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ABSTRACT 
 

  
 Electrodes have the potential to be applied to neurological signal detection, neurotransmitter 

detection, or neurological stimulation, but there are many factors to consider.  These factors 

include the electrochemical properties desired for the intended use of the electrode, its 

biocompatibility and its long term stability.  The class of organic compounds known as 

conducting polymers has shown characteristics that would make them well suited for this 

application but further investigation is needed to refine the properties of the electrodes 

(electrochemical, physical, chemical) and completely determine their suitability in neurological 

applications.   

 In this study we present a comparative study of a series of pyrrole and thiophene based 

conducting polymers and their ability to be optimized for neurological sensing and stimulation 

applications.   This study outlines the effect various electropolymerization parameters have on 

the electrochemical and physical properties of the resulting conducting polymer modified 

electrodes.  We then examine their biocompatibility through in vivo studies. Additionally the 

ability of these conducting modified electrodes to detect neurotransmitter concentrations through 

fast scan cyclic voltammetry is investigated.   The knowledge gained through this study helps 

further progress towards improved electrodes that could help with a variety of neurological 

disorders such as Parkinson’s disease, ADHD and epilepsy, among many others. 
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Chapter 1: Introduction 

1.1  Background  

Polymers are widely used for a wide variety of biomedical applications such as 

implantable devices, as prosthetics or as protective casings for medical devices.  Some 

commonly used non-conducting polymers used for biomedical applications include 

polyvinylchloride (PVC), nylon (polyamide), polytetrafluoroethylene (Teflon®) and many 

others.1 

Over the last few decades, the group of organic compounds known as conducting 

polymers have begun to be appreciated for their unique properties which render them applicable 

in a number of critical areas, including actuators4, sensors5, and biomedical devices6. 

The origin of conducting polymer research dates back to the mid 1800’s but they 

remained unappreciated and unrecognized for another hundred years.  Beginning in the early 

1960’s investigators began to examine conducting polymers again.  For example, an Australian 

group published a series of papers entitled “Electronic Conduction in Polymers” in which they 

discuss their investigations into polypyrrole doped with iodine.7  Their ventures into conducting 

polymers began with synthesis of polypyrrole which at the time was a new concept.  Their 

attempts involved the pyrolysis of tetraiodopyrrole at temperatures of up to 700°.  This process 

led to the production of a black substance which they ground into particles.  Their analysis was 

limited by the knowledge and methods of the time.  What they concluded was that this substance 

was polymerized pyrrole.  They reported that their polypyrrole had a resistance of 1-200 Ω/cm.  

They went on to further investigate it and began to gain an understanding of the importance that 

the doping and the conjugated pi-backbone of the polymer played in its conductivity.  They 

found that reduction of the polymers would destroy the conjugation and reduce the conductivity 
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by greater than a factor of a thousand.  While understanding these principles is the foundation of 

understanding conducting polymers, this research went largely ignored by the scientific 

community at the time.    

The era of conducting polymers 

still is not widely accepted to have 

begun until 1977. It is at this time that 

the event that many attribute the start 

of the field of conducting polymers 

occurred.  It was a short publication in 

Journal of the Chemical Society, 

Chemical Communications by three 

gentlemen working at the University of 

Pennsylvania named Hideki 

Shirakawa, Alan MacDiarmid, and Alan Heeger.  This communication described their discovery 

that when polyacetylene was exposed to a halogen (which resulted in oxidation of the polymer 

and incorporation of the halide into the polymer) its conductivity increased more than seven 

orders of magnitude - from 10-5 Scm-1 to 103 Scm-1 (Figure 1.1) for the trans-isomer.8 

Immediately realizing the significance of this discovery they began to further investigate this 

phenomenon,9 which eventually led to their receiving the 2000 Nobel Prize in chemistry.  After 

their initial discovery of conductive polyacetylene, all three continued to contribute to the rapidly 

expanding field that they helped start, and other investigators have expanded the era of 

conducting polymers to include polymers derived from many monomers (discussed in section 

1.2; examples shown in Figure 1.2), doped with a wide variety of anionic and (in the case of 

Figure 1.1- Conductivity of electronic polymers. MacDiarmid, 
A.G. Angewandte Chemie International Edition 2001, 40, 
2581. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.3 
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thiophene) cationic dopants.  With so many possible monomer/dopant combinations available 

and the option to attach functional groups to the monomer either before or after polymerization, 

the properties of conducting polymers can be tuned for an almost endless list of applications. 

Since that initial experiment with polyacetylene, there has been a great deal of effort to 

optimize the properties of conducting polymers for specific applications.  For the applications 

described here, poly(3,4-ethylenedioxythiophene) PEDOT serves as the reference to which the 

other polymers investigated has been compared. The popularity of PEDOT is largely due to its 

good stability, high conductivity, and low polymerization potential. 10 However, what makes a 

“good” conducting polymer depends on the application and there is no single answer. Instead 

each polymer/dopant combination can bestow its own unique traits in terms of physical 

properties, electrochemical properties, or biocompatibility.  

1.2 What are conducting polymers? 

 Conducting polymers comprise of a group of compounds characterized by a conjugated 
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system of π-orbitals along their backbone.  These chains are derived from variety of monomers 

such as those shown in Figure 1.2.  Conducting polymers are usually employed as polymer/ 

dopant combinations instead of the undoped form since doping can produce an increase in the 

conductivity of the polymer from the level of an insulator with a conductivity as low as on the 

order of 10-10 Scm-1 to a conductor on the order of 104 Scm-1.3   

There are two types of doping usually seen for these polymers, p-doping and n-doping. 

Each of these can be achieved chemically or electrochemically.  The latter, n-doping, is the less 

common type.  It involves the reduction of portions of the polymer chain or the insertion of 

electrons into the π* orbitals.  The opposite of n-doping, p-doping, is more commonly seen and 

involves the oxidation of portions of the polymer chain.  This oxidation creates “holes’’ in the π 

backbone due to a radical cation site (or sites) in the polymer known as polarons or bipolarons.  

Unlike in metals, in neutral polymers there is a gap between the filled valence band and the 

conduction band which limits their conductivity.  By creating polarons through doping, which 

Figure 1.3- Formation of polarons and bipolarons to bridge the gap between the 
valance band and conducting band.  Reprinted with permission from Kanatzidis, 
M.G. Chemical & Engineering News, December 3, 1990, 68, (49) 36-50.2 
Copyright 1990 American Chemical Society. 
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can delocalize over a group of 3-4 monomer units, new energy levels between the valence band 

and the conduction band are introduced.11  These new energy levels help bridge the original gap 

between the valence band and conducting bands (Figure 1.3). The availability of these new 

energy levels facilitates electron transport at room temperature and causes the conductivity of the 

polymers to more closely resemble the conductivity of traditional metal conductors.2, 11a, b  This 

bridging of the gap between the valence band and conducting bands by these new energy levels 

increases the conductivity of the polymer up to the level of a semiconductor or metal.2  The 

magnitude of increase in conductivity depends largely on the degree of doping since doping 

leads the creation of these new energy levels.  This means, as a general rule, the higher the 

doping level, the higher the conductivity.11a, b   

Various ions are used as dopants.  They can range from iodine, the chemical dopant used 

in the early 1977 experiments,8 to polyatomic anions such as those from such salts as 

tetrabutylammonium tetrafluoroborate (TBATFB) and polymeric surfactants such as sodium 

polystyrene sulfonate (PPS-).  The choice of dopant for a given polymer application  is no more 

straightforward than the choice of polymers, since the dopant often not only increases 

conductivity but also changes the electrochemical behavior, morphology and/or electron 

transport properties of the polymer.12  An example of this was reported for PEDOT by 

Kayinamura et al., when five different dopants, (poly(styrene sulfonate), p-toluene sulfonate, 

hexafluorophosphate, perchlorate, and tetrafluoroborate), were examined for their effect on the 

impedance of PEDOT polymer films.13  The study showed that larger dopants -

poly(styrenesulfonate) and p-toluene sulfonate- led to a much higher frequency-dependent 

impedance at low frequencies (less than 1 kHz) than the smaller perchlorate and 

tetrafluoroborate.  This was attributed to poly(styrene sulfonate), and p-toluene sulfonate 
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interacting with monomer through  π interactions which leads to a templating effect during the 

polymerization. 

The doping of the polymer does not have to be a separate process from polymerization; it 

can be incorporated into the same step, as is the case with electropolymerization.  Unlike in 

traditional crystalline semiconductors where the dopant occupies fixed sites, for most conducting 

polymers the dopant does not get incorporated into the structure of the polymer chain.  This 

means that the doping of the polymer is reversible and that the dopant can be removed from the 

system.3  The dopant in a conducting polymer can be released in a similar manner to that which 

was used to trap it in the first place.  For example, the electrochemical polymerization of 

polypyrrole in the presence of a dopant forms an opaque greenish substance, but if you then 

reverse the potential the substance will turn somewhat transparent (indicating the undoped 

form).2  

While p-doping and n-doping are the most common types of doping in conducting 

polymers they are not the only types.  A polymer can also be doped through photo-doping, 

charge-injection doping and non-redox doping.3 Both photo-doping and charge-injection do not 

require the presence of a dopant for the polymer to be doped but both methods introduce their 

own set of challenges and limitations.   

Photo-doping occurs without the need for a dopant ion when a polymer is exposed to 

radiation that induces the formation of solitons.14  These solitons are formed in polymers that 

have degenerate ground states, such as polyacetylene, when a bipolaron dissociates into two 

spinless cations (the solitons).2  This splitting occurs when the polymer is exposed to radiation 

that is greater in energy than the band gap (e.g., frequencies in the range in the infrared range 

around 900-1370 cm-1 for polyacetylene).14  These solitons then help bridge the gap between the 
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valence band and conducting bands.  Since these solitons form as a result of irradiation, when the 

source of the radiation is removed they disappear.   

The method of charge-injection doping most commonly involves the use of a metal and 

and insulator along with the conducting polymer.  These three components are then layered with 

the insulator separating the metal and polymer.  A potential is applied across the metal and 

polymer layers which then results in a buildup of charge in the polymer.3, 15  These polymers 

then may exhibit conductivity based on the characteristics of polarons, bipolarons and solitons 

when examined spectroscopicly.   

Non-redox doping results in charged species within the polymer but does not change the 

overall number of electrons in the polymer’s backbone.   This method is most clearly illustrated 

by polyaniline.16  It was seen that when a polymer such as polyaniline is exposed to a protonic 

acid it is protonated which results in a 

charge at the nitrogen (Figure 1.4).16a  

This results in the polymer being 

characterized by p-type doping, but since 

the overall number of electrons remained unchanged, it is not a redox reaction.  

The doping method of choice in the studies described here is p-doping produced by 

electrochemical polymerization.  The applications for which they have been optimized have been 

sensing of neurotransmitters, bioelectrical signal sensing and long term central nervous system 

(CNS) implantation. 

 

 

 

X
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Figure 1.4- Doped segment of polyaniline 
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1.3 Conducting polymers in biomedical applications 

 The idea of using conducting polymers for biomedical applications is not a new one.  To 

date, conducting polymers have been investigated for uses in the biomedical field that include 

but are not limited to tissue engineering,17 biosensors18, and neurological stimulation.19 

This interest in conducting polymers for biomedical applications stems from their unique 

combination of characteristics such as reasonable conductivities and excellent electrical and 

electrochemical properties (making them similar to metals) combined with the possibility to 

derivatize them or to change dopants to more easily to impart greater biocompatibility or 

specificity for a given purpose.    

Wong, Langer and Ingber reported on the ability of a fibronectin-coated polypyrrole to 

control the growth of mammalian cell cultures.17  They produced a polypyrrole film doped with 

tosylate on an iridium tin oxide electrode in a standard cell by applying a constant potential.  

Then they examined the growth of cells on the electrode both with and without a potential being 

applied.   What they found was that the cells grew on the oxidized polypyrrole electrode in the 

same manner that they did on both an iridium tin oxide electrode without polymer and in a petri 

dish.  Then when a potential of -0.25V was applied to the electrodes the cells growth was 

inhibited without destroying the viability of the cells and the cell growth on the iridium tin oxide 

remained unchanged.  This shows the ability of conducting polymers to provide relatively simple 

and inexpensive method of regulating cell growth. 

 Due to the range of electrochemical properties, small size and ability to be modified, 

conducting polymers are also being investigated for application as biosensors.  One example of 

this is the research being done by Tolani, et al. at Missouri State University.18  They have 

produced polypyrrolic acid nanowires by immersing a template into polypyrrolic acid and 
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applying a constant potential of 0.9V.  Once the polymer was formed the template was dissolved 

away to leave only the polymer fibers.  Through activation of the carboxyl group of the polymer, 

anti-human serum albumin was covalently bonded to its surface.  They were then able to show 

that the electrode selectively bound human serium albumin.  This binding induced changes in the 

electrode that were electrochemically detectible.  The unbound electrode was reported to have a 

resistance of 95 kΩ that jumped to 325 kΩ upon binding with human serum albumin.  This study 

provided “proof of concept” that conducting polymers can be used in the development of 

electrodes that are capable of selectively detecting proteins.  

Here, electrodes intended for neurological applications have been examined.  Traditional 

electrodes are made from materials such as platinum or Pt/Ir.20  More recently there has been a 

focus on iridium oxide and PEDOT.20  In particular there has been a great deal of effort directed 

at modification of platinum or gold coated platinum with conducting polymers.12, 21   

  Conducting polymers presently are under investigation for their ability to improve the 

biocompatibility of electrodes placed in the body as compared to that of the present metal 

electrodes.22  Fonner et al. examined the effect of dopant choice on biocompatibility of 

polypyrrole electrodes.  They looked at biocompatibility in terms of cell viability at the electrode 

using cell cultures.23  This report found that there was a difference depending on the choice of 

dopant, in that chloride enhanced cell viability but had a tendency to de-dope easily. They also 

found that polystyrene sulfonate-doped polymer had a better lifespan.  This study is limited to 

only one polymer and is limited to only three dopants, which is a very small portion of the 

polymer dopant systems that could be applied to neurological applications.  In addition, in only 

looking at cell viability, they ignored the aspect of other types of tissue response in the body that 

could lead to reduced electrode performance.   
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Luo et al. examined the biocompatibility of functionalized polyethylenedioxythiophene 

(PEDOT) in terms of cytotoxicity and inflammatory response.22b  They looked at these 

compounds after electropolymerizing them with persulfate (from ammonium persulfate) as the 

dopant.  They were then implanted in subcutaneous mouse tissue. The addition of the 

functionalization (attachment of hydrocarbon chains that include series of ester and/or ether 

groups) is meant to facilitate bioconjugation.  They found that this group of functionalized 

PEDOTs had low cytotoxicity and little or no inflammatory response was evoked.  This shows 

that PEDOT would be useful for biomedical applications but again only looks at one type of 

conducting polymer and ignores many others. 

These studies have focused primarily on specific aspects of the electrodes instead of 

being comprehensive studies of a wide range of factors.  The problem with this approach is that 

it makes the studies hard to compare and does not provide predictive capability for future 

development of a complete picture of what is possible with conducting polymer electrodes.   

Martin et al. have taken the approach of coating sites of conventional neurological 

electrodes.24  This method involves the treatment and coating of multiple small disks on the 

surface of a larger support.  The primary advantage of this method is that you have the ability to 

have multiple channels on the same electrode.  The problem with this method is that it requires a 

larger overall electrode and that the working portion on the electrode is relatively small 

compared to the overall size.  Since the conducting polymer makes up such a small portion of the 

electrode you have other materials in contact with the tissue which make it difficult to determine 

the biocompatibility of the conducting polymer itself.  The Martin group has also reported a 

method of polymerizing the monomer in the tissue around an electrode.25  His group 

accomplished this by injecting a phosphate buffered saline solution containing 0.01M 
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ethylenedioxythiophene and 0.02M poly-(sodium styrene sulfonate) around a neurological 

electrode while applying a current.  This resulted in the polymer forming as a cloud in the tissue 

around the electrode. 

 Martin’s method is intended to maximize the tissue/polymer interface.  Due to the fact 

that the polymer is formed within the interstitial spaces in the tissue it has a high surface area and 

good contact with the tissue which should improve sensing and stimulation behavior. The 

problem with this method lies in the polymerization method itself.  While the polymers 

themselves could have an improved biocompatibility, the monomers and dopants by themselves 

can potentially be toxic before they become incorporated into the polymer.  The method injects 

the monomer and dopant into the tissue while it is dissolved in a phosphate buffered saline.25b  

This limits the choices of monomers or dopants since not all monomers would be soluble in this 

media and other solvents, in which they may be more soluble, would likely be toxic.   

The other most common method is to use a single wire electrode consisting of a carbon, 

platinum or gold that is coated with the polymer.20 Where these studies fall short is that they 

focus on specific aspects such as focusing on a single polymer like PEDOT,21b, 22b or creating a 

high surface area for a strong tissue interface,25 but they do not look at how fabrication 

parameters can be used to optimize the electrodes for their intended purpose.   

In addition to biocompatibility, impedance of the electrode has been a concern with these 

types of electrodes.  Electrochemical impedance spectroscopy (EIS) is a powerful method to help 

describe the mode of transport of electrons as they pass through the electrode and across its 

interface.  Since the chemical and morphological characteristics of conducting polymer 

electrodes can be varied in so many ways, if we have an understanding of the electron transport  

process then we can customize the electrodes for different applications.  This type of  
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modification is necessary for sensing and stimulation electrodes since these functions require 

different impedance behaviors  

A simplified view of impedance is that impedance tells us about the electrode’s 

characteristics in terms of the types of electrical components (i.e. capacitors or resistors) which 

would produce the same impedance vs frequency behavior.  Kayinamura has utilized impedance 

data to determine the equivalent circuit for PEDOT/BF4
– electrodes and to correlate morphology 

with impedance.13  What was found is that a dense, compact layer confers impedance 

characteristics consistent with capacitance while formation of a thin outer porous layer over a 

compact layer contributes a component that is more consistent with simple resistance across the 

interface for frequencies between 1 Hz and 105 Hz.  This tells us that theoretically if we want to 

have a film electrode that is optimized for stimulation and has a capacitive behavior then we 

need to create a polymer that is mostly compact.  If we want an electrode that is designed for 

detection, where a low, frequency independent impedance is needed, then we need a thin 

compact layer overlaid by a porous layer.  Overall, this data creates guidelines for optimizing the 

electrodes for biomedical applications electrochemical characteristics through manipulation of its 

morphology. 

The results reported here are the result of investigations carried out since the completion 

of those reported in the MS thesis entitled “Analysis and Optimization of Conducting Polymer 

Fibers and Films for Application to Deep Brain Stimulation”.  Here we address the effects of 

fabrication and polymerization conditions have on surface morphology and electrochemical 

properties (Chapter 3), biocompatibility (Chapter 4), and its suitability for detection of 

neurotransmitters (Chapter 5).   
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An area which has largely been ignored by researchers thus far, but is of critical 

importance, is determination of whether dopants or oligomers leach from the polymer into the 

surrounding tissue. As mentioned in the previous section, doping is a reversible process and 

during use it may be possible for the dopant to leach from the surface of the electrode.  Our 

preliminary results in this area are presented in Chapter 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

1.4 References: 

1. Kucklick, T. R., The Medical Device R&D Handbook. CRC Taylor &Francis: 2006. 
2. Kanatzidis, M. G., SPECIAL REPORT. Chemical & Engineering News 1990, 68 (49), 
36-50. 
3. MacDiarmid, A. G., ldquoSynthetic Metalsrdquo: A Novel Role for Organic Polymers 
(Nobel Lecture)13. Angewandte Chemie International Edition 2001, 40 (14), 2581-2590. 
4. Bohn, C.; Sadki, S.; Brennan, A. B.; Reynolds, J. R., In Situ Electrochemical Strain Gage 
Monitoring of Actuation in Conducting Polymers. Journal of The Electrochemical Society 2002, 
149 (8), E281-E285. 
5. Hangarter, C. M.; Bangar, M.; Mulchandani, A.; Myung, N. V., Conducting polymer 
nanowires for chemiresistive and FET-based bio/chemical sensors. Journal of Materials 
Chemistry 2010, 20 (16), 3131-3140. 
6. Xia, L.; Wei, Z.; Wan, M., Conducting polymer nanostructures and their application in 
biosensors. Journal of Colloid and Interface Science 2010, 341 (1), 1-11. 
7. (a) McNeill, R.; Siudak, R.; Wardlaw, J.; Weiss, D., Electronic Conduction in Polymers. 
I. The Chemical Structure of Polypyrrole. Australian Journal of Chemistry 1963, 16 (6), 1056-
1075; (b) Bolto, B.; Weiss, D., Electronic Conduction in Polymers. II. The Electrochemical 
Reduction of Polypyrrole at Controlled Potential. Australian Journal of Chemistry 1963, 16 (6), 
1076-1089; (c) Bolto, B.; McNeill, R.; Weiss, D., Electronic Conduction in Polymers. III. 
Electronic Properties of Polypyrrole. Australian Journal of Chemistry 1963, 16 (6), 1090-1103; 
(d) McNeill, R.; Weiss, D.; Willis, D., Electronic conduction in polymers. IV. Polymers from 
imidazole and pyridine. Australian Journal of Chemistry 1965, 18 (4), 477-486; (e) Bolto, B.; 
Weiss, D.; Willis, D., Electronic conduction in polymers. V. Aromatic semiconducting polymers. 
Australian Journal of Chemistry 1965, 18 (4), 487-491. 
8. Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; Heeger, A. J., Synthesis 
of electrically conducting organic polymers: halogen derivatives of polyacetylene, (CH)x. 
Journal of the Chemical Society, Chemical Communications 1977,  (16), 578-580. 
9. (a) Shirakawa, H.; McDiarmid, A.; Heeger, A., Twenty-five years of conducting 
polymers. Chemical Communications 2003,  (1), 1-4; (b) Chiang, C. K.; Fincher, C. R.; Park, Y. 
W.; Heeger, A. J.; Shirakawa, H.; Louis, E. J.; Gau, S. C.; MacDiarmid, A. G., Electrical 
Conductivity in Doped Polyacetylene. Physical Review Letters 1977, 39 (17), 1098; (c) Chiang, 
C. K.; Druy, M. A.; Gau, S. C.; Heeger, A. J.; Louis, E. J.; MacDiarmid, A. G.; Park, Y. W.; 
Shirakawa, H., Synthesis of highly conducting films of derivatives of polyacetylene, (CH)x. 
Journal of the American Chemical Society 1978, 100 (3), 1013-1015. 
10. Wang, Y., Research progress on a novel conductive polymer–poly(3,4-
ethylenedioxythiophene) (PEDOT). Journal of Physics: Conference Series 2009, 152 (1), 
012023. 
11. (a) Brédas, J. L.; Scott, J. C.; Yakushi, K.; Street, G. B., Polarons and bipolarons in 
polypyrrole: Evolution of the band structure and optical spectrum upon doing. Physical Review B 
1984, 30 (2), 1023; (b) Bredas, J. L.; Street, G. B., Polarons, bipolarons, and solitons in 
conducting polymers. Accounts of Chemical Research 1985, 18 (10), 309-315; (c) Brédas, J. L.; 
Thémans, B.; Fripiat, J. G.; André, J. M.; Chance, R. R., Highly conducting polyparaphenylene, 
polypyrrole, and polythiophene chains: An ab initio study of the geometry and electronic-
structure modifications upon doping. Physical Review B 1984, 29 (12), 6761; (d) Fletcher, S., 



15 
 

Contribution to the theory of conducting-polymer electrodes in electrolyte solutions. J. Chem. 
Soc. Faraday Trans. 1993, 89 (2), 311-320. 
12. Chiu, W. W.; Travascaron-Sejdi, J.; cacute; Cooney, R. P.; Bowmaker, G. A., Studies of 
dopant effects in poly(3,4-ethylenedi-oxythiophene) using Raman spectroscopy. Journal of 
Raman Spectroscopy 2006, 37 (12), 1354-1361. 
13. Kayinamura, Y. P.; Ovadia, M.; Zavitz, D.; Rubinson, J. F., Investigation of Near Ohmic 
Behavior for Poly(3,4-ethylenedioxythiophene): A Model Consistent with Systematic Variations 
in Polymerization Conditions. ACS Applied Materials & Interfaces 2010, 2 (9), 2653-2662. 
14. Heeger, A. J.; Kivelson, S.; Schrieffer, J. R.; Su, W. P., Solitons in conducting polymers. 
Reviews of Modern Physics 1988, 60 (3), 781. 
15. Ziemelis, K. E.; Hussain, A. T.; Bradley, D. D. C.; Friend, R. H.; uuml; he, J.; Wegner, 
G., Optical spectroscopy of field-induced charge in poly(3-hexyl thienylene) metal-insulator-
semiconductor structures: Evidence for polarons. Physical Review Letters 1991, 66 (17), 2231. 
16. (a) Chiang, J.-C.; MacDiarmid, A. G., [`]Polyaniline': Protonic acid doping of the 
emeraldine form to the metallic regime. Synthetic Metals 1986, 13 (1-3), 193-205; (b) Han, C. 
C.; Elsenbaumer, R. L., Protonic acids: Generally applicable dopants for conducting polymers. 
Synthetic Metals 1989, 30 (1), 123-131. 
17. Wong, J. Y.; Langer, R.; Ingber, D. E., Electrically conducting polymers can 
noninvasively control the shape and growth of mammalian cells. Proc Natl Acad Sci 1994, 91 
(8), 3201-3204. 
18. Tolani, S. B.; Craig, M.; DeLong, R. K.; Ghosh, K.; Wanekaya, A. K., Towards 
biosensors based on conducting polymer nanowires. Analytical & Bioanalytical Chemistry 2009, 
393 (4), 1225-1231. 
19. (a) Xiao, Y.; Cui, X.; Martin, D. C., Electrochemical polymerization and properties of 
PEDOT/S-EDOT on neural microelectrode arrays. Journal of Electroanalytical Chemistry 2004, 
573 (1), 43-48; (b) Pioggia, G.; Tassoni, L.; Mazzoldi, A.; Bertarelli, C.; Francesco, F. D.; Rossi, 
D. D., Preparation and characterization of conducting chemo-sensitive layers based on alkoxy-
substituted polythiophenes. 2006, 17 (12), 3265-3271. 
20. Cogan, S. F., Neural Stimulation and Recording Electrodes. Annual Review of 
Biomedical Engineering 2008, 10 (1), 275-309. 
21. (a) Green, R. A.; Williams, C. M.; Lovell, N. H.; Poole-Warren, L. A., Novel neural 
interface for implant electrodes: improving electroactivity of polypyrrole through MWNT 
incorporation. Journal of Materials Science: Materials in Medicine 2008, 19 (4), 1625-1629; (b) 
Junyan, Y.; Lipkin, K.; Martin, D. C., Electrochemical fabrication of conducting polymer 
poly(3,4-ethylenedioxythiophene) (PEDOT) nanofibrils on microfabricated neural prosthetic 
devices. Journal of Biomaterials Science -- Polymer Edition 2007, 18 (8), 1075-1089; (c) 
Ludwig, K. A.; Uram, J. D.; Yang, J.; Martin, D. C.; Kipke, D. R., Chronic neural recordings 
using silicon microelectrode arrays electrochemically deposited with a poly(3,4-
ethylenedioxythiophene) (PEDOT) film. Journal of Neural Engineering 2006, 3 (1), 59. 
22. (a) Kim, D.-H.; Wiler, J. A.; Anderson, D. J.; Kipke, D. R.; Martin, D. C., Conducting 
polymers on hydrogel-coated neural electrode provide sensitive neural recordings in auditory 
cortex. Acta Biomaterialia 2010, 6 (1), 57-62; (b) Luo, S.-C.; Mohamed Ali, E.; Tansil, N. C.; 
Yu, H.-h.; Gao, S.; Kantchev, E. A. B.; Ying, J. Y., Poly(3,4-ethylenedioxythiophene) (PEDOT) 
Nanobiointerfaces: Thin, Ultrasmooth, and Functionalized PEDOT Films with in Vitro and in 
Vivo Biocompatibility. Langmuir 2008, 24 (15), 8071-8077. 



16 
 

23. Fonner, J. M.; Forciniti, L.; Nguyen, H.; Byrne, J. D.; Kou, Y.-F.; Syeda-Nawaz, J.; 
Schmidt, C. E., Biocompatibility implications of polypyrrole synthesis techniques. Biomedical 
Materials 2008, 3 (3), 034124. 
24. (a) Cui, X.; Martin, D. C., Fuzzy gold electrodes for lowering impedance and improving 
adhesion with electrodeposited conducting polymer films. Sensors and Actuators A: Physical 
2003, 103 (3), 384-394; (b) Cui, X.; Hetke, J. F.; Wiler, J. A.; Anderson, D. J.; Martin, D. C., 
Electrochemical deposition and characterization of conducting polymer polypyrrole/PSS on 
multichannel neural probes. Sensors and Actuators A: Physical 2001, 93 (1), 8-18. 
25. (a) Richardson-Burns, S. M.; Hendricks, J. L.; Martin, D. C., Electrochemical 
polymerization of conducting polymers in living neural tissue. Journal of Neural Engineering 
2007, 4 (2), L6; (b) Richardson-Burns, S. M.; Hendricks, J. L.; Foster, B.; Povlich, L. K.; Kim, 
D.-H.; Martin, D. C., Polymerization of the conducting polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) around living neural cells. Biomaterials 2007, 28 (8), 1539-
1552. 
 
 



17 
 

Chapter 2: Methodology 

2.1 Introduction 

 In evaluating these conducting polymers for the intended applications, it is necessary to 

employ a variety of instrumental methods. Cyclic voltammetry (section 2.2) has been used to 

examine such electrochemical properties as background redox processes and the efficiency of 

electron transfer at the surface of the electrode. The physical properties of the electrodes are 

examined by scanning electron microscopy (section 2.3) while changes in their elemental content 

(stability) were assessed using energy dispersive x-ray spectroscopy (section 2.4).  These two 

tools allow for a determination of the morphology of the electrode, measurements of its thickness 

and determination of its composition.   Additionally, Raman spectroscopy (section 2.5) provided 

further insight into the oxidation level of the polymer through comparison of the relative 

intensities of the characteristic peaks for the oxidized and reduced polymer backbone. In 

addition, the position of the peaks provided further evidence of formation of extended chains in 

the polymer.  This combination of methods (each of which is discussed in further detail below) 

has provided us with information to form a more complete picture of the properties of these 

electrodes and how these will impact their application 

2.2 Principles of cyclic voltammetry 

 Cyclic voltammetry (CV) is an invaluable method of analysis for the electrochemist as it 

provides a great deal of information with a single run.  It is based on the measurement of current 

flow as a function of applied potential.  Potential control is based on a potentiostat connected to a 

three electrode setup consisting of a working, auxiliary and reference electrode.  Although in 

most cases, the electrodes are all in a conventional single compartment cell (Figure 2.1), a 

number of other configurations are possible.1  Other configurations can consist of variations 
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factors such as the number of compartments, 

which can be separated by a salt bridge or 

membrane, and the types and locations of 

electrodes.  

This CV method applies a triangular 

potential waveform between two set potentials 

(Figure 2.2), referred to as the switching 

potentials.  The rate at which the potentiostat 

changes potential, the scan rate, usually varies 

from tens of mV/s up to a few hundred mV/s. However, in the case of fast scan cyclic 
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voltammetry the rate can exceed 1V/s.  When the potential approaches the potential required for 

oxidation or reduction of some species present, there is a transfer of electrons between the 

electrode and that species.  This is then seen as an increase in the observed current measurement 

as dictated by redox processes required to match potential with concentration.   

As with any current-potential measurement, we must begin with the Nernst equation 

equation (Equation 1), where E is the applied or observed potential, E° is the standard potential 

for a given redox couple under standard conditions (a, the activity, is 1 for all species involved in 

the reaction), R is the universal gas law constant, T is the temperature in K, n is the number of 

electrons involved in the reaction, F is the Faraday constant and Q is the reaction quotient. In 

other words, the Nernst equation is the link that relates chemical equilibrium to the 

electrochemical potential.    

This data from a cyclic voltammetry experiment not only provides information about the 

oxidation and reduction potentials of the species involved but it also provides insight into the 

kinetics and reversibility of the electrochemical reaction.  The ratio of the cathodic (reduction) 

peak current to the anodic (oxidation) peak current should be unity for a completely reversible 

process; the separation of the peak potentials gives insight into the interfacial characteristics of 

the electrode material. The greater the separation, the slower the electron transfer rate will be.  

Absence of one peak or the other indicates chemical reactions linked to the presence of one of 

the species, and variation of the peak current ratio with scan rate can provide information 

regarding the kinetics of the coupled reaction. For an electrochemically reversible system,  the 

𝐸 = 𝐸𝑜 −
𝑅𝑇
𝑛𝐹

𝑙𝑛𝑄 (1) Nernst Equation 
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peak potentials are related by equation (2) which is derived from the Nernst equation at 25°C, 

where Epa is the potential for the anodic peak and Epc is the potential of the cathodic peak (Figure 

2.2).2   In the case of a perfectly reversible system with rapid interfacial electron transfer 

kinetics, the peaks are separated by 0.0591/n (where n is the number of electrons involved in the 

redox).3  Equation (3) shows the relationship of the peak currents that would be characteristic of 

a reversible reaction. When there is a large current separation (in the absence of other 

electroactive species) between the cathodic and anodic current waveforms of the CV, it is 

indicative of a capacitance effect or a buildup of charge at the electrode.  This can be seen by the 

spacing between the anodic and cathodic currents as represented in equation (4) where C is the 

capacitance, I is the current and v is the scan rate.4  The larger the gap the more capacitance 

exists in the system.  

The data from cyclic voltammetry will provide the data necessary to predict which 

polymers may have the electrochemical properties that are best suited for stimulation or 

detection.  Those that show a large gap between the forward and reverse current waveforms, 

indicating a large capacitance, would best be suited for stimulation which benefits from 

capacitive charge injections. This same capacitance would reduce its effectiveness for detection 

applications since it becomes more difficult to see small faradaic currents on top of the large 

𝐶 =
𝐼
𝑣

 (4) 

𝐸𝑝𝑎 − 𝐸𝑝𝑐 =
0.0591
𝑛

 (2) 
𝑖𝑝𝑎
𝑖𝑝𝑐

= 1 (3) 
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background.5  So for detection applications we would be looking for electrodes which exhibit a 

minimal gap between the anodic and cathodic current waveforms. 

 

2.3 Scanning electron microscopy 

 Another tool that has been useful for our purposes is scanning electron microscopy 

(SEM) as it can provide valuable information about a sample’s surface morphology and physical 

structure.  

SEM is based on the principle of generating an electron beam which is focused on a 

sample.  Electrons are scattered and deflected and their detection allows images of the surface of 

conductive materials to be observed at much higher magnifications than would be possible with 

an optical microscope.  The SEM is generally set up as shown in Figure 2.3.  The electrons in the 

instrument utilized for our investigations are generated from a zirconium crystal attached to 
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tungsten wire filament.  The energy of the beam is determined by the voltage used to accelerate 

the electrons (up to 30 kV).6  The electron beam then passes through an aperture and electrostatic 

and electromagnetic lenses that narrow and focus it.7  Once a sample is prepared it is mounted to 

a metal stub with a double-sided adhesive carbon disk and then placed under vacuum in the 

instrument.  

When the electrons hit atoms toward the surface and are deflected without a loss of 

kinetic energy in an elastic collision, they can collide several times before they are deflected 

back in the direction of the initial beam.  The deflected beam has a much larger diameter than the 

initial beam and can be detected by a back scatter electron detector (BSE). 

 Not all electrons that hit the sample are deflected in elastic collisions.  Some of the 

electrons strike the atoms and lose energy in an inelastic collision.   These inelastic collisions can 

result in electrons from the conducting band being ejected as secondary electrons.  They are then 

detected by a secondary electron detector.  The population of secondary electrons are normally 

about 20% of that of back scattered electrons.3  Due to the fact that these electrons are low 

energy and are generated primarily at the surface of a sample, they allow for high resolution 

imaging which is beneficial for SEM.  While these are not the only interactions that occur, they 

are the two most commonly utilized for SEM imaging.   

The sample must be conductive in order for charge not to build up on the surface, 

creating “bright spots.”  If the sample is not conductive it is sometimes necessary to coat its 

surface with a conductive material such as gold.   For the conducting polymers studies here, there 

is no need to do so since the polymer itself is capable of dispersing the charge to prevent build 

up.  The samples also can be prepared by carefully removing a section of the polymer with a 

sharp instrument, such as a scalpel, to expose a cross section.   
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Once the sample is inserted into the instrument it is important to consider the potential 

employed for imaging, particularly in the case of conducting polymers.  Since these are organic 

samples, an excessively high potential can degrade the sample.   On the other hand, if too low a 

potential is used, it will result in poor resolution and image quality.  We have determined that an 

optimum potential for most conducting polymers involved in this study is around 12.5 kV.  This 

potential is close to the optimum potential for imaging on the SEM6 (15 kV) while also being 

low enough that it does not degrade the polymers investigated here.  

While some polymers are capable of surviving higher potentials, this is a potential that 

has been generally safe for most polymers we have studied for a reasonable period of time.  Once 

the imaging is optimized, we are able to use the SEM to view features of the surface morphology 

down to sizes below a micron.  The method described above for exposing the metal substrate 

allows for direct measurements of the polymer layer thickness.  By focusing in on the segments 

where a portion of the polymer has been removed we are able to view the physical characteristics 

of the cross sectional layers and directly measure the thickness of each layer.   

2.4 Energy Dispersive X-Ray Spectrometry 

 Energy dispersive X-ray spectroscopy (EDS or EDX) is a method for determining the 

elemental composition of materials.  It works in conjunction with the SEM (Figure 2.4) to detect 

x-rays generated while the sample is imaged with the electron beam.  The rays are generated 

when the energy of some of the electrons from the SEM’s electron gun excite an electron from 

an atom’s inner shell to the continuum (as opposed to the excitation of conduction band electrons 

that show up as secondary electrons).3  An electron from a higher energy outer shell then moves 

in and fills the gap left by the lower energy ejected electron, with the energy difference being 

released as an x-ray.  The energies of the x-rays generated by an atom are unique to each 
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element, which allows for the determination of the elemental composition of a sample at a point 

or over an area.   

There are some limitations to the quantitative value of this technique.  The general rule is 

that the highest energy x-ray that can be produced is about half the potential that is being applied 

by the SEM.  (In our case elements show up to about 2.5 kV so in order for all elements to be 

detected we must use an acceleration voltage of at least 5 kV.)  The EDS cannot be used with 

elements that are radioactive and it also is not able to detect hydrogen, helium and boron.  

Another problem lies in the fact that while the EDS can detect carbon, it cannot be used for 

carbon quantization.  This is because even the vacuum within the SEM is not a perfect vacuum, 

so the high energy of the electrons will result in carbon deposition on the surface of the sample.  

In our case, we use the nitrogen or sulfur that exists in each repeating unit of the polymer rather             
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than the carbon and compare this level to a 

quantifiable element in the deposition 

electrolyte in order to determine the ratio of 

electrolyte incorporated into the film to the 

repeating units in the polymer.  The EDS can 

also be used to determine the relative change 

in the composition of the film as a function of 

depth in the film by varying the potential since the higher the potential, the further the electrons 

will penetrate into the film.  It is important to recognize that there is not a direct linear 

relationship between the change in atomic ratios to the change in depth because as electrons hit 

the sample they do not follow a straight path, but instead they spread out in a hemisphere7 

(Figure 2.5).  The distance that these electrons will travel into a sample is dependent on factors 

relating to both the electron beam and the sample itself.  The distance that the electron travels 

into the sample (the radius of the hemisphere) can be described by equation (5).7  This equation 

shows the distance an electron can travel in a sample (R in μm) depends on the  atomic masses (A 

in g/mol) and the atomic numbers (Z) of the elements present as well as the density (ρ in g/cm3) 

of the material, as well as the energy of the electron beam (Eo in keV). Therefore, increasing the 

potential also increases the radius of a hemisphere being measured.  This effect of looking at 

hemispheres instead of exact points can also lead to the observation of artifacts when measuring 

close to an interface.  

 

(5)      𝑅 = 0.0276𝐴
𝑍0.89𝜌

𝐸𝑜1.67 
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2.5 Raman Spectroscopy  

 Raman spectroscopy provides information about vibrational modes, as does infrared (IR) 

spectrometry, but differs significantly in both the modes detected and the instrumentation 

employed.  Raman is sensitive to changes in the polarizability of a bond, while IR is sensitive to 

changes in dipole moments. For example, the symmetric stretch of carbon dioxide is Raman 

active since it results in a change in the net polarizability of the molecule, but it is not IR active 

since it does not result in a net change in dipole moment.  On the other hand, the asymmetric 

stretch does not have a change in polarizability (since the increase in polarizability of one bond is 

compensated by the decrease in the polarizability of the other). The asymmetric stretch is, 

therefore, not Raman active but this time there is a change in dipole so it would be IR active.  

When some samples are irradiated with a monochromatic radiation source in the near-

infrared or visible region it can cause 

detectable shifts in the frequency of 

the scattered radiation from the initial 

incident radiation.  The molecule 

absorbs the light which excites it to a 

virtual state between the ground 

electronic state and the lowest excited 

electronic state.  It then relaxes back 

down into the ground electronic state, 

emitting a photon. (Figure 2.6).  The 

vast majority of the radiation of the 
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light is reflected back without a change in frequency and appears as Rayleigh scattering, with a 

small fraction (10-5 or less) going to a higher vibrational ground state and producing scattering of 

a lower frequency photon (Stokes scattering).  The intensity of these Stokes lines is on the order 

of a hundred thousand times less intense than the Rayleigh light, requiring intense laser sources 

to irradiate the sample.  When the radiation excites the molecule from a higher ground state and 

relaxes to a lower ground state, it will emit at a higher frequency than the incident radiation (anti-

Stokes scattering).  These anti-Stokes lines are of an even lower intensity than the Stokes lines,3, 

8 with the intensities of corresponding lines being related to the populations of the energy states.  

 When employing Raman spectroscopy, there are several variables which must be 

considered when optimizing the parameters for the excitation radiation.  First, it is important to 

choose a wavelength for irradiation that does not cause extensive fluorescence which would 

mask the Raman Stokes signals.  Fluorescence is not an issue when looking at the anti-Stokes 

shifts, but since the intensity of these shifts is much lower, they are inherently much harder to 

observe.  The power output of the laser is also a factor when dealing with Raman, since 

sufficient excitation intensity is required to produce a measurable Raman signal, but an intensity 

which is too high could degrade some samples. 

In our case, Raman provides a means to verify the identity of the polymer and also allows 

for measurements of the oxidation level.  Chui et al. reported that the relative oxidation level can 

be calculated by observing the intensities of bands that are unique to the oxidized or reduced 

form.  For instance, the Cα=Cβ peak in the Raman spectrum of PEDOT excited with a 785 nm 

laser is seen to shift from about 1413 wavenumbers in the neutral state to 1444 wavenumbers in 

the oxidized state.9  The ratio of the intensity of the oxidized and reduced peaks can be related by 

the equation (6) below to give the doping level (y).10  The challenge is that while this equation is 
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valid for PEDOT, there are different relationships which apply, depending on the identity of the 

polymer.  It is also important to remember that Raman microscopy is largely a surface analysis 

technique so the oxidation level determined is the doping that occurs at depths probed by the 

evanescent wave (same order of magnitude as the wavelength of the visible irradiation).2  Since 

the polymer films form in layers of different morphologies (discussed later in Chapter 3) the 

doping level determined on the surface may not be the same as that deeper in the film.  
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Chapter 3: Fabrication of Electrodes for Various Applications 

3.1 Introduction 

 Over the last several years, our laboratory has focused on the chemical and physical 

characteristics that make a conducting polymer electrode ideal for neurological stimulation, 

detection or neurotransmitter detection.  To this end, we have developed 

fabrication/polymerization methods which produce the desired characteristics for each of these.   

 While all of the applications addressed here require that the electrodes are biocompatible 

(discussed in Chapter 4) and durable (discussed in Chapter 6), the electrochemical properties 

desired of an electrode that will be used, for example, in a stimulation application, are different 

from those for a sensing electrode.  The key to solving this problem lies with the ability to 

customize the properties of the electrode to meet the desired requirements.  This can be 

accomplished by varying the parameters under which electrodes are fabricated and how a given 

conducting polymer layer is produced by electropolymerization.  These can then be correlated 

with the resulting polymer’s physical and electrochemical properties.  A careful comparison of 

how these properties change from polymer to polymer, and for different fabrication and 

polymerization conditions for a given polymer, will provide the basis for a rationale approach to 

further optimization and/or allow for a better idea of what conditions would work best for 

various applications. 

3.2 Electrode material   

 The first parameter that impacts an electrode’s capabilities is the electrode material itself.  

As mentioned in section 1.3, a wide range of materials have been studied for neurological 
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electrodes for both short and long-term purposes besides platinum, the currently approved 

material for implantable electrodes.1  Several metal oxides have been investigated2 for this 

purpose but the recent focus for work on improvement of these electrodes is iridium oxide3.  For 

in vivo analysis, carbon fibers4 and boron-doped diamond5 have been widely used.  For analytical 

purposes, the Wightman group has established a long-term effort utilizing carbon fibers for in 

vivo detection of neurotransmitters such as dopamine.4, 6  In particular, they have made extensive 

use of carbon fiber electrode for the detection of dopamine at high scan rates.  The signal 

detected for dopamine through fast scan cyclic voltammetry was not a typical voltammogram 

like that shown in Figure 2.2, but instead was a characteristic, reproducible fingerprint for 

dopamine.  They were able to achieve detection at high scan rates, up to 2000V/s.6b  An 

additional observation reported in their work is that the signal to noise ratio increased as the scan 

rate increased, a phenomenon that is explained to be the result of adsorption of the dopamine and 

its oxidized form, dopamine-o-quinone, onto the electrode surface. Though these electrodes have 

shown promise for neurotransmitter detection, they experience fouling which limits their 

performance over long periods of time.4  This fouling is again the result of carbon undergoing 

adsorption so it is a characteristic of the electrode type.  So while at high scan rates the 

adsorption of dopamine aids in signal detection initially; over time the adsorption of other 

components results in fouling and degradation of the signal.    Although they have looked at 

methods for regeneration of the electrode which would extend its life, a material that did not 

undergo fouling in the first place would have a more reliable and consistent performance over 

the long term. 
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Iridium oxide has also been investigated as an alternative material for neurological 

applications.  This type of electrode exhibits a high capacitive component in its overall 

impedance, especially at the low frequencies, which would be seen in neurological signal 

sensing.3 (Figure 3.1)  This would make detection of small signals difficult in sensing 

applications, but this property would prove beneficial for stimulation applications.2  Iridium 

oxide has, however, been reported by Weiland and Anderson to have some drawbacks in terms 

of long term reliability. It has been seen that the impedance can changes over the electrode/tissue 

interface over times as low as a day for stimulation frequencies lower than 100kHz.3  In addition 

to inconsistent electrochemical properties, the electrodes experience delamination which could 

lead to tissue damage and other biocompatibility concerns.  



33 
 

Boron- doped diamond electrodes have been reported by Suzuki, et al., to be capable of 

detecting dopamine in the presence of ascorbic acid during in vivo testing.5  (Ascorbic acid is a 

major interferent in rat studies, although the human brain does not have high levels of this 

antioxidant.7  Suzuki found that it was possible to detect dopamine using differential pulse 

voltammetry without experiencing the problems with fouling that was seen in carbon fiber 

electrodes.  The problems with this study was that they used nomifensine to inhibit the uptake of 

dopamine by synapses which would lead to higher dopamine levels than normal (this study 

looked at concentrations of 50nM up to 20μM) and so it is not necessarily indicative of the 

electrode characteristics for dopamine detection at typical in vivo levels (<25 nM).  They also did 

not address the question of how (or if) the tissue response would affect the electrode 
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performance over long term use. 

Others have taken the approach of using conducting polymer films, usually PEDOT, to 

coat the surface of the metal to create a new interface with the tissue.  PEDOT has been seen by 

a number of research groups to have potential to serve as a good material for neurological 

sensing.8  This interest in PEDOT is due to its durability,8a biocompatibility8c, d under the 

conditions tested, and its relatively low electropolymerization potential.  These characteristic are 

all desirable ones for possible biomedical applications, but warrant further examination.  

The studies reported here focus on a series of conducting polymers (shown in Figure 3.2) 

chosen because they share the same pyrrole or thiophene backbone.  While each monomer 

requires its own unique polymerization parameters, they also each yield their own unique 

properties.  The one parameter that cannot be varied widely for each of the monomers is the 

electropolymerization potential (or potential range in the case of cyclic voltammetric deposition). 

However, this still leaves variables such as monomer choice, cell type (standard or flow), 

potential waveform, and electrode type, the impact of which we describe below.    

3.3 Polymerization protocols 

 A Radiometer Voltalab 80 potentiostat was used to produce electrodes using a standard 

three-electrode arrangement in a conventional cell, a two or three-electrode arrangement in a 

flow cell, or sequential deposition (using the three-electrode configuration) onto the disc 

electrodes of a commercial two-channel implantable electrode (Figure 3.3).  The electrodes were 

fabricated in four different scales or configurations.  Each electrode was used for specific 

applications.  
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3.3.1 Standard cell electrode 

The standard cell electrode was made in house and is based on a platinum wire whose 

diameter varies from 100 to 250 µm.  The wire was soldered to a copper lead wire where the 

portion of the platinum that would make up the junction with the lead wire was coated with 

copper before soldering in order to prevent degradation of the junction caused by the solder.9  

The copper coating was accomplished by dipping a section of platinum wire into a copper (I) 

oxide then heating it in a burner.  This soldering method is based on a patented approach 

developed by Littledale.10  The lead wire and junction were then encased in a glass tube and 

Twisted Two 
Channel 
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sealed with Torr Seal (Varian, Inc.).  This electrode, after the polymer sealant has set overnight, 

can be cleaned by sonication in hexane, followed by DI water.  Before use, every electrode was 

tested for resistance between the connection wire and the platinum substrate electrode to ensure a 

good connection.  Any electrode found to have a resistance higher than about 1.5 Ω was rejected.  

This type of electrode served as the working electrode in the standard three electrode standard 

cell previously discussed in Chapter 2.  The cell was filled with a solution containing the chosen 

monomer and electrolyte.  Applying the appropriate potential (or CV profile) resulted in 

formation of the polymer film on the surface of the exposed platinum.  The advantage of this 

type of electrode is its larger surface area which makes the analysis of its surface morphology 

simpler and provides a larger area contacting tissue for in vivo studies of its biocompatibility.  

This type of electrode is fairly easy to produce and the cost is minimal by using only a small 

amount of platinum and copper 

as the lead wire.  The platinum 

tip can also be cut off at the 

Torr Seal and polished down to 

make a small disc electrode 

3.3.2   Flow cell electrode  

The flow cell substrate 

electrode is produced in the 

same manner as the standard 

cell electrode with the exception 
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that instead of a glass tube for the casing, a glass Pasteur pipette is used.  This allows for a longer 

electrode with a gradually decreasing, much smaller diameter near the tip, as required for the 

flow cell.  

  The flow cell uses the same three electrode types (a platinum wire working electrode, 

Ag/AgCl reference electrode and a larger platinum wire auxiliary electrode) that are used with 

the standard cell (Figure 3.4) but the configuration of the deposition cell is entirely different. The 

working electrode and auxiliary electrode are positioned pointing end-to-end with the reference 

electrode placed near the auxiliary.  Unlike the standard cell in which the solution is stationary 

the solution flows past the surface of the electrode during the polymerization.  The flow rate of 

this solution can be varied but only to a certain point.  A flow rate must be chosen that prevents 

oligomers moving past the electrode before they can deposit on it and continue to polymerize.  

The flow also needs to be laminar (or nearly so) as illustrated in Figure 3.5 so that the turbulence 

Figure 3.5- Potential flow pattern across the tip of an electrode in the flow cell 
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does not disrupt the film’s formation on the surface of the electrode.  Turbulence can also 

prevent formation of fibers from the tip of the electrode (a case that is sometimes desirable, 

sometimes not). The Reynolds number (NR) was calculated for our system using equation 3.111 

to determine if the flow was likely to be laminar or turbulent in the vicinity of the substrate 

electrode.   

The Reynolds number (NR) is based on the relationship of the reaction zone radius (r), 

flow rate (ν) solution density (ρ) and solution viscosity (η).  It is usually accepted that a value of 

less than 2000 for the Reynolds number indicates laminar flow while a value of greater than 

3000 represents turbulent flow. The region 2000-3000 is considered to be unstable with the flow 

potentially changing between the two.11  For the flow cell we utilize, these considerations 

translate into a maximum flow rate for achieving laminar conditions being around 80-110 

ml/min, for a flow region radius of around 5.0 mm. While the flow cell adds more factors 

(electrode separation, flow rate, solution viscosity) that must be optimized compared to the 

standard cell, it results in a smoother surface.  Figure 3.6 shows an example of this effect on a 

poly-N-methyl pyrrole (PNMP) film.  Both films were produced under the same solution 

conditions, with the only difference being that one was produced in the flow cell with a slightly 

longer polymerization time.  This is necessary with the flow cell and times can range from 30 

cycles (for production of smooth films) to 200 cycles (for attempts to produce single fibers with 

diameters < 10 μm). The total cycles used needs to be fine tuned for each electrode to ensure a 

complete coating, which is likely due to the fact that these electrodes are handmade.  Slight 

(3.1) 
η
ρυrNR

2
=
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variations in the location of the wire exiting the casing and differences in the shape of the Torr 

Seal also will lead to differences in how the solution flows over the electrode and slightly change 

the polymerization time (or number of cycles) required. 

The film produced in the flow cell is smoother with fewer discernable surface features 

(Figure 3.6).   Since longer polymerization times in the standard cell result in rougher surfaces, 

one factor likely to lead to the smoother surfaces in the flow cell is the flow approach itself. In 

addition, the sawtooth nature of the waveform for cyclic voltammetric deposition means that the 

applied potential is sufficient for deposition during only a fraction of the total deposition time.  

In addition, the rate of deposition (and thus the ordered nature of the deposition process) is likely 

due to the combination of the alignment of the electrodes and the likelihood that the 

polymerization is forced to occur close to the surface.  The alignment of the electrodes pointing 

end to end would result in the charge being focused on in the wire and out the tip, unlike the 

standard cell where the electrodes are parallel and the charge would be focused along the entire 
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side of the electrode.  The solution flowing past the surface of the electrode would also allow the 

polymer formation only from oligomers present near the surface, since any oligomers that 

formed too far from the surface would be swept away from the electrode before having the 

chance to further polymerize to the surface and form the film.  

3.3.3 Two-channel sensing electrode 

A third type of electrode is based on a conventional Plastics One, Inc., twisted wire 

implantable electrode.  In our case, the wires are platinum and are insulated with Teflon, except 

for a small disk at the tip.  The wires are mounted in a threaded Teflon connector and are cut by 

the manufacturer to 4 mm below the mount.  Since each electrode is insulated, they are isolated 

from each other and act as two small disk electrodes with diameters of 250 microns.  Its 

relatively compact size (overall diameter approximately 0.7mm including the insulation) makes 

it ideal for use in vivo. This overall diameter is smaller than electrodes currently used for 

stimulation, which can be as large as 3.8mm12, and allows for precise placement in a smaller 

volume of the brain. This also provides, in turn, for more reliable localized neurological signal 

sensing.  When coating the platinum tips on this electrode, deposition must be done with a 

constant potential instead of a CV method.  This is because the constant potential method allows 

for better control of the film’s size and thickness on the much smaller surface area (further 

discussed below in section 3.4). 

3.3.4 Ultramicroelectrode 

A fourth type of electrode is based on an ultramicro disk electrode provided by Michael 

Mirkin (Queens College, CONY), which was investigated briefly.  These electrodes are 
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ultramicroelectrodes produced with a laser electrode puller and Pt wires with much smaller 

diameters. (Mirkin has reported production of electrodes with diameters on the scale of a few 

nanometers.13 ) These electrodes are designed for scanning electrochemical microscopy which 

provides for the possibility for high resolution measurements at interfaces and within cells.  It is 

hoped that coating the tip of the electrode with conducting polymers could customize its 

electrochemical properties and allow for imaging of the surfaces of single neurons.  This type of 

electrode was successfully coated with P3MT using low monomer concentrations (0.01M) and 

applying a constant potential for 0.3 seconds. 

3.3.5 Surface morphology and surface impedance characteristic implications of deposition 

mode  

When designing the electrodes for stimulation the electrode can be based on capacitive or 

faradaic injection of charge.2  A high interfacial capacitance is preferred in order to restrict the 

faradaic current.  On the other hand, for sensing or analytical purposes, a low capacitance is 

preferred.2  It has been seen that when dealing with conducting polymers that a microporous 

outer layer on top of a more compact, much less porous layer minimizes the capacitance  at the 

frequencies relevant for sensing of low frequency signals.  A rough porous layer with the 

channels extending throughout the layer leads to a higher capacitance at these same 

frequencies.14  This means that by reducing the roughness of an electrode in the flow cell we are 

creating a more compact layer that would lead to a higher capacitive impedance and better 

stimulation behavior, but it may be less suited for sensing.  While the flow cell has shown to be a 

tool for creating very smooth polymer films, unless otherwise stated, the standard cell will be 

used in this study.  
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3.4 Constant potential vs. CV deposition  

Investigators have utilized both methods 

for the electrodeposition of conducting polymers.  

No one, however, has investigated the choice 

between them as a tool to optimize the polymers 

for specific applications despite the observation 

that the use of one method or the other has been 

seen have an effect on the electrochemical and 

physical properties.15  When a film is 

polymerized under constant potential the film can 

be seen to have a compact layer close to the metals surface and a porous layer on top of that 

(Figure 3.7).   These layers contribute to a different aspect of its electrochemical properties.15b  

The CV method for polymerization results in a much thinner compact layer and a thicker porous 

layer.  Since a macroporous layer leads to high capacitance, it results in a greater capacitive 

component in the impedance and, in fact, this is what is seen in the cyclic voltammetric 

characterization shown in Figure 3.8.  The extent to which this affects a polymer film depends 

also on the polymer itself.   The effect this has on P3MT is negligible, as P3MT exhibits low 

capacitance with either method. CV’s performed using PEDOT electrodes made under both 

methods showed that PEDOT demonstrated a higher capacitance when made using the CV 

method.  This would be better for a stimulation electrode but would reduce its effectiveness as a 

sensing electrode.2  The CV results also illustrate the improved electron transfer kinetics for the 
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ferri/ferrocyanide couple at PEDOT produced using a constant potential or at P3MT using a CV 

deposition (deposition parameters as described above in Section 3.3).   

 Another advantage of constant potential deposition is that since time is directly related to 

total charge transferred, this provides more facile control over the film thickness.  This is 

particularly critical for the very small two- channel sensing electrodes and the ultramicro-disc 

electrodes. 

On the other hand, the CV method produces a more uniform film throughout for all 

polymers, regardless of thickness. So the choice of deposition potential mode can be used to 

further customize the properties of electrodes. 

 

Figure 3.8- CVs showing the dependence on 
deposition method and monomer type. 

 Top Left: PEDOT produces by CV 
deposition; Bottom Left: PEDOT Produced 
by constant potential from reference 14 
Top Right: P3MT Produced by CV;  All CV’s 
were run in ferri/ferrocyanide in 0.1M KCl 
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3.5 Conclusions 

 Through the use of a variety of monomers, deposition modes, solution conditions, and 

electrode configurations, we are able to produce electrodes which vary in apparent surface area, 

electrode size, surface morphology, porosity and electrical properties.  The choice of monomer is 

probably the single largest factor that has the greatest effect on the properties of the electrode as 

demonstrated in the fact that the choice of monomer can drastically vary all the parameters (i.e. 

morphology and electrochemical properties) of electrodes prepared using similar deposition 

parameters.  An example of this is when looking at choosing a monomer for a stimulation 

electrode, PEDOT with its higher charging ability would be the best choice based on its 

electrochemical properties. P3MT, on the other hand, would be the best choice for sensing 

electrodes based on its lower capacitive impedance and the faster electron transfer kinetics seen 

in the cyclic voltammetric data.  Other factors such as varying polymerization parameters serve 

more to modify or optimize the properties, while the monomer itself introduces a whole different 

set of properties. 

   

Films  Fiber  

EDOT  EDOP 3-methylthiophene   N-methylpyrrole   N-methylpyrrole   

Potential 1(mV)  0 0 0 1250 1250 

Potential 2 (mV)  1800 1200 1800 1350 1350 
Scan Rate 
(mV/sec)  100 100 100 100 100 

Cycles   10 10 20 20 200 

Table 3.1- Polymerization parameters for cyclic voltammetric method 
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We have described the two most common methods of electropolymerization of the monomers 

and how this choice affects the electrode.  When looking at the differences between the constant 

potential and cyclic voltammetric methods, the cyclic voltammetric method produces a more 

uniform layer in terms of composition.  The layers are porous but the morphology does not 

change through the layer, with the exception of a very thin layer right at the electrode (Figure 

3.7).  The optimum conditions we found for producing standard cell electrodes with a 250 

micron diameter by the cyclic voltammetric method in 0.1M monomer and TBATFB are shown 

in Table 3.1.  

  The type of electrode configuration also comes into consideration and it is necessary to 

adjust concentration for a standard electrode vs. microelectrode. When utilizing the smaller 

microelectrode you have a much smaller surface area than the other electrodes so you have a 

higher current density which leads to the polymer film growth on the surface occuring much 

faster.  So in order to control the size and thickness of the film, lower concentrations must be 

used to slow the kinetics of the polymerizations by making diffusion rates of the monomer to the 

electrode’s surface and limiting the rate of polymerization.  To further control the film size, 

constant potential needs to be used instead of a cyclic voltammetric deposition.  This is because 

constant current deposition gives better control of how long the polymerization is occurring since 

all of the current applied is at a potential that will cause the polymerization to occur. 

 We also showed that the electrode’s characteristics can be further modified by switching 

between the standard cell and the flow cell.  The flow cell is capable of producing smoother 

films and larger single polymer fibers than are seen in the standard cell.  The problem with this is 

that the flow cell adds difficulty to the polymerization and is less reliable than the standard cell.   
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 Through this study of the effects monomer choice, base electrode type, and 

polymerization method have on the end electrode, we developed the basis for the knowledge 

needed to produce electrodes with a variety of physical and electrochemical properties.  This is a 

powerful tool to have when developing electrodes for a variety of applications.  
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Chapter 4: Biocompatibility and Signal Fidelity 

4.1 Introduction 

One of the most important considerations in the investigation of electrodes for any 

biomedical application is biocompatibility.  There are, in turn, two major aspects of 

biocompatibility that are critical in the investigation.  The first is tissue response to the 

electrode’s surface as a foreign body.  This response results in glial scarring and the 

formation of an insulating interface that impedes signal transduction for long-term 

implantation.1  The second critical aspect is cell death, which can be caused by physical 

motion of the electrode, tissue response to the electrode, or material leached from the 

electrode.   

With biocompatibility being a major factor in the utility of bioelectrodes, we have 

set out to determine if conducting polymers could be the key to a more biocompatible 

option.  To do this, short term tissue response has been measured using fluorescent 

markers for microglial and astrocyte response; while signal throughput has been 

investigated using local EEG recordings of ictal activity induced by pentylenetetrazol 

(PTZ) injection in a rat model.  

Lesions, traumatic brain injuries, and other traumas (e.g. electrode implantations) 

lead to the activation (proliferation, increase in organelle number, increase in 

transcription) and migration of astrocytes over the first 40-60 days after implantation, at 

which point the astrocyte response begins to level off.  Astrocyte migration results in the 

glial scarring that is characteristic of the electrode-brain interface 2. Glial fibril acidic 

protein (GFAP), an important intermediate filament, is specific to astrocytes.  GFAP 
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expression increases upon astrocyte activation and migration, making GFAP an effective 

marker for assessing gliosis post-trauma.  

An indicator of cellular death is a buildup of microglia.  Microglia make up about 

10% of the cells in the brain3 and act as the macrophages/cytotoxic cells of the brain; they 

migrate to regions where foreign material has been introduced to phagocytize dying cells, 

while releasing proteolytic enzymes (i.e. hydrolase) to degrade damaged tissue 4. 

Microglia also can be involved in the  release of toxins such as superoxide and nitric 

oxide during inflammatory response5. Microglia express CD11b following activation 

from chemokines like TNF-α 6.  Thus, CD11b has been chosen as an effective marker for 

microglial response. 

The biocompatibility of polypyrrole electrodes copolymerized with a synthetic 

peptide have been investigated for neurological applications by Cui and Martin.  They 

used a neurological electrode with small disk sites that each act as an electrode.7  They 

then coated these sites with the polypyrrole/peptide copolymer and implanted them into 

the brains of guinea pigs for a period of 2 weeks.  During this period they used the 

electrodes for recording neurological signals.8  What they found was that for the period 

studied they were able to use these electrodes for recording signals.  They also looked at 

the biocompatibility in terms of astrocyte build up at the electrode site.  They were not 

able to note any noticeable difference between the modified electrodes and bare platinum 

electrodes.8  They attribute this due the fact that the mount of the electrode makes up 

most of the surface area of the electrodes and not the actual electrode site.  This means 

the majority of the tissue response is likely due to the mount.  So while they could not 
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conclude that the conducting polymer produced any improvement in the biocompatibility, 

it is important to note that they also did not notice any increase in tissue response due to 

the polymer.  Unlike the Cui and Martin study, we have examined the biocompatibility of 

wire electrodes where the entire electrode surface that is implanted has been modified 

with the conducting polymer, and compared the response to Pt and to PEDOT, the 

polymer of choice for most of the work from Martin’s group.  This means that the tissue 

response of the electrodes involved in this study can be attributed to the polymer. 

Fonner et al. also studied biocompatibility of polypyrrole, but in terms of cell 

viability.9  They did this by growing Schwann cell and rat pheochromocytoma cell 

cultures on polypyrrole films produced under a variety of thicknesses and dopant 

combinations.  They demonstrated that different polymerization methods can effect more 

than the electrochemical properties, they can also affect the biocompatibility.  They found 

that a thinner film with the right dopant which has minimal leaching had the best cell 

viability.  This study provided evidence that, in addition to contact with the surface of an 

electrode, leaching must be a consideration when looking at the biocompatibility of 

electrodes. 

In addition to the challenges posed by tissue reactivity, another drawback of the 

electrode materials presently in use is the interfacial impedance inherent in the sensing 

and stimulating electrodes. For the choices presently available3, 10, the electrode-tissue 

interface introduces a nonohmic time-dependent high-pass filter element11. This degrades 

signal fidelity at frequencies relevant for stimulation and sensing of most biological 

signals, a difficulty for both long and short term use. To date, materials that avoid this 
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signal degradation have not been reported. This is less of a problem for electrodes used 

exclusively for delivering fixed stimulation, where large voltage pulses are applied. In 

these cases, the frequency is constant (or nearly so) and any change in impedance can be 

compensated by the stimulator electronics. However, signal degradation is a substantial 

problem in the case of sensing applications, where significant  interfacial impedance 

(particularly the frequency-dependent capacitive component) results in a decrease in 

signal amplitude and lower signal-to-noise12.  

In general, the dual-threat combination of adverse tissue response and frequency-

dependent signal transmission leads to outcomes in which low amplitude and/or low 

frequency contributions may well be filtered from the detected signal.  

4.2 Experimental Methods 

 

 

 

 

 

4.2.1 Fabrication of electrodes for immunoresponse assessment 

Platinum electrodes were fabricated in house from 0.250 mm diameter wire 

(99.998%, Alfa Aesar) as described in Chapter 3 using a standard three electrode cell.  

The auxiliary electrode was 0.500 mm diameter platinum (99.9998%, Alfa Aesar).  A 

double junction Ag/AgCl reference electrode was used to provide a bridge between the 

   Films  
EDOT  EDOP 3-

methylthiophene    N-
methylpyrrole    Carbazole 

Potential 
1(mV)  0 0 0 1250 100 
Potential 2 
(mV)  1800 1200 1800 1350 1550 
Scan Rate 
(mV/sec)  100 100 100 100 100 
Cycles    10 10 20 20 30 
Table 4.1- Electropolymerization parameters 
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aqueous reference electrode and the electrodeposition cell, while protecting the reference 

electrode from the deposition of insoluble salts from the monomer solution.   Polymer 

was deposited using a cyclic voltammetric protocol on each working electrode, replacing 

the deposition solution after every five electrodes.  The deposition solution contained 

0.0125M of the relevant monomer, and 0.1M tetrabutylammoniumtetrafluoroborate 

(TBATFB) in acetonitrile. Table 4.1 shows the electrochemical parameters for each 

polymer.   

4.2.2  Fabrication of electrodes for signal throughput assessment 

For assessment of the sensing capabilities of these polymers we employed the two 

channel twisted electrode from Plastics One, discussed in Chapter 3.3.  The electrodes 

were coated in the same standard three electrode setup previously discussed with each 

channel (in succession) being connected to the potentiostat as the working electrode.  

PEDOP coatings were obtained from a 0.0125M  EDOP and 0.05M TBATFB solution 

with a constant potential of 1200 mV.  An optimum deposition time was determined for 

which the resulting film completely coated the exposed surface of the electrode, but did 

not extend to the second channel.  For example, for PEDOP this corresponded to a time 

of 45 sec. To ensure the channels were not connected by polymer, each electrode was 

examined under a microscope after coating and a sharp blade was run between the 2 

channels to remove any fibers not visible. P3MT electrodes were produced from a 0.1M 

3MT solution of monomer in 0.1M TBATFB solution.  A potential of 1800mV was 

applied for a time of 0.3 seconds.  The same steps were employed to ensure no contact 

between the channels. 
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4.2.3 Histocompatibility studies: Electrode implantation.  

Animal studies were carried out by Cameron Sweeney, Patrick Forcelli, Brian Lee 

and Laura Rubinson through collaboration with Dr. Karen Gale from the Department of 

Pharmacology at the Georgetown University School of Medicine.  Electrodes were cut to 

approximately 2.5 cm in length for implantation, with at least two electrodes used for 

each polymer.  Before surgery, rats (Sprague-Dawley, approximate weight 0.3 kg) were 

anesthetized with 3.0ml/kg equithesin, the animals’ heads were shaved in the immediate 

area of the surgical incision, and they were placed in the stereotactic frame.  For each 

animal, two electrodes were implanted bilaterally in hippocampus (coordinates to 

bregma: AP:-4.16mm, ML:+2.5mm, DV: -4mm), and two were implanted bilaterally in 

the striatum (coordinates to bregma: AP: +0.7mm, ML: +2.5mm, DV: -6mm) totaling 

four electrodes per animal.  The two electrodes in one hemisphere (one in the 

hippocampus, one in the striatum) were platinum, while the two electrodes in the other 

hemisphere were a given polymer-coated electrode.  In a ninth animal, two fuzzy P3MT 

electrodes were inserted at the above coordinates in one hemisphere and two smooth 

P3MT electrodes were inserted at the above coordinates in the other hemisphere so that 

the coating texture effects could be compared.  Two additional screws were added to the 

skull medially to all four electrodes in all nine animals, and the four electrodes were 

cemented to the skull with dental acrylic.  Animals were monitored for adverse effects for 

the duration of the study.  

 A larger round of surgeries was performed using PEDOP and P3MT electrodes. 

Implantation was carried out as described above with the following exceptions.  Based on 
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the astrocyte response results (Section 4.3.2) from the first sets of animals, as reported 

below, only smooth P3MT and PEDOP-coated electrodes were examined.  A total of ten 

rats were implanted with either smooth two-channel P3MT-coated electrodes or PEDOP-

coated electrodes at unilateral sites (above coordinates) in rats, and uncoated two-channel 

platinum electrodes were implanted in the other hemisphere (above coordinates) in each 

of the ten animals as controls.  

4.2.4 Immunohistochemistry 

All animals were sacrificed fourteen days post-surgery, their tissue was fixed with 

4% paraformaldehyde and the electrode headcaps were removed.  The brains were 

removed and placed in 10%, 20% and 30% sucrose solutions respectively for one day 

each and then frozen with dry ice.  The brains were sliced horizontally into 20µm slices 

(dorsal-ventral) with the cryostat at -20°C and mounted on frosted slides.  Adjacent tissue 

slices were stained with GFAP (Abcam) and CD11b (Abcam) using the following 

protocols to access the tissue response at the electrode implantation site.   

GFAP: Slides were incubated in 100% methanol for 15 minutes at -20°C, and then 

washed for 3 minutes in phosphate buffer solution (PBS).  Antigen retrieval was 

performed by pulse heating the slides in citrate buffer (25 seconds heat, 1 minute cool) so 

that the temperature stayed ~95°C for 20 minutes.  Slides were washed 2 times in PBS 

for three minutes, and then blocked with the blocking solution (1% bovine serum 

albumin, 0.3%Triton-X-100, 20% goat serum in PBS) for 1 hour.  The blocking solution 

was removed and slides were incubated with the primary antibody (rabbit α GFAP, 

ab7779-800 from Abcam) at a 1:500 concentration with respect to the carrier solution 
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(1%BSA, 0.3%Triton-X-100 in PBS) overnight at room temperature.  The slides were 

then washed three times for three minutes in PBS and incubated for one hour in the 

secondary antibody (Alexa Fluor 546 from Invitrogen FITC goat α rabbit) at a 1:500 

concentration with respect to the carrier solution at room temperature.  The slides were 

then washed three times for three minutes in the carrier solution and cover slips were 

affixed with cytoseal-60. 

CD11b:  Slides were initially washed 3 times for five minutes in PBS.  The slides were 

then blocked with 5%NGS, 1%BSA, 0.3%Triton-X 100 in PBS for one hour at room 

temperature.  The slides were incubated with the primary antibody (mouse α CD11b, 

ab8878 from Abcam) at a 1:200 concentration with respect to the carrier solution 

(1%BSA, 0.3% Triton-X 100 in PBS) overnight at room temperature.  The carrier 

solution was used to wash the slides three times for three minutes.  Slides were then 

incubated with the secondary antibody (goat α mouse, AlexaFluor 488 form Invitrogen) 

at a concentration of 1:250 with respect to the carrier solution for one hour at room 

temperature.  Slides were then washed two times for three minutes in carrier solution and 

then cover slips were affixed with cytoseal-60.   

4.2.5 Fluorescence quantification for focused PEDOP/P3MT study 

Images were obtained using a Nikon E600 Fluorescent Microscope and Nuance v2.4 

Multispectral Imaging software, (Cambridge Research & Instrumentation, Inc. (CRi)).  

The total imaged area (500 x 500 microns) was kept approximately equal for all 

experiments.  In order to minimize subjectivity, each image underwent blind imaging on 

three separate occasions and the results were averaged.  First, the total area of the image 
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was measured and the images were adjusted to insure that the brightest portions of the 

picture, that were clearly fluorescent cells, were filled in. The fluorescent pixel count for 

the selected region was then divided by the total pixels in the imaged area initially 

measured to generate a fractional area of fluorescence.     

4.2.6 Signal throughput assessment: Electrode implantation  

 Commercial twisted two-channel electrodes (Plastic1) with an electrode length of 

4 mm were utilized for these studies. Before surgery, rats were anesthetized with 

3.0ml/kg equithesin, the animals’ heads were shaved in the immediate area of the surgical 

incision, and they were placed in the stereotactic frame.  For each animal, electrodes were 

implanted bilaterally in the hippocampus (coordinates to bregma: AP:-4.16mm, ML: 

+2.5mm, DV: -4mm). The two-channel electrode in the right hemisphere was platinum; 

the electrode in the left hemisphere was platinum coated with the relevant polymer.   A 

total of nine rats were implanted with smooth P3MT electrodes and eleven rats with 

PEDOP. Two additional screws were added to the skull medially and the electrodes were 

cemented to the skull and screws with dental acrylic.  Animals were monitored for 

adverse affects for the duration of the study.  

4.2.7 EEG sensing  

After either a 48-hour period of monitoring and recovery or a 14-day period, the 

electrode contacts were connected to an EEG monitor (Model 8-Plus; data acquired using 

PolyView 16, bandpass 1Hz, 60Hz). Simultaneous (Pt vs. modified Pt) baseline data was 

obtained and recorded for a minimum of 20 minutes at a sampling rate of 1280 points per 

second to ensure that a stable background signal was obtained. IP injection of 1.5-2.0 mL 
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of pentylenetetrazol (PTZ) –depending on rat weight - was carried out following the 

baseline recordings. Simultaneous data indicative of seizure activity was obtained for at 

least five minutes. After these experiments, the animals were euthanized using an 

accepted protocol. 

4.3 Results 

4.3.1  Qualitative astrocyte response to conducting polymers 

Due to the limited nature of the initial screening studies, which compared all four 

polymers and platinum (Figure 4.1), strict quantification was not performed for those 

studies. A rough preliminary assessment of the astrocyte response (via GFAP staining) 

was performed for PEDOT, PEDOP, P3MT, and polycarbazole-coated electrodes. These 

preliminary assessments suggested that PEDOP elicited the lowest astrocyte response.  

Figure 4.1   Astrocytes stained with GFAP (preliminary)   
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The next smallest astrocyte response is from the P3MT (both fuzzy and smooth). The 

difference in texture did not alter the total astrocyte response, although fuzzy P3MT 

seemed to evoke a slightly greater response directly at the electrode-brain interface.  The 

reason for the close similarities between the fuzzy and smooth P3MT is that most of the 

porous outer layer of the rough electrode was knocked off during implantation.  This is 

supported by small pieces of polymer being observed around implantation site.  The next 

largest response was elicited by polycarbazole. The platinum electrodes elicited the next 

largest astrocyte response, and PEDOT evoked the largest astrocyte response.    

 It is worth noting that although we found PEDOT evoked a greater astrocyte 

response than platinum electrodes, this result must be evaluated in the context of the 

conditions employed for deposition in this study. The electrodes evaluated by Martin, et 

al. were produced under very different conditions (aqueous solution in which poly-

styrene sulfonate acts as both surfactant and counterion dopant)13.  

 Of the other three electrodes, PEDOP and smooth P3MT were chosen for further 

study.  Smooth P3MT was chosen over fuzzy P3MT due to the slightly smaller astrocyte 

response at the electrode-brain interface and due to superior film adhesion.  

4.3.2 Focused results: astrocyte comparison study of PEDOP and P3MT 

 In accordance with the preliminary assessments, the astrocyte responses of 

PEDOP and P3MT-coated electrodes were smaller than that of platinum in the focused 

investigation (Figure 4.2). These pictures were left unmixed (left in black and white 

unlike the preliminary pictures) to aid in establishing a threshold and quantifying the 

fluorescence.  The fluorescence quantification of GFAP (based on the number of FITC 



60 
 

fluorescent pixels relative to the total number pixels in the picture) for astrocyte marking 

was quantified as a fractional fluorescent area of area within 80-100μm of the electrode 

track.  The average fractional fluorescence per electrode over the total picture can be seen 

in the upper left graph of Figure 4.2.  For the comparison of PEDOT and P3MT to Pt, a 

p-value was calculated to be less than 0.02 allowing us to reject the null hypothesis (H0 = 

response is not statistically different).  
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4.3.3 Focused results: Microglial response comparison of PEDOP and P3MT 

 The activated microglia response was determined by quantifying the amount of 

CD11b (attached to TRITC secondary antibody whose fluorescence is, in turn, directly 

related to its concentration) present at the electrode site.  There was microglial activation 

at the electrode implantation site for PEDOP-coated, P3MT-coated, and platinum (Figure 



62 
 

4.3).   The same fluorescence quantification methods that were used for the astrocyte 

response investigation were performed for the microglia response investigation (Figure 

4.3).  All three electrodes were seen to have fairly close average response overall, with 

platinum and PEDOP being about the same, and P3MT slightly higher.  It is important to 

note, however, that P3MT had a larger standard error associated with the measurements 

and the lower end of the data is comparable to that of the other electrodes.  It is also 

important to note that response is a reflection of injury.  Thus in the short term, a large 

difference is not expected. 

These results suggest that the tissue response that results at the site of the 

electrode with the tissues is not significantly greater and, in the case of astrocyte 

response, is less for the conducting polymers than that of the platinum electrodes.  This 

translates into less degradation in the tissue/electrode interface than was seen with 

platinum and less loss of contact would be expected over time.    

4.3.4 Signal fidelity 

  Studies such as those reported by Wolpaw, et al.,  have reported the possibility of 

using implanted electrodes as a brain-computer interface.14  This interface would provide 

a way for the brain to directly control devices, proving extremely useful to those who are 

even partially paralyzed.  Similar to those electrodes used for deep brain stimulation and 

neurotransmitter detection, the electrodes will be implanted for long periods of time.  

They, therefore, need to be biocompatible and have low tissue response to prevent a 

reduction in the electrodes effectiveness.   In addition, these electrodes must exhibit 

minimal signal attenuation at frequencies between 5-30 Hz.14  In order for conducting 
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polymer electrodes to present a viable alternative they must exhibit an equal or greater 

ability to detect EEG signals than bare metal electrodes.  Preliminary EEG data acquired 

sequentially (platinum then PEDOT) shows that PEDOT modified electrodes did indeed 

exhibit a better signal sensitivity compared to the metal electrodes (Figure 4.4).  This 

greater sensitivity combined with the improved biocompatibility prompted further studies 

for both PEDOT and P3MT electrodes with parallel data acquisition. 

 The results from these parallel acquisition studies, shown in Figure 4.5, clearly 

show that at low frequencies, the throughput is much greater at the P3MT electrode than 

at the Pt electrode. The responses are shown as relative response to correct for any 

differences in amplitude due to electrode placement. The raw data from this trial showed 

a five-fold greater response for P3MT if maxima are compared. However, in some cases, 

the response at Pt was greater, although the relative throughput at low frequency was still 

lower.  

 

 

PEDOT 

Platinum 
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4.4 Discussion  

 The results reported here show that both PEDOP-coated and P3MT-coated 

electrodes produce lower levels of astrocyte activation in the area immediately 

surrounding the electrode track compared to platinum, polycarbazole, and PEDOT (as 

prepared using conditions similar to that for the other electrodes).  All three electrodes 

seemed to have elicited similar microglia responses overall. P3MT did show some 

electrodes with higher responses than the other two, but not significantly.  The fractional 

fluorescence approach used here for assessment of the histocompatibility is more relevant 

Figure 4.5- Low frequency poser spectrum of signal acquired during parallel monitoring of 
activity in the hippocampus 
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for gauging biocompatibility of these electrodes than the overall tissue response (over 

100µm away) since it is more sensitive to the glial scarring that can increase 

impedance/decrease signal to noise sensing ratios at the electrode brain interface.  That is 

to say, the buildup of activated astrocytes and microglia in the band ~80-100µm around 

the electrode tract can act as a barrier between the electrode and nearby neurons, and may 

even push neurons further away from the electrode.    

It is important to note that this study observed the tissue responses only for a 

period up two weeks post-implantation. The astrocytic gliosis surrounding neuronal 

trauma is not usually complete and stable until after about six weeks 4a.  Although gliosis 

is considered somewhat diffuse at the second week post-implantation, our results show 

that the glial scar has started to become more compact..  The astrocyte activation that 

extends past the surrounding band is most likely representative of the future astrocytic 

gliosis that will occur from weeks two to six. 

The microglial, response is generally complete by the second week post-

implantation, and such a microglial sheath present at week two has been found to be 

present until at least week twelve post-implantation 4a.  The extent of microglial 

activation and migration to the surrounding band at week two is a direct representation of 

the tissue response expected on a longer time scale.  

4.5 Conclusions 

Although of limited duration, the studies reported here indicate that the excellent 

histocompatibility for PEDOT by other investigators is also found for other 

polymer/dopant combinations. P3MT-coated and PEDOP-coated electrodes both elicit 



66 
 

smaller astrocyte responses at the site of implantation relative to platinum electrodes. 

P3MT-coated and PEDOP-coated electrodes appear to be at least as histocompatible as Pt 

in terms of astocyte and microglial response than platinum, and the results directly 

adjacent to the site suggest that long term response may well be improved over Pt.  These 

results are a good indicator that conducting polymers hold promise for enhanced 

biocompatibility for neurological applications, but longer term studies would aid in 

supporting this conclusion. 

The study of signal throughput for these electrodes indicates that, as expected 

from prior results in our group15, the relative signal throughput is improved at the 

frequencies of interest for biological investigations when compared to bare platinum. 

This behavior is explained based on the formation of an inner compact layer and an outer 

layer characterized by small pores. The electrodes tested here do not have a coating on 

the platinum substrate, which would enhance adhesion and promote formation of the 

compact layer. Therefore, even further improvement might be possible upon deposition 

of such a layer before polymerization.  
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Chapter 5: Detection of Neurotransmitters with  

Conducting Polymer Modified Electrodes  

5.1 Introduction 

 The ability to detect neurotransmitters is an extremely powerful tool for 

biomedical research, as understanding the release profiles of neurotransmitters could hold 

the key to diagnosing and treating a wide variety of neurological disorders, ranging from 

Parkinson’s disease to attention deficit disorder (ADD).1   The problem lies in a good 

way to detect the levels of these neurotransmitters in real time.  

Dopamine, in particular, is of interest. It is involved in the regulation and control 

of aspects of neurological functions such as mood, movement, attention and visceral 

function.2  Parkinson’s disease depletes the levels of dopamine which closes the funnel 

that feeds activity to the supplementary motor area (SMA) via the basil ganglia.2  While it 

is not completely understood what dopamine’s involvement in ADHD is, a low dopamine 

level is also observed with ADHD.2  In both cases, knowing the dopamine level could aid 

in understanding the disorders.  

Figure 5.1- Oxidation of dopamine to dopamine-o-quinone  
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Electrochemical methods are ideal for the detection of dopamine due to the 

possibility of creating very small sensors for implantation at (or near) the release site. The 

redox reaction (Figure 5.1) monitored during electrochemical detection of dopamine, 

involves the oxidation of the hydroxyl groups on the catecholamines (Figure 5.2) to 

produce a quinone or reduction back to the catechol, depending on the potential. When 

the oxidation potential of dopamine is reached current begins to flow which is then 

detected by the instrument.  However, electrochemical methods also suffer from the fact 

that there are many components that can interfere and create high background to signal 

ratios.3    These extra components could have oxidation potentials that are similar to the 

neurotransmitter of interest, masking the neurotransmitter signal.  

There are several approaches to this problem that are under investigation such as  

development of selective sensors (for example boron doped diamond BDD)4 or 

microdialysis followed by Ion-Exchange Chromatography with Pulsed Amperometric 

Detection (IC-PAD)5.  BDD electrodes investigated by Suzuki et al. (previously 

described in chapter 3) with differential pulse voltammetry were observed to have higher 

sensitivity and selectivity for the detection of dopamine than carbon fiber electrodes.4  

Figure 5.2- Neurotransmitters focused on in this study (reduced form) 
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Stenken, et al. also have been developing ways to use IC-PADS for detecting glucose 

uptake alterations near the microdialysis probes.5 

Wightman has published a number of reports on the use of fast scan cyclic 

voltammetry (FSCV), cyclic voltammetry with scan rates in the range of a few hundred 

mV/s to tens of thousands of mV/s. In this case, the issue of a high background signal is 

addressed by subtracting a background scan from the overall scan.3  This then allows 

peaks (if any exist) resulting from the neurotransmitters to be seen.  

An additional problem (as with any in vivo measurement) lies with the electrode 

itself.  The brain tissue response can result in an astrocyte built up around the electrode 

(Chapter 4).  This build up of astrocytes will result in a barrier that reduces the 

effectiveness of electrodes.6 

 This second consideration requires development of a microelectrode that not only 

has good electrochemical properties but also has good biocompatibility.  The answer to 

this problem may lie with electrodes modified with conducting polymers.  We have seen 

that we can achieve a whole range of electrochemical properties for conducting polymer 

electrodes (Chapter 3).  We have also seen that these electrodes exhibit the same or 

greater histocompatibility than metal electrodes (Chapter 4).  Addressing this 

combination of selective detection and improved biocompatibility is critical, particularly 

for experiments which involve chronic implantation. 

 5.2 Experimental methods 

 All neurotransmitter detection studies were carried out in solution with the 

platinum wire electrodes for the standard cell described in Chapter 3 which were 
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modified with a thin polymer film.  The platinum electrodes were fabricated from 0.100 

mm diameter platinum wires (99.998%, Alfa Aesar).  The platinum wire was pretreated 

with a copper coating at one end to prevent the degradation of the soldered connection to 

a copper lead wire.  The connection was then encased in a glass tube with Torr Seal® 

sealing the end from which the platinum extended so that the copper and connection are 

isolated.  A Ag/AgCl reference electrode and 0.500 mm platinum (99.998%, Alfa Aesar) 

electrode were used to complete the three electrode system.  This study focused on 

P3MT, PEDOP and PEDOT which were electropolymerized by the CV method with 

tetrabutylammonium tetrafluoroborate (TBATFB) acting as the dopant.  The conditions 

used for the polymerization are shown in Table 5.1. 

 The electrode was employed in the standard three electrode standard cell set up 

with the polymer electrode as the working electrode for fast scan cyclic voltammetry 

experiments.  Cyclic voltammetry scans were run at rates of 100 mV/s, 1 V/s and 10 V/s 

in 0.1 mM or 1 μM solutions of either epinephrine, norepinephrine or dopamine (Figure 

5.2).  The neurotransmitter was dissolved in either buffer or in artificial cerebral spinal 

fluid (ACSF).  The buffer was a pH 7.4 McIlwaine buffer (constant ionic strength= 0.31 

M) which is composed of 25.77 g of anhydrous Na2HPO4, 2.74 g of C6H8O7, and 0.488 g 

of KCl per liter and adjusted to a pH of 7.4.  The aCSF consisted of 0.2316 g MgCl2·6 
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H2O, 0.2940 g NaHCO3, 0.6126 g glucose, 0.0660 g urea, 8.5618 g NaCl, 0.2609 g KCl, 

0.1912 g CaCl2, and 0.0207 g NaH2PO4·H2O per liter.  In addition to these media 

samples, some also run with the addition of either 0.1 M ascorbic acid (AA) or bovine 

serum albumin (BSA) to the solution.   Ascorbic acid is naturally present in the rat brain 

(the model for a large fraction of real-time neurotransmitter release studies) and has 

similar structural characteristics (Figure 5.3) to the neurotransmitters we are trying to 

detect.  BSA serves to mimic the presence of 

the proteins in the body which might undergo 

non-specific adsorption.  Both of these are 

logical models for interference during a 

typical in vivo experiment.  

5.3 Results 

 Each experiment consisting of five scans showed a consistent signal after the first 

scan.  Since it is common for the first cycle to greatly vary from the rest of the cycles, the 

first cycle was discarded and the remaining cycles were evaluated.   In addition to 

discarding the first cycle, a background scan of all components except the 

neurotransmitter must be subtracted from the full scan.  This is a necessary since the 

relative levels of the faradaic current caused by the oxidation of the neurotransmitter 

compared to the current due to the background is extremely small.  Without the 

subtraction of this much larger background current, the peak for the neurotransmitter will 

not be visible if it is present.  This technique of background subtracting is not a 

characteristic that is unique to our specific electrode but is instead a technique that has 

Figure 5.3- Ascorbic Acid 
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been employed by the Wightman group to electrochemically detect neurotransmitters.3a   

The Wightman group, in their work with carbon fiber electrodes, showed that at their 

scan rates of 300mV/s they could detect dopamine in vivo in rats, but only after 

subtracting the background.3a  After they subtracted the background they were able to 

detect a signal that was not like a typical cyclic voltammagram, but a fingerprint that was 
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reproducible and could be attributed to dopamine only.7   

Results for scans in a variety of dopamine-containing solutions are summarized in 

Table 5.2. A “+” indicates a reproducible peak shape not present in the background signal 

was produced in the presence of dopamine. A typical voltammogram for a PEDOT 

electrode comparing dopamine in CSF, dopamine in CSF + ascorbic acid and dopamine 

in CSF + ascorbic acid + BSA is shown in Figure 5.4.  

Figure 5.4- Fast Scan Cyclic 
voltammograms of P3MT modified 
electrodes to detect 0.1 mM 
dopamine at a scan rate of 1V/s 
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When examining Table 5.2, the most obvious result is the fact that none of the 

neurotransmitters were detected above background at the scan rate of 10 V/s.  This is less 

likely to be due to the electrochemical properties of the electrode and more likely to be 

due to the limitations of the instrument.   At this scan rate, the smallest increments that 

the instrument is able to collect data are separated by tens of mV which can result in the 

peak appearing rounded out or skipped over entirely.  A different instrument that is 

Figure 5.5- Fast Scan Cyclic 
voltamagrams of P3MT modified 
electrodes to detect 1 μM dopamine 
at a scan rate of 1 V/s 
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capable of collecting more data points at this high scan rate may be able to give different 

results.   For this reason only the 100 mV/s and 1 V/s scan rates will be discussed from 

this point on.   

The first step in determining whether these conducting polymer modified 

electrodes have the ability to detect neurotransmitters at high scan rates and biologically 

relevant concentrations was to examine the polymers in the simplest situation; that of 

dopamine in a simple buffer at pH 7.4.  After running each electrode for 5 cycles and 

disregarding the first, neither PEDOT nor PEDOP had any discernable response to either 

of the dopamine concentrations at either of the scan rates, even at the higher 

neurotransmitter concentration.   On the other hand, P3MT showed a response to the 

dopamine at both scan rates and both at the high and lower concentration, which was 

consistent from electrode to electrode (Figure 5.4 and 5.5). It is important to note that the 

signal response to the neurotransmitter is not the typical response with a symmetric 

cathodic and anodic peak normally expected with a reversible or quasireversible system. 

However, it does show peak characteristics that can be attributed to the neurotransmitter 

which creates a fingerprint for its detection.  These unusual peak patterns are typically 

seen in these systems by researchers such as the Wightman group, as previously 

mentioned.7  As the system became more complicated by switching out the buffer for 

aCSF, PEDOT still did not show any detection and P3MT still showed a response.  

However, in this case PEDOP (Figure 5.6) did exhibit the same fingerprint in the region 

of interest at both scan rates.  This may be due to the slightly less hydrophobic nature of 

PEDOP.  Ascorbic acid and BSA were also added to the solutions to determine if they 
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would also interfere with the detection of dopamine.  PEDOP and PEDOT both have very 

limited abilities to detect dopamine, but P3MT was able to consistently show a peak 

indicating dopamine detection even in the presence of these interferents.  There is some 

concern that even though the overall shape of the peak is unchanged, that when the 

interferents are present the current increases and there is a slight shift in the peak (Figure 

5.5).  Since the interfererent was part of the subtracted background scan, this should have 

removed any current caused by the interferent.  For this reason, it is believed that this 

peak is still the dopamine and any shifts in the peak could be caused by interactions 

between the dopamine and interferent, not the redox of the interferent itself.  Further 

Figure 5.6-   Fast scan cyclic voltamagrams of PEDOP modified electrodes to detect 
1µM dopamine at a scan rate of 1V/s  
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investigation is necessary to conclusively explain these shifts in the dopamine peak.  In 

summary, P3MT seems to show a consistent profile for dopamine in all conditions.   

When the dopamine was replaced by epinephrine or norepinephrine in the buffer 

solution, there was also a consistent response at P3MT. Overall, when comparing the 

different polymers, P3MT is consistently more capable of detecting neurotransmitters 

than PEDOT and PEDOP.  This finding is consistent with the data previously discussed 

which showed that the electrodes modified with PEDOT and PEDOP had higher 

capacitive components for their background signals (Chapter 3) and thus the signal is less 

likely to be detectable above background.  This is further supported by the finding that 

when a thicker coating of P3MT, which has been seen to be the best at detecting 

neurotransmitters but would be expected to have a higher capacitance,8 signal was not 

detectable above background for dopamine at high scan rates.   

While this study has established a basis for evaluating conducting polymer 

electrodes for their potential to ability to detect neurotransmitters with high scan rates,   

there are still many aspects that need to be examined.  The study is being expanded to 

include polycarbazole which has been shown to provide low limits of detection, good 

reproducibility and good biocompatibility in prior studies.9  In addition to expanding the 

conducting polymers which are being investigated, P3MT needs to be investigated in an 

even more complex system.   The goal of this project has been to investigate these 

electrodes in a situation as close to the real biological system as possible. This has been 

done by slowly making the system more complicated, gradually stepping closer to the 
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biological system.  The next step is to investigate if the electrode can distinguish between 

two or more neurotransmitters in the same solution.   
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Chapter 6: Future Work 

In the previous chapters, current research in our group on conducting polymers has been 

described in terms of both the creation of electrodes with specific desired properties and their 

possible application in areas of widespread interest in neuroscience.  This study has resulted in 

the beginnings of a comprehensive study across a range of conducting polymers.  It has been 

shown that the choice of monomer and variation of polymerization parameters can be used to 

“tune” an electrode, giving it a particular surface morphology and set of electrochemical 

properties.  This knowledge has then been used to create electrodes specifically designed for 

neurological applications.  These electrodes were tested for biocompatibility while also being 

evaluated for their ability to perform neurological sensing and neurotransmitter detection.  This 

new knowledge base helps bring the field of conducting polymers a step closer to being used to 

improve medical devices and treatments.  However, there are still many questions to be 

answered. 

6.1 Expansion of the library of polymers for testing 

In Chapter 3, the parameters to polymerize a variety of monomers and to modify different 

types of electrodes were described.  Even though the polymers investigated cover the most 

common conducting polymers, all polymer/electrode/substrate combinations have not been 

explored.  This study could be extended to others such as polycarbazole1 and poly-N-

polyphenylpyrrole2 (Figure 6.1).  For example, polycarbazole has been shown in our laboratory 

to detect dopamine in solution at physiological concentration levels even in the presence of the 

common interferant of ascorbic acid.1  On the other hand, poly(N-phenylpyrrole) exhibits a large 

background capacitance, which would make it well suited for stimulation applications.3  Since it 
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shares the polypyrrole backbone common to 

several other conducting polymers such as 

PEDOP (discussed in this study) that have been 

seen to have good biocompatibility, it constitutes 

a logical extension of the investigations reported 

here. 

6.2 Further investigation of flow cell 

production of films and fibers 

 The flow cell method was seen to produce a smoother polymer which would indicate 

that it is primarily a compact layer instead of the porous layer seen when the CV method is used 

in the standard cell.  It is known that a porous layer and compact layer have different electron 

transfer kinetics.4  This would imply that this method could lead to a different set of 

characteristics for the polymers already studies here.  The problem lies in that, up to this point, 

the production of electrodes in the flow cell has been somewhat unreliable.  This is largely due to 

complexity that the flowing solution introduces into the system.  Further refinement of the 

method to better understand the effect flow rate has on the polymerization and how to eliminate 

turbulence could greatly improve reliability. This may be accomplished by refining the electrode 

design to increase the taper towards the end in order to eliminate sudden changes in the cross-

sectional volume of the flow cell as the solution travels down the cell.  This combined with 

further investigation into the flow rate itself should allow for minimal turbulence while 

maintaining a high enough flow rate to control the surface morphology.   

N

N
H

Figure 6.1- Other monomer choices for 
conducting polymers. Left: Carbazole Right: 
Poly-N-polyphenylpyrrole 
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The flow cell has also shown promise in producing individual conducting polymer fibers 

of the tip of electrodes which could be used in for electrochemical detection within micron sized 

volumes.5  The fibers have the additional difficulty of needing control of the nucleation site to 

start the fiber, which has proven difficult.  This difficulty may be accomplished by controlling 

nucleation at the tip. One possible approach would be to putting a very thin conducting polymer 

film on the very tip of the electrode in a standard cell or to produce the film from small disc 

electrodes fabricated using the approach used in producing the Mirkin-type 

ultramicroelectrodes6, before placing the electrode into the flow cell.  This thin film could then 

act as the starting nucleation site for the fiber to form.   

6.3  Longer term tissue response studies 

In chapter 4, the biocompatibility of select polymers was discussed.  The electrodes were 

tested over the 14-day period tested.   However, this is much shorter time period than that for 

which they are intended to be used for (several years).  In order to evaluate the safety and 

effective lifespan for these electrodes, the in vivo studies need to be carried out over much longer 

periods of time.   These studies should also be expanded to include other polymer modified 

electrodes that demonstrated favorable properties for neurological applications. These should 

include electrodes that showed long term in vitro film stability with minimal leaching (see 

preliminary results below).  

6.4 Fast-scan cyclic voltammetry  

When looking at the possible use of these electrodes for neurotransmitter detection, it was 

discussed in Chapter 5 that the polymers exhibited variable degrees of success for detection of 

neurotransmitters by FSCV.  A factor that contributes to this is the environment in which the 
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neurotransmitter measurement was made.  The environments used in Chapter 5 were designed to 

simulate physiological conditions.  However, they were still relatively simple.  The study should 

be expanded to in vivo testing. Recent results with PEDOP electropolymerized on a Pt/Au 

substrate indicate that these electrodes may provide a more successful approach producing CV 

responses more similar to those found by Wightman. These electrodes (as well as those already 

tested) should be tested in solutions containing multiple neurotransmitters to determine if the 

electrodes can distinguish between them.   

6.5 Stability and leaching studies under pulse conditions 

As pointed out earlier, these electrodes are intended for long term use, which means that 

their stability is very important.  Some preliminary data has been collected on these electrodes 

indicated that they have good stability.  Figure 6.2 shows a newly coated P3MT electrode and an 

electrode that was produced under identical conditions and stored for 4 weeks in a saline 

solution.  In the aged electrode there was no noticeable change in the electrode’s surface 

morphology when compared to the new electrode.  A second set of electrodes were stored and 

Figure 6.2- SEM of Electrodes aged without pulsing 
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pulsed in saline solution for periods up to a month and were evaluated at different time intervals.  

This preliminary data indicated that the electrodes show little delamination and maintain their 

electrochemical properties over this time.  One interesting observation is that after being pulsed, 

the amount of dopant in the film, as measured by EDS, drops significantly (over 20%) after 

briefly pulsing.  This drop in dopant is not believed to be a change in doping but is instead 

believed to be a result of release of trapped dopant.  This is supported by Raman data that did not 

measure a noticeable change in oxidation level in the polymer and a lack of any signal of a new 

counter ion, as would be expected to replace the dopant.  This change in the initial pulsing would 

indicate that that a simple pretreatment before use would prevent release of deposition 

counterion into the body.  This analysis needs to be completed for all polymers involved in this 

study and for longer periods of time.  In addition to this data, the stability of the polymers needs 

to be evaluated in a variety of storage conditions.  This knowledge would be useful when 

evaluating these electrodes for practical application.   
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