage activity at 22 DIV.  * indicates significant difference from C2; p < 0.05. 

 

The dynamics of the injury were different in experimental groups D1 and D2, with the 

more severely damaged D1 exhibiting dysfunctional firing metrics for at least 6 DPI (Figure 6.4), 

while the more mildly injured D2 showed a possible trend toward recovering to pre-injury values 
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within the 7 DPI period (Figure 6.6). These data indicate the potential of this injury model to 

provide scalable damage to the CNN, with larger crush injuries resulting in more severely 

dysfunctional circuitry. However, it should be noted that these two damage groups received 

different AraC treatments, resulting in differences in the size of astrocyte populations in the 

culture, which could have an effect on their response to injury. Astrocytes contain glutamate 

transporters that can provide protection against excitotoxic glutamate release [278, 279], 

although the expression of astrocytic glutamate transporters is downregulated following injury 

[280], making it difficult to determine how significant the effect of AraC treatment was in the 

injury response of D1 and D2 cultures. Future studies are warranted to evaluate any 

neuroprotective effects of astroglia in this injury model.   

6.3.2.3 NSC Transplantation 

To evaluate the potential of NSCs as a therapy to restore damaged circuitry following neuronal 

injury, embryonic-derived NSCs were transplanted into the damaged CNN 3 h after injury and 

the resulting network activity was evaluated for 7 d. Immediately following injury, there was an 

improvement in both the firing rate and the cross-grid correlation coefficient compared to D2, 

which was not treated with NSCs (Figure 6.6). This effect persisted during the entire 7 DPI, with 

both metrics higher than D2 and slightly lower, but not significantly different than C2. In 

cultures that received the NSC-tx, the activity pattern displayed superburst-like activity, with 

periods of increased activity that were not organized into bursts as seen in D2 (Figure 6.5b). 

However, these superburst-like periods were highly correlated across the two grids of the MEA, 

suggesting that some connections were either protected from the damage, or restored after the 

damage. Additionally, outside of the superburst-like periods, there were very short, highly 

correlated bursts of activity that were present on both electrode grids and generally preceded the 
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onset of the superburst-like period. In healthy developing CNNs, the network undergoes a period 

of superbursting activity prior to transitioning to mature stable bursting behavior characterized 

by abrupt repetitive bursting [252, 262]. Immature superbursting is thought to be associated with 

neural plasticity, as the network connections are being formed and strengthened [263, 264]. The 

superburst-like activity that both D2 and D2-tx display may be indicative of plasticity occurring 

in the damaged networks after injury. 

The existence of these highly correlated activity patterns indicate that the NSCs had a 

therapeutic effect on the damaged network and have the potential to repair the dysfunctional 

circuitry. The origin of the therapeutic effect is likely due to released factors from the NSCs, 

rather than the production of newborn neurons integrating into the damaged network because the 

effect is present as soon as 1 DPI, which would be too soon for the NSCs to differentiate into 

neurons that are functionally mature [138]. NSCs secrete neurotrophic factors and can protect 

damaged neurons from oxidative stress and degeneration in disease states or injury in vivo and in 

vitro [281, 282], supporting the hypothesis that a neuroprotective effect may also occur in the 

D2-tx CNNs. However, it is possible that at later time points, some of the NSCs will differentiate 

into functional cells and integrate into the CNN to further repair the circuitry, and experiments 

are currently underway to investigate this possibility. 

These results indicate that this in vitro damage model has the potential to develop into a 

highly flexible platform for studying neuronal injury and regeneration, especially if coupled with 

the GO/CP nanocomposite described in Chapters 2 – 5. The multifaceted injury pathways 

involve dysfunctions in a multitude of chemical signals, along with the impaired electrical 

signaling described here. By modifying the electrodes of the device with the nanocomposite 

material, the platform can be enabled with the capability to detect chemical signaling to further 
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elucidate the injury cascade, or to release therapeutic agents as a method to test efficacy of novel 

drug molecules. 

6.4 CONCLUSIONS 

This work explored a novel in vitro platform for modeling neuronal injury that has the ability to 

monitor the electrophysiological activity of a network of neurons over time after the introduction 

of an injury. CNNs display stereotyped bursting behavior as they mature that can be used as a 

benchmark for evaluating the effects of damage on cell physiology. The pattern of bursting 

behavior is highly sensitive to the amount of astroglial cells present in the culture, demonstrating 

that astrocytes exhibit influence over the formation and maintenance of synaptic connections 

between neurons. Following injury, the firing rate, cross-grid correlation coefficient and burst 

rate are reduced, while treatment with NSCs can restore the activity to a level that is similar to 

undamaged cultures. While these results must be considered carefully because of the low sample 

size in each group (n = 2), they underscore the potential of this model for studying neuronal 

injury and regeneration. This work lays the foundation for future development and 

characterization of the MEA-based injury platform that can function as a reduced model of the 

complex pathophysiology that occurs following neuronal injury. 
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7.0  CONCLUSION 

7.1 SUMMARY OF RESULTS 

This dissertation describes the development of a conductive neural biomaterial and its versatile 

applications in the field of neural interfacing. The material consists of graphene oxide (GO) 

nanosheets doped into conducting polymer (CP) films that are deposited onto the surface of 

metal or carbon electrodes to improve interfacing capabilities with neurons and neural stem cells 

(NSCs). The GO/CP nanocomposite demonstrated good biocompatibility with both neurons and 

NSCs and could be easily modified with bioactive molecules to influence cell growth. The 

unique electrochemical properties of the GO/CP composite enabled highly controllable, on-

demand drug delivery. The chemical properties contributed by the GO nanosheets created a 

platform for highly sensitive and selective dopamine (DA) detection. With the goal of 

developing a customizable device that incorporates the neural interfacing capabilities of the 

GO/CP, this body of work concludes with the characterization of a repeatable in vitro cultured 

neuronal network (CNN) damage model based on multielectrode arrays (MEAs) for 

investigating the pathobiology of neuronal injury. The studies described in this dissertation 

demonstrate the hugely versatile applications that are possible for the GO/CP nanocomposite 

material, and are indicative of the potential impact that this neural biomaterial can have on the 

fields of bioengineering and medicine. 
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Chapter 2 introduced the GO/CP nanocomposite material and its ability to act as a 

biocompatible substrate for neural cell culture. The GO nanosheets were successfully 

incorporated into an electrochemically synthesized poly(3,4-ethylenedioxythiophene) (PEDOT) 

film as dopants and the resulting nanocomposite film demonstrated great electrical properties. 

Primary neurons cultured on the surface of the nanocomposite material showed no decrease in 

viability, very minimal cell death and exhibited healthy morphology that included plentiful 

neurite outgrowth and branching. As compared to conventional PEDOT films that were doped 

with poly(styrenesulfonate) (PSS), the GO/PEDOT nanocomposite displayed the interesting 

ability to improve the extent of neurite outgrowth, a property that may result from the unique 

morphology of the nanocomposite film. With a simple carbodiimide chemistry procedure that 

utilized the free carboxylic acid groups contributed by the GO nanosheets, the surface of the 

nanocomposite film could be decorated with functional laminin peptide p20 which further 

improved the neurite outgrowth of the neurons cultured on the surface of the nanocomposite.   

To build on the results of Chapter 2 that demonstrated the great scaffolding potential of 

the nanocomposite, Chapter 3 explored the response of NSCs cultured on the surface of 

GO/PEDOT films. The nanocomposite exhibited a huge benefit over conventional PEDOT/PSS 

films in its ability to drive NSC differentiation towards the neuronal phenotype. Further studies 

are warranted to unravel the mechanism behind the improved neuronal differentiation, which 

could include effects caused by chemical or biophysical properties imparted by the 

nanocomposite film. When functionalized with either interferon-γ (IFNγ) or platelet-derived 

growth factor (PDGF), the nanocomposite could selectively drive differentiation toward the 

neuronal or oligodendroglial lineages. This result emphasizes the customizability of the 

nanocomposite as a scaffolding material and demonstrates that along with its subtle intrinsic cues 

 135 



that may be driving NSC behavior, it has the potential to be tailored with chemical modifications 

to direct a wide variety of biological processes. 

With Chapter 2 and Chapter 3 describing the ability of GO/CP nanocomposite to provide 

physical or immobilized chemical cues to cells, Chapter 4 focuses on the exceptional ability of 

GO/CP nanocomposite films to act as highly controlled, on-demand drug delivery systems. 

Conventional CPs have the ability to controllably release anionic drug molecules in response to 

electrical stimulation, as a result of their unique doping and redox properties. With the addition 

of GO nanosheets as co-dopants along with drug molecules, the drug delivery system can release 

larger quantities of drug in response to the same magnitude electrical stimulation. The GO 

nanosheets act as drug nanocarriers, shuttling a larger quantity of drug molecules into the CP 

film during synthesis and improving the drug load, ultimately leading to the increased payload 

delivery. This result has significance for future in vivo applications of the delivery system, in 

which voltage magnitudes must be carefully controlled so the resident tissue is not harmed by the 

electrical release stimulation. While drug release from conventional CP systems can be 

modulated by changing the type of electrical stimulation applied through the film, the GO 

nanosheets provide an additional level of adjustability to the system. Altering the size of the 

nanosheets prior to deposition into the CP film results in additional changes in drug loading and 

release. Clinically, very specific dosage requirements exist and can vary across different 

applications or over time within the same treatment. This work has demonstrated that the GO/CP 

drug release platform has the potential to meet these varied dosage needs. 

In Chapter 5, the focus of the interfacing application changed from the presentation of 

chemical cues to the detection of chemical signals. The performance of the GO/PEDOT 

nanocomposite as a sensitive and selective electrochemical DA sensor was evaluated. Electrodes 
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modified with the nanocomposite detect DA, an important neurotransmitter in the CNS, with 

significantly higher sensitivity than unmodified electrodes. This implies that the nanocomposite 

material could be useful for in vivo detection of DA, where concentrations of the neurochemical 

exist in the nanomolar to low micromolar range. Additionally, interfering signal from ascorbic 

acid (AA) was minimized at the nanocomposite surface as a result of an improved 

electrocatalyzation that separated the signals of the two analytes. Mechanistic studies suggested 

that both of these improvements arose as a result of interactions between the analytes and GO 

nanosheets that were present at the surface of the nanocomposite, clearly demonstrating the 

benefit of the nanomaterial. 

Chapter 6 described a novel neuronal injury platform based on a commercially available 

MEA that has the capability of monitoring the dynamic effects of injury on the firing patterns of 

cultured neurons. CNNs display a stereotypical pattern of highly correlated bursting behavior 

that develops after a few weeks in culture. After the introduction of a focal injury to the CNN, 

this behavior became dysfunctional, with deficits in the firing rate, correlation level, and bursting 

patterns of the cultured cells. Transplantation of a population of NSCs into the injury site 

protected the CNN firing activity, suggesting that the cells had a therapeutic effect on the 

damaged network. This work produced a framework for future studies that will further 

characterize the effect of damage on the network activity and provide a platform for studying the 

effects of damage on the pathophysiology of neural networks. 
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7.2 FUTURE DIRECTIONS AND PRELIMINARY DATA 

7.2.1 Surface Patterning to Direct Cell Growth 

The ability of the GO/CP nanocomposite to act as a highly versatile scaffolding material suggests 

the possibility that it can be adapted for multifunctional surface patterning, in which several 

bioactive cues are presented at distinct areas on the same culture surface. Surface patterning 

technologies have been investigated as methods to pattern cells within a culture to evaluate cell-

cell contacts or to study the interaction between cells and gradients of cues in their environment 

[283]. In these studies, a variety of engineering techniques such as lithography, microfluidic, and 

micro-contact printing are used to attract or confine cell growth to specific regions. To improve 

on these methods, a system that has the ability to not only direct cell growth via chemical 

signaling, but also to probe their electrical responsiveness is currently under development in our 

laboratory. 

We have developed a method of fabricating patterned cell culture electrode arrays using 

photolithography and they are being investigated as a high-throughput method of testing cell 

interactions with biomolecules. The system consists of a sensor chip that contains 16 sets of 

interdigitated stimulating electrodes, each set within a separate cell culture well (Figure 7.1a). 

Each electrode in the pair can be individually addressed and separately patterned with CP. In a 

preliminary experiment, one electrode was patterned with a GO/PEDOT nanocomposite loaded 

with γ-aminobutyric acid (GABA), an inhibitory neurotransmitter involved in neuronal 

differentiation and maturation during development, and the second electrode was deposited with 

PEDOT/PSS (Figure 7.1b). NSCs seeded on the surface of the patterned electrodes in 

differentiation media for 4 d exhibited markedly increased neuronal differentiation and neurite 
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outgrowth on the GO/PEDOT-GABA electrode, compared to the PEDOT/PSS electrode (Figure 

7.1b). These data demonstrate the potential that this system has for patterning cell growth by 

providing spatially specific cues to the cells as immobilized molecules on the surface of the 

electrodes. In this case, GABA molecules were loaded into the CP film as co-dopants with GO 

nanosheets, but this method is limited to small molecules that carry a negative charge, which 

function best as dopants.  Future work will include covalent immobilization of cues on the 

surface of the electrodes using the carbodiimide conjugation method described in Chapter 2 and 

Chapter 3, which will enable the use of larger molecules, such as mitogens or extracellular 

matrix proteins. 

 

Figure 7.1. Cell Patterning on Electrode Arrays. (a) Image of the patterned cell culture array 

showing the 16 separate cell culture locations. Scale bar measure 10 mm. Inset shows the interdigitated 

electrode pattern at each cell culture location. (b) Brightfield image of NSCs on the surface of patterned 

electrodes after 4 d in differentiation media. Electrode (i) is modified with GO/PEDOT-GABA and electrode 

(ii) is modified with PEDOT/PSS.  Cells on electrode (i) exhibit more neuronal differentiation, indicated by 

the extensive neurite outgrowth, compared to cells on electrode (ii) where most cells are spheroid in shape 

and few have extended neurites. 

 

 139 



Using this cell culture array platform, or MEAs patterned with microelectrodes, a 

plethora of experiments could be designed that integrate cell patterning along with electrical 

stimulation and recording of cultured neuronal networks or NSCs. Important points to consider 

when patterning immobilized cues on the surface of functional electrodes are 1) how electrical 

stimulation will affect the molecule, and 2) how the molecule will affect the recording ability of 

the electrode. There is a possibility that a current passing through the electrode will destabilize 

the linkage between the molecule and the film surface. Additionally, depending on the type of 

biomolecule used, there is a possibility that the electrical stimulation could denature or degrade 

the molecule, rendering it inactive. Future work must establish the stability of candidate 

biomolecules in response to electrical stimulation, ensuring the feasibility of this method of 

surface patterning in conjunction with electrical stimulation. Additionally, after the cross-linking 

procedure, the electrical properties of the CP film must be monitored to ensure that the modified 

electrodes will be able to successfully record electrical signals from populations of cells growing 

on their surface. A common way to evaluate the performance of a recording electrode is by 

measuring the 1 kHz impedance value, which should be less than 1 MΩ to obtain a reliable 

neural signal [4]. The deposition of a non-conductive molecule at the surface of the electrode can 

increase the impedance value of the electrode by blocking charge transfer between the electrolyte 

and electrode surface. Impedance data collected after the covalent immobilization of a small 

peptide p20 on the surface of a microwire electrode slightly increased the 1 kHz impedance 

value, but it still remained well below the 1 MΩ cutoff (Figure 2.8a). There is a possibility that 

larger biomolecules, such as IFNγ or PDGF investigated in Chapter 3, could have a more 

significant effect on the impedance, resulting in poor electrical recording performance. Future 
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work investigating these potential pitfalls is warranted to ensure the success of the integrated cell 

patterning and electrical recording/stimulation platform. 

7.2.2 Controlled Drug Release from GO/CP Nanocomposite 

A major limitation of CP-based drug release platforms is that the system generally functions best 

with anionic drug molecules. In traditional CP-based drug release, the anionic drug molecules 

incorporate into the CP film as dopants. This mechanism provides a great system for controlled 

release of anionic drug molecules, but achieving release of cationic or neutral species is more 

difficult. One approach that has been successful in achieving cationic drug release is to 

synthesize a CP film that is doped with a large, immobile dopant, such as PSS, and then load the 

cationic drug into the intact film during reduction of the backbone [36, 284, 285]. Because the 

large dopant is immobile and cannot move out of the film, the cationic drug molecule will move 

in to balance the charge. In the case of neutral drug molecules, one successful method utilized 

was to create CP films doped with biotin that was then bound to streptavidin, enabling the 

loading of biotinylated NGF [286], which could then be released in response to electrical 

stimulation. In both of these methods, drug loading is limited to the surface of the CP, potentially 

decreasing the quantity of drug that can be release from the film. Additionally, in the case of the 

biotin/streptavidin-mediated drug loading and release, the drug molecules must be biotinylated, a 

process that can potentially interrupt their bioactivity. 

The GO/CP drug delivery system described in Chapter 4 has the potential to enable the 

incorporation and release of both cationic and neutral drug molecules. The GO nanosheets can 

act as “nanocarriers” by adsorbing the drug molecules via electrostatic or hydrophobic 

interactions and then shuttling them into the CP film during synthesis. Preliminary work being 
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carried out in our laboratory is exploring the possibility of using this GO/CP system for loading 

and delivering acetylcholine (ACh), the active neurotransmitter at neuromuscular junctions. The 

results have thus far been promising, indicating the successful loading and release of cationic 

ACh. Future work will investigate the ability of the GO/CP nanocomposite to load and release 

neutral drug molecules, as well as the potential of the system to perform selective release of 

dual-loaded drug molecules exhibiting different charges. 

7.2.3 In vivo DA Detection with GO/CP-Modified Electrodes 

While macroelectrodes are sufficient for assaying DA concentrations in large volume biological 

samples as a general screening tool for disease states [220, 221], these electrodes cannot be used 

in vivo to obtain spatially or temporally precise information about DA levels because of their 

large size. Carbon fiber microelectrodes (CFMEs) are the gold standard used for in vivo analysis 

of DA signaling within the CNS [222]. The concentration of DA within the CNS ranges from 

nanomolar to low micromolar, requiring highly sensitive analytical methods. Traditional CFMEs 

can reach this sensitivity level when their surface area is sufficiently high, a property that is 

controlled by the length of the CFME. However, as the length of the CFME increases to meet 

minimum sensitivity requirements, the size of the population of cells from which the electrode 

assays also increases, resulting in the low spatial specificity of current DA analysis methods. 

Consequently, there is a growing interest in electrode modifications that can improve the 

sensitivity to DA oxidation while maintaining or decreasing the total size of the electrode. 

Our laboratory is currently applying the GO/CP nanocomposite film to CFMEs for use in 

in vivo applications. GO/PEDOT nanocomposite films were deposited onto the CFME and, 

interestingly, exhibited a very different morphology than what was observed on the 
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macroelectrode under similar synthesis parameters (Figure 7.2a; refer to Figure 5.1a for 

macroelectrode morphology). This difference implies that the GO/CP electrodeposition process 

varies significantly depending on the size of the electrode despite the polymerization procedure 

being analogous. We hypothesis that this effect occurs 1) based on the differing geometry of the 

electrodes, with the CFME exhibiting a cylindrical shape, while the macroelectrode exhibits a 

disc shape or 2) based on the relative size ratio between the electrodes and the GO nanosheets, 

which would be much lower in the case of the CFMEs, creating a different deposition pattern. 

However, the true mechanism behind the differences is unknown and will be the subject of future 

investigation. 

 

 

Figure 7.2. In vivo detection of DA signals using GO/CP-modified CFMEs. (a) SEM image of the 

GO/PEDOT-modified CFME showing a wrinkled-sheet morphology. (b) Recorded DA signal in the striatum 

of rat in response to electrical stimulation to the ipsilateral medial forebrain bundle. Stimulation begins at t = 

0 and ends at the arrow marker on the curves. Bare electrode (n = 3); GO/PEDOT electrode (n = 1). 
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Using the GO/CP-modified CFMEs, preliminary in vivo data was collected from the 

striatum of an anesthetized Sprague-Dawley rat at collaborator Dr. Adrian Michael’s laboratory 

in the Department of Chemistry at the University of Pittsburgh. The change in DA signal was 

monitored using fast scan cyclic voltammetry after the application of electrical stimulation to the 

ipsilateral medial forebrain bundle, which contains nigrostriatal DA fibers that project to the 

striatum [287]. The preliminary results indicate that the GO/CP nanocomposite has the 

sensitivity required to detect in vivo DA signals (Figure 7.2b). With future work to optimize the 

deposition parameters of the nanocomposite onto CFMEs, it is possible that we may achieve the 

boosted sensitivity toward DA that was observed using the GO/CP-modified macroelectrodes.  

7.2.4 Neural Recording and Stimulation with GO/CP  

The work described in this dissertation focuses on the chemical interfacing abilities of the 

GO/CP nanocomposite, but the material must also have the ability to stimulate and record 

electrical signals to function as a successful neural interfacing material. The electrical properties 

of the GO/CP nanocomposite described here and by others [161-163] indicate that the material 

should be able to record electrical activity from neurons with high signal-to-noise ratio, but none 

have yet demonstrated this capability, either in vitro or in vivo. We have begun preliminary work 

to evaluate the neural recording performance of the GO/CP both in vitro with CNNs cultured on 

MEAs and in vivo with microwire electrodes implanted into the visual cortex of mice. The 

GO/CP-modified microwire electrodes have successfully recorded spontaneous and visually-

evoked activity from the visual cortex, but it has yet to be determined whether the GO/CP-

modified microwires exhibit higher signal-to-noise ratios than the unmodified microwires. 

Future work to compare the performance of the GO/CP-modified electrodes to bare electrodes is 
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planned and will characterize the full benefit of using the nanocomposite as a multimodal neural 

interfacing material. 

 Electrical stimulation of neural tissue holds great therapeutic potential for a variety of 

neurological disorders and is currently utilized in clinical applications such as deep brain 

stimulation for treatment of Parkinson’s disease [288] or auditory nerve stimulation in cochlear 

implant technologies [289]. Nanostructured polymer materials have been explored as 

modifications to stimulating neural electrodes as a means of improving the surface area and 

charge injection capability, which results in safer stimulation paradigms for biological tissues [4, 

290]. The GO/PEDOT nanocomposite exhibits rough surface morphology (Figures 2.2, 3.1, and 

5.1a) and low impedance (Figures 2.8a and 5.1c) indicating that the material may demonstrate a 

large charge injection capacity that will reduce the voltage excursion of the stimulation and 

reduce potential damage to surrounding tissue. Future studies characterizing the performance of 

GO/CP-modified microelectrodes for neural stimulation are planned to assess its full potential as 

a neural interfacing material.  

7.2.5 Continued Development of CNN Damage Platform  

While the results reported in Chapter 6 regarding the use of the MEA-based CNN as an in vitro 

damage and regeneration model were promising, the sample size for each experimental group 

was low and must be increased to establish a more confident assessment of the injury and 

possible repair by NSCs. Additionally, there are several injury characterizations that would assist 

in validating the model. For example, following an injury to the CNS, secondary molecular 

pathways are initiated that lead to continuing cell necrosis and apoptosis after the initial insult 

[257]. As a method to determine the validity of this in vitro model, the extent of degeneration 
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around the injury should be evaluated, along with the viability of the surviving cells, reactive 

oxygen species production and other characteristic markers of CNS injury. Qualitative 

assessment of the injury site after the injury revealed that the size of the “dead zone,” where 

there were no cells growing, increased for at least the first week after injury. Additionally, cells 

exhibiting morphology associated with astrocytes were seen to infiltrate the damage zone, 

potentially to create a glial scar around the damage site [291]. Inhibitory factors released from 

the glial scar in vivo are thought to impede neurons from regenerating following injury, making 

the glial scar a focus of study in regenerative medicine [292]. If a glial scar is, in fact, forming in 

the in vitro injury model, it could provide a valuable platform for studying the physiology of the 

scar and testing the effect of potential interventions.  

NSC transplantation following injury to the CNS in vivo can result in functional recovery, 

but the mechanism of the therapeutic effect is thought to be largely due to released neurotrophic 

factors protecting existing cells from damage rather than cell replacement bridging damaged 

circuitry [281, 282]. Our in vitro transplantation results support the idea of neuroprotection via 

secreted factors because improved CNN activity is observed as soon as 1 day post injury (DPI), 

too soon for NSCs to differentiate into functional neurons [98]. To confirm that NSCs are 

secreting protective factors, damaged CNNs will be treated with NSC conditioned media or 

neurotrophic factors to evaluate the protective effect on CNN activity. While our data suggest 

that the immediate effects are due to secreted factors, NSCs may differentiate into functional 

cells that will have effects at longer time periods, possibly by integrating into the damaged 

circuitry. Current experiments are underway to evaluate the therapeutic effects of NSCs on 

damaged CNNs for up to 20 DPI. The transplanted NSCs will be tracked using live-cell 

fluorescent labeling coupled with endpoint immunocytochemistry to evaluate their survival and 
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differentiation patterns with the goal of providing information that will lead to more effective 

cellular therapies for the treatment of CNS injury. 

7.2.6 Concluding Remarks: Towards a Highly Customizable Platform for the Multimodal 

Study of Neuronal Injury 

The CNS is a hugely complicated organ system, considered by some to be the “last frontier” in 

science because of the relatively limited amount of understanding we currently have about its 

physiology. This dissertation presents a body of work that demonstrates the highly versatile 

applications of GO/CP nanocomposite-modified electrodes within the field of neural engineering 

that can be used to create a window into the intricate processes that form a basis for human 

behavior and cognition. This work, along with the described in vitro regeneration model, 

provides a framework for studying the complex pathology of neuronal injury or disease in a 

simplified, controllable fashion. By combining the full functionality of the GO/CP 

nanocomposite material with the MEA-based regeneration model, a multimodal platform for 

studying injury can be created that has the ability to monitor electrical and chemical changes 

following injury, in conjunction with testing the efficacy of various soluble or immobilized 

therapeutics that can be presented to the dish in a highly temporally and spatially precise manner. 

Various parameters in the platform (injury severity, cell type, chemical cues) can be tuned, 

making the device a powerful research tool for elucidating the pathology of neuronal injury and 

regeneration.   
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APPENDIX A 

A.1 SUPPORTING INFORMATION FOR CHAPTER 4 

To verify that both GO nanosheets and DEX were incorporated into the PPy film, Fourier 

transform IR (FTIR) spectroscopy was performed on the pure GO nanosheets, and GO/PPy 

nanocomposite films with or without DEX as a co-dopant (Figure A1.1). The GO nanosheet 

spectrum exhibits characteristic peaks arising from oxygen-containing moieties (carboxylic 

C=O: 1736 cm-1; O-H deformation: 1406 cm-1; C-O-H stretch: 1221 cm-1; C-O-C stretching 

vibration: 1043 cm-1)[90]. The electrodeposited GO/PPy film spectrum contains a carboxylic 

carbonyl peak at 1705 cm-1, attributable to GO, along with characteristic PPy peaks at 1472 cm-1 

(C-N stretching vibration) and 964 cm-1 (N-H wag), confirming the successful incorporation of 

the GO nanosheets into the polymer[161]. The spectrum of the film synthesized in the presence 

of both GO and DEX molecules (GO/PPy-DEX) exhibits an additional carbonyl peak at 1657 

cm-1 that arises from the carbonyl group conjugated to the double bond framework of the DEX 

molecule, along with a peak at 1146 cm-1, assigned to the DEX phosphate group[293]. 
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Figure A1.1. FTIR spectra of GO nanosheets, unloaded GO/PPy, and DEX-loaded GO/PPy. On each 

spectrum, peaks labeled in red are contributed by GO, blue by PPy, and green by DEX. 
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Figure A1.2. Surface morphology of DEX-loaded PPy films. Representative SEM images of a 

conventional DEX-loaded PPy film (left) and a DEX-loaded GO/PPy nanocomposite film (right). The 

conventional film exhibits a much smoother morphology than the nanocomposite that contains rough sheet-

like protrusions at its surface. 
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Figure A1.3. Stability of the DEX-loaded GO/PPy nanocomposite film. SEM images of the GO/PPy-

DEX film before (left panel) and after (right panel) 1000 release stimulations (-0.5 V for 5 s, followed by 0.5 V 

for 5 s). There is no visible cracking or delamination of the film post-stimulation, demonstrating the good 

stability of the film. 
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