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ABSTRACT
In this dissertation, several new tools for making neurochemical measurements
are presented. All of the technologies developed here include the conducting polymer,
poly(3,4-ethylenedioxythiophene) (PEDOT), as a sensing platform. PEDOT is ideal for
inclusion in neurochemical sensors because it is inexpensive, easily processed and
patterned,

biocompatible,

and,

conductive.

A

synthesis

of

low-capacitance

PEDOT:Tosylate enables electrochemical measurements of neurotransmitters with scan
rates of 100 V/s.

This material was further characterized to determine the unique

molecular properties that lead to outstanding electrochemical performance for the
measurement of neurotransmitters. Using this new information a coating method was
developed to coat platinum microelectrodes with PEDOT:Perchlorate capable of making
fast-scan cyclic voltammetry measurements of a variety of neurotransmitters. During this
process, we serendipitously discovered a novel polymerization chemistry to make PEDOT
in the absence of an oxidant or catalyst. One of the products of this synthesis was used
to create a polymer blend PEDOT:Nafion nanoparticle for the quantitation of trace water
in organic solvents.

Lastly, we created a microfluidic device capable of measuring

exocytosis events from single cells at single PEDOT:Tosylate microelectrodes. Together
these advances result in an expansion to the available tools for studying neurochemical
release events in the brain and the understanding of electrochemistry at conducting
polymers.

24

CHAPTER 1
Introduction

25

1.1

Abstract
Cognition, sensing, and behavior are all examples of processes controlled by the

brain. These processes are driven by a complex interplay of chemical signals constantly
changing in both concentration and spatial distribution on multiple time scales.1,2
Creation of new tools will enable us to probe these chemical dynamics and better
understand how the brain functions in both healthy and disease states. Further, there is
a need for new tools that will allow for the screening of potential new treatments for
diseases such as Parkinson’s, Alzheimer’s, and Schizophrenia which all originate from
dysfunction of one or more signaling pathways in the brain.3,4

In this dissertation,

several new tools for studying the brain are developed which all include a sensing
platform based on the conducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT).
PEDOT is ideal for inclusion in neurochemical sensing platforms because it is
inexpensive, easily processed and patterned, biocompatible, and, conductive. First we
optimized a synthesis of PEDOT:Tosylate for low apparent capacitance; capable of
making electrochemical measurements of neurotransmitters with scan rates greater than
100 V/s. This material was further characterized to determine the unique molecular
properties that lead to outstanding electrochemical performance for the measurement of
neurotransmitters. Using this new information a coating method was developed to coat
platinum microelectrodes with PEDOT capable of making fast-scan cyclic voltammetry
measurements of a variety of neurotransmitters. During this process, we serendipitously
discovered a novel polymerization chemistry to make PEDOT in the absence of an
oxidant or catalyst. One of the products of this synthesis was used to create a polymer
blend PEDOT:Nafion nanoparticle used for the quantitation of trace water in organic
solvents.

Lastly, we created a microfluidic device capable of measuring exocytosis

events from single cells at single PEDOT:Tosylate microelectrodes.

26

1.2

An initiative to study the brain
Analysis of the brain is one of the most important and challenging tasks facing

scientists today. As a species, our attempts to understand the brain date back nearly
4,000 years.5 However, advances chemical analysis of the brain and the underlying
process of neurotransmission have only really occurred in the last 150 years. The first
major step was the neuron doctrine, put forth by Ramón y Cajal, whereby Golgi’s
staining method was used to show that the brain and nervous system are made up of
individual neuronal cells.6–8 In the time that followed this Nobel Prize-winning discovery,
scientists have studied how neuronal cells communicate with one another. Several
different communication motifs have been observed. These include chemical signals in
the form of ions, small molecules, peptides, and even proteins. Each of these can occur
on a variety of timescales and distances.9,10
The quintessential mode of neuron-to-neuron communication is chemical
neurotransmission which occurs at the synapse.

A synapse is the region where a

terminal area of one neuron is maintained in close proximity to the dendrite of another
neuron. The distance between the two neurons ranges from 20 to 100 nm, sufficiently
close for small molecules, called neurotransmitters, released from the presynaptic cell to
diffuse to the postsynaptic cell. Neurotransmitters can then bind to proteins in the
postsynaptic cell membrane which provides a chemically specific and effective means to
propagate a signal from one cell to the next.11 Figure 1-1 shows a representation of a
synapse formed between two dopaminergic neurons. There are several key features at
this interface that allow for effective chemical signaling. In addition to the proximity of
the cells, increased membrane surface area on both the pre- and postsynaptic neurons,
the high density of transmitter specific receptors on the postsynaptic cell, and regulatory

27

Figure 1-1: Illustration of a synapse; the location where two neurons meet. Here, a
dopaminergic synapse is shown. The proteins in and on the presynaptic neuron which
are responsible for synthesis and reuptake are specific to the neurotransmitter dopamine
as are the receptors on the postsynaptic neuron.11

28

proteins in and on the presynaptic neuron are responsible for the remarkable speed and
efficiency of this signaling process.
Biogenic amine neurotransmitters such as dopamine, norepinephrine, and
serotonin are of interest because they have important physiological roles in regulating
mood, motivation, reward, behavior, cognition, and many other brain functions.12–16
Understanding the release and regulation of these molecules on both a molecular and a
systemic level will improve our understanding of the physiology and psychology of the
human brain. Dysregulation of a component, usually just a single protein, involved in
any of these molecular pathways can lead to devastating, debilitating, and often fatal
neurological disorders.

Disruption of healthy dopamine neurotransmission has been

observed in schizophrenia17,18, addiction19, depression20,21, amyotrophic lateral sclerosis
(Lou Gehrig’s disease)22, Huntington’s disease23–25, Alzheimer’s disease26–28, and
Parkinson’s disease29–33. The combined impacts of these disorders on both individuals
and society include both the emotional cost for those afflicted and their families as well
as economic costs for treatment and care.

These costs have been estimated by

some34,35 but the reality is that the true impact is incalculably large.
It is imperative that we develop new tools and methodologies to study both the
healthy brain and these disease states. A multi-faceted approach which includes direct
measurements of neurotransmission in real time, multiplexed measurements to
understand interconnectivity of brain regions, and molecular level studies examining
single cells will be necessary to paint a complete picture of the chemical foundations of
the brain and the diseases the affect it.
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1.3

Measurement in neurochemical systems
Two distinct approaches exist for making neurochemical measurements. First, a

sample can be harvested from the brain and then an analysis can be performed (in
vitro).

Alternatively, measurements can be made in the brain of a living organism (in

vivo). Each of these strategies has its own set of advantages and shortcomings. The
type of analysis used for either of these approaches is dictated by the type of chemical
information that is being sought after. A useful measurement technique will have spatial,
temporal, and chemical resolution sufficient to selectively monitor the analyte(s) of
interest in the target region on an appropriate time scale. The sensor must also must
have a stable response throughout the duration of the measurement in order for
quantitative data to be informative.36
1.3.1

Analysis techniques for in vivo neurochemical measurements
Studying the living brain is a unique opportunity to observe how physiology and

psychology are impacted by chemical changes. Several strategies exist to enable direct
measurement of molecules in the brain. Examples of such techniques include fast-scan
cyclic voltammetry (FSCV)37–40, fast-scan controlled adsorption voltammetry (FSCAV)41,
microdialysis sampling coupled to mass spectrometry2,42–45, and positron emission
tomography.30,46–49 Of these techniques, the most germane to the work discussed here
is FSCV. FSCV is used to oxidize and reduce electroactive molecules in the brain of a
living animal on millisecond time scales.13,39 This allows researchers to selectively target
a variety of electroactive neurochemicals such as dopamine39,50,51, norepinephrine52,
serotonin20,21,40, hydrogen peroxide53,54, and met-enkephalin55.56–58 These analytes are
all of interest because their implications in regulating many important physiological
processes in both healthy and disease states. For example, FSCV measurements of
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dopamine release in awake and behaving animals who are given cocaine has helped
elucidate

the

role

of

dopamine

regulation

in

addiction

and

reward-seeking

behavior.15,16,59,60
The sensor of choice for FSCV measurements is the carbon-fiber microelectrode
(CFME). These electrodes are well-suited for rapid electrochemical measurements in
the brain because they provide appropriate spatial, temporal, and chemical resolution.
Single carbon fibers have diameters as small as 5 µm. Individual carbon fibers are
loaded into glass capillaries and pulled then cut to create probes with exposed lengths of
carbon-fiber ranging from 50 – 200 µm. Resulting electrodes are cylinders with effective
surface areas on the order of 10-5 cm2. These probes are small enough to be inserted
into the brain while causing minimal tissue damage and effectively sample from
approximately 100 neural synapses. This spatial resolution is sufficient to measure from
sub-regions of brains in humans or rodent model systems such as mice and rats.19,61,62
Once implanted, rapid scan rates are applied to these electrodes to rapidly oxidize and
reduce electroactive compounds, including neurotransmitters. Carbon-fibers have low
apparent capacitance, high conductance, and rapid electron transfer rates which enable
measurements to be made 10 – 100 times per second.

Transient changes in

concentration of neurotransmitters occur on the time scale of hundreds to milliseconds to
a few seconds which means FSCV at CFMEs is able to measure these rapid
changes.9,39,60

Lastly, the surface chemistry of the carbon-fiber provides conditions

which favor the adsorption of biogenic amines which provides a mechanism for
differentiating target analytes such as dopamine or serotonin from interfering species
such as ascorbic acid.51,56
While this sensor remains the gold standard for electrochemical measurements
of neurotransmitters in vivo there are limitations to its utility. One primary limitation is
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geometry. The fabrication process used to produce CFMEs can only yield cylinder or
disk geometries with dimensions limited by the size of the carbon-fiber.63 If a target
brain region had a shape or size that was much different from this, it would be very
difficult to probe with a CFME. Further, the size of the glass capillaries used to make
CFMEs limits the number of these probes that could be placed in a brain. Probing
multiple brain regions would allow researchers to map the interconnectivity of brain
regions and elucidate the chemical dynamics that control communication between
different regions of known functionality. Developing new tools which have customizable
sizes and geometries, while still preserving high temporal and chemical resolution, is
necessary for our understanding of the brain to continue to grow.
1.3.2

Analysis techniques for in vitro neurochemical measurements
While in vivo measurements are useful for correlating behavior to chemical

events and studying the complex interconnectivity of the brain, more nuanced problems
often require finer control over the subject of the study.

This usually necessitates

removing the brain or a portion of it for further study. Whole brain homogenates, brain
tissue slices, primary neuron cultures, and single cell model systems are all examples in
vitro samples that have been studied to yield new information on chemical
communication in the brain.
Recall, the very first observations of cellular nature of the nervous system were
enabled by Golgi staining. This method uses a mixture of silver nitrate and potassium
chromate to label individual neurons through formation of a black precipitate, silver
chromate. When primary neurons are exposed to this reaction a small fraction will stain
black and become readily visible under the microscope (Figure 1-2A). While the labeling
and staining methods used nowadays have changes, the same general approach is still
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Figure 1-2: The progression of neural staining and imaging techniques. Over the last
150 years development of new labeling techniques has allowed us to learn about the
organization of the nervous system on the cellular and subcellular level.

(A) Golgi

stained neuron imaged with optical microscopy.6 (B) Nissl stained neuron imaged with
optical microscopy.64

(C) Antibody-linked green fluorescent protein labeled neuron

imaged with confocal fluorescence microscopy.65 (D) Super resolution fluorescence
image of a neuron obtained with stochastic optical reconstruction microscopy.72
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applied to study primary neurons.

Some examples of more modern methodologies

include Nissl staining64 (Figure 1-2B), fluorescence antibody labeling65,66 (Figure 1-2C),
and calcium-sensitive fluorescent dyes67–69. From these studies we have learned about
the

subcellular

localization

neurotransmission.

of

many

of

the

proteins

needed

for

chemical

Recently, developments in super resolution microscopy have

enabled exquisite studies of the cytoskeletal architecture of neurons including tracking of
key intracellular transport processes (Figure 1-2D).70–72 Building a clear picture of the
structure and function of individual neurons is important to understanding how these
cells carry out the critical processes that enable their larger contribution to cellular
networks in the brain.
Exocytosis, the release of neurotransmitter from vesicles in the presynaptic
neuron into the synapse, is a chemical event. Upon the arrival of an action potential at
the axon terminal, voltage-gated calcium channels open causing a rapid increase in
intracellular calcium concentration. This begins a signaling cascade that culminates in
protein-driven vesicle fusion which dumps the contents of vesicles into the synapse.
These vesicles, which contain a high local concentration of neurotransmitter, can fuse
with the membrane either partially or fully, whereby the end result is an increase in
neurotransmitter concentration in the synapse. This process is the key to cell-to-cell
communication in neuronal systems.
Direct measurement of this neurochemical release from single cells were first
reported by the Wightman lab in the early 1990s.73,74 Using chromaffin cells as a model
system, CFME disk microelectrodes were positioned near the surface of the cell. Cells
were stimulated to induce exocytotic release of neurotransmitter. As vesicles fused with
the membrane and their contents were released into the extracellular space. An FSCV
waveform was applied to oxidize and reduce the molecules that were released as they
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collided with the surface of the electrode.
voltammograms

provided

chemical

The shape of the resultant cyclic

identification

of

the

neurotransmitters

as

catecholamines which include dopamine and norepinephrine. By monitoring the peak
oxidation current over time, single exocytotic spikes were resolved. Advances in analog
electronics allowed them to measure these pA sized signals at data collection rates >
100 Hz. This is a magnificent example of how an improved methodology enabled an
entire sub-field of study: single-cell exocytosis.
Since these first measurements almost 30 years ago, we have learned a great
deal about the molecular mechanisms of exocytosis. Using chromaffin cells, PC12 cells,
and primary neurons as model systems we have unraveled the role of individual
signaling molecules and proteins involved in exocytosis.73,75
immortalized

cell

line

which

releases

vesicles

PC12 cells are an

containing

catecholamine

neurotransmitters.75–77 These cell lines contains much of the same exocytosis proteins
and cofactors as primary neurons.78–80

By studying these cells, researchers have

learned about the roles of calcium signaling81,82, the SNARE complex83,84, kiss-and-run
exocytosis79,85,86, and the effects of drugs on release87–90.
Further, mutants of the PC12 cell line exist for disease models of several
neurological disorders including Parkinson’s and Alzheimer’s diseases.28,91–94

By

studying these models with single-cell exocytosis measurements we have learned about
the implications of genetic mutations on the observed neurochemical release
characteristics of cells. Further, we can study how a drug treatment may bring about a
potentially therapeutic change in exocytotic release by measuring cells before and after
treatment with drugs. The most impactful example of this is L-DOPA, a commonly used
treatment for Parkinson’s disease, which has been shown to significantly increase the
average amount of neurotransmitter released per vesicle.95,96
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While the studies of single-cell exocytosis have been vast and impactful, the
methodology used has remained relatively unchanged.74,97 This approach whereby a
hand-made CFME disk electrode is manually positioned near a cell and then release
events are stimulated and measured is still the most widely used approach today (Figure
1-3).

The manual work involved in electrode manufacturing, positioning, and

measurement all limit the rate at which we can learn new information with this
technique.98,99 Further, advances in organic chemistry have the ability to create large
libraries of potential new drug candidates that could be screened for efficacy against
neurodegenerative diseases but the throughput of this method is too slow to be useful
for drug screening. Some groups have taken alternative approaches to this traditional
method.

Many of these approaches build upon planar patterned electrodes or

microfluidic devices. One strategy is adding a low density of cells to a device containing
patterned electrodes and measuring from any electrode which has a single cell, or a
small number of cells, placed on the electrode.100 Alternatively, patterned fluidics or
wells are used to trap cells in the vicinity of an electrode but the number of cells
measured from was difficult to control.101 These examples demonstrate a need for a
new tool to improve the reliability and throughput of single-cell exocytosis
measurements.
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Figure 1-3: Single-cell amperometry measurements with CFMEs.
experimental setup used for these measurements.

(A) Shows the

With this approach a CFME is

manually positioned near a stationary cell which can then be stimulated and measured.
(B) Current vs. time trace obtained from measuring exocytotic events with amperometry.
Each peak corresponds to the measurement of a single vesicle.75
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1.4

Conducting polymers
Polymers are macromolecules composed of a series of repeating, covalently

bonded subunits.

Polymers are ubiquitous compounds in the world encompassing

everything from the molecular foundations of life such as DNA and proteins to manmade plastics like polyethylene.

A very small fraction of polymers are extensively

conjugated and have the ability to weakly conduct electricity. However, it was not until
the 1970’s that it was discovered that doping these polymers could increase their
conductivity to values near semiconductors and metals.102,103 For this discovery, Alan J.
Heeger, Alan G. MacDiarmid, and Hideki Shirakawa were recognized with the Nobel
Prize and opened and entire new research area in the field of micro- and
nanotechnology.
With regard to conducting polymers, doping is the oxidation (p-doping) or
reduction (n-doping) of the polymer to introduce electron/hole pairs that increase the
conductivity significantly. This process is analogous to doping of group III/V elements
into silicon semiconductors which also yields sizeable increases in conductivity.104–106 In
the last 40 years, doped conducting polymers have become a fixture in many solid state
applications including photovoltaics, batteries, and organic semiconductor devices.107–109
These materials have even been incorporated into in commercial products such as
paints and optical coatings.110 Finally, conducting polymers have become an entire new
class of electrode materials for electrochemical measurements.111
1.4.1

Poly(3,4-ethylenedioxythiophene) – PEDOT
Perhaps the most abundant and well-studied conducting polymer is poly(3,4-

ethylenedioxythiophene) (PEDOT). Since it was first reported in 1997112, applications of
this material have grown to include antistatic coatings112, solar cell interlayers107,113,
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optoelectronic devices108,114, and biosensors115–119. PEDOT is an attractive material for
these applications as it is flexible, optically transparent, thermally stable, and
biocompatible.

115,119–122

Additionally, PEDOT films can be easily deposited and

patterned making high-throughput processing possible. These features make PEDOT a
promising alternative compared to traditional electrode materials such as carbon or
noble metals for electrochemical biosensor applications.117,123–125
A variety of polymerization methods and dopants have been explored when
making conducting polymers based on PEDOT.

Polymerization of the monomer,

ethylenedioxythiophene (EDOT), can be induced by oxidative126–129 and electrochemical
methods.130–133

The oxidative and electrochemical routes to making PEDOT are

commonly used because it also results in doped PEDOT and occurs in the presence of
the counter ions necessary to counterbalance the charge on the polymer created by pdoping.

Some examples of these counter ion dopants include chloride134,135,

tosylate122,136,137, perchlorate132,138,139, polystyrenesulfonate (PSS)140–143, and Nafion144,145.
The structures of p-doped PEDOT and these dopants are shown in Scheme 1-1. The
most common dopant is PSS because PEDOT:PSS can be prepared as a dispersion in
water which makes it simple to deposit PEDOT onto a surface via drop casting, spin
coating, or dip coating. While PSS is not the most effective dopant for optimizing the
physical or electrical properties of PEDOT the ease of deposition makes it a common
choice for incorporation into devices. PEDOT:PSS has the electrical conductivity and
optical transparency necessary for most standard applications123,146–149 but needs to be
improved for use in electrochemical biosensors targeting neurotransmitters.
Different synthetic approaches have been used to tune the properties of PEDOT.
PEDOT can be synthesized directly on surfaces as thin films created by the
polymerization of EDOT at activated sites on the surface. For electropolymerization, this
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Scheme 1-1: Chemical structures of PEDOT and common dopants. (A) Structure of pdoped PEDOT showing one positive charge per three monomer units. This charge can
be balanced by several dopants represented generically by X-. (B) Structures of some
dopants used with p-doped PEDOT: Chloride (Orange), Perchlorate (Green), Tosylate
(Blue), PSS (Red), and Nafion (Purple).
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activation is provided by scanning or holding a metal electrode, such as platinum, at an
oxidizing potential.133,150–152 This causes EDOT monomer near the surface to become
oxidized to a radical.

When this radical collides with another EDOT radical,

polymerization occurs resulting in formation of a PEDOT dimer which can be further
oxidized and continue to propagate the polymerization. PEDOT is insoluble in nearly all
solvents so the product precipitates adheres to the surface of the platinum resulting in
the formation of a PEDOT coating. This mechanism is shown later in this work (Scheme
4-1). For oxidative polymerization, the surface is activated by coating it with a layer of
oxidant, often iron (III) salts. Once the surface is coated, the process proceeds via a
radical polymerization.126,127,153 The iron is a sufficiently strong oxidant to also cause
doping of the PEDOT and the counter ions from the iron salts used are incorporated into
the film to counterbalance the charge created by p-doping.

This process, called

oxidative chemical vapor deposition (oCVD) is also used later in this work to make
PEDOT:Tosylate films (Scheme 2-1).
PEDOT

films

made

electropolymerization115,139,145

by
and

spin-coated
oCVD155,156

PEDOT:PSS100,154
have

all

been

as

used

well
to

electrochemical measurements of both inorganic and organic molecules.

as

make
These

measurements demonstrated that PEDOT electrodes could be viable alternatives to
other materials for biosensor applications which target neurochemicals.
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1.5

Using conducting polymers to improve measurements of neurochemicals
Recently, progress has been made in applying conducting polymers to advance

neurochemical measurements. The first example of this is from the Ewing lab where
glassy carbon electrodes were coated with polypyrrole which enhanced the
electrochemical detection of dopamine, DOPAC, and ascorbic acid.157

Since then,

conducting polymers have been incorporated into a variety of biosensor platforms which
target neurochemicals because of its high sensitivity and innate ability to resolve
compounds electrochemically with similar chemical structures.118,131,132,139,158 Of specific
interest to this work are applications of PEDOT as a working electrode material for
biosensor

applications

neurotransmitters.100,118,125

such

as

the

electrochemical

detection

of

In most applications aimed at neurotransmitter detection,

PEDOT is used as a coating to improve the electrochemical performance of another
electrode material, often platinum.132,139,159 There has also been limited investigation into
using

PEDOT-only

electrodes

as

the

working

electrode

material

for

these

measurements.100,118,155 An example of this is using PEDOT:PSS electrodes to measure
exocytosis from single cells (Figure 1-4).

Using PEDOT-only electrodes will give

exquisite control over the geometry and spatial resolution of these sensors while
simultaneously improving chemical and temporal resolution. Presently, the true potential
of PEDOT electrodes to enhance our ability to measure important neurochemical events
with high chemical, spatial, and temporal resolution has not been realized.
Developing the next generation of PEDOT-based sensors will require
advancements in synthesis of the polymer, fabrication of devices, and an understanding
of the important molecular properties that control factors such as sensor lifetime and
electron transfer kinetics. In this work, PEDOT is used to create a variety of sensors that
enhance neurochemical measurements. Two different sensor platforms that enable the
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Figure 1-4: Single-cell amperometry measurements at a PEDOT:PSS electrode. Single
chromaffin cells were placed on top of a patterned PEDOT:PSS electrode and
stimulated exocytosis was measured with amperometry. This is the first example of
single cell measurements at a PEDOT-only electrode.100
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first ever FSCV measurements at PEDOT electrodes are described; one where PEDOT
is a coating for platinum and the other at stand-alone PEDOT microelectrodes. Further,
a fundamental study of the structure function relationship of PEDOT-based electrodes
for the electrochemical detection of neurotransmitters reveals how these materials work
on a molecular level. These insights will inform the development of future conducting
polymer containing sensors.

Additionally, a nanoparticle sensor was developed to

quantify trace water in organic solvents. While this is not a direct measurement of a
neurochemical, a novel polymerization chemistry for making PEDOT was discovered.
This chemistry can be used to create PEDOT-containing materials in the absence of
oxidants or catalysts. Lastly, a microfluidic device was fabricated that is capable of
measuring exocytosis events from single cells at PEDOT microelectrodes in a more
rapid and controlled fashion than any previous microchip device.
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CHAPTER 2
Rapid voltammetric measurements at conducting
polymer microelectrodes using ultralow-capacitance
poly(3,4-ethylenedioxythiophene):tosylate
The contents of this chapter are based upon work published in:
Langmuir, 2016, 32, pp 8009-8018.
DOI: 10.1021/acs.langmuir.6b01423
Copyright 2016 American Chemical Society
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2.1

Abstract
A vapor-phase synthesis is used to generate conducting polymer films with low

apparent

capacitance

and

high

conductance

enabling

rapid

electrochemical

measurements. Specifically, oxidative chemical vapor deposition was used to create
thin films of poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:Tosylate). These films
had a conductance of 17.1 ± 1.7 S/cm. Further, they had an apparent capacitance of
197 ± 14 µF/cm², which is an order of magnitude lower than current commercially
available and previously reported PEDOT.

Using a multi-stage photolithography

process, these films were patterned into PEDOT:Tosylate microelectrodes and used to
perform fast-scan cyclic voltammetry (FSCV) measurements. Using scan rates of 100
V/s, we measured ferrocene carboxylic acid and dopamine by FSCV. In contrast to
carbon-fiber microelectrodes, the reduction peak showed higher sensitivity when
compared to the oxidation peak. The adsorption characteristics of dopamine at the
polymer electrode were fit to a Langmuir isotherm. The low apparent capacitance and
the microlithographic processes for electrode design make PEDOT:Tosylate an
attractive material for future applications as an implantable biosensor for FSCV
measurements. Additionally, the integration of PEDOT:Tosylate electrodes on plastic
substrates enables new electrochemical measurements at this polymer using FSCV.
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2.2

Introduction
As the need for new analytical tools grows greater, conducting polymers are

emerging as attractive materials for electrochemical and biological applications.1–3
Compared to traditional electrode materials such as carbon or noble metals, conducting
polymers are low-cost and quickly synthesized, processed, and patterned into a variety
of geometries.4–6

Further, PEDOT-based electrode coatings are commonly used to

extend the lifetime of implantable probes for electrochemical and electrophysiological
measurements in the brain.7,8 When used as an electrode material, PEDOT has been
shown to have good electron transfer kinetics for biogenic amines (e.g. dopamine,
serotonin, norepinephrine).1,9 Further, it exhibits the ability to electrochemically resolve
dopamine and ascorbic acid10 or as a coating to resolve catecholamines and serotonin
over ascorbic acid and uric acid in the presence of SDS.11 PEDOT has also been used
to measure neurotransmitter release from living systems. 1,12

These features make

PEDOT an ideal candidate for an electrode material to make measurements using fastscan cyclic voltammetry (FSCV). FSCV is used to measure the release of biogenic
amine neurotransmitters in the brain, typically using carbon-fiber microelectrodes
(CFMEs).13,14 However, CFMEs are limited to disk or cylindrical geometries. Using
PEDOT as the electrode material enables novel or non-traditional electrode substrates
and geometries to target a specific brain region or create arrays that could be used to
record from multiple sites.
PEDOT is an attractive material for a variety of applications due to its relatively
high and uniform sheet conductance and high specific capacitance while also having
unique properties as a material such as light weight, optical transparency, and
flexibility.15–21 Substantial effort has been devoted to further increasing the conductivity
of PEDOT films through doping, covalent modification, or chemical treatments.16–22
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However, when using PEDOT as an electrode material for chemical measurements,
including FSCV, the capacitance must be minimized.

When making rapid

electrochemical measurements, the capacitance of the material limits the RC time
constant of the electrode, thus limiting the response time.23 Historically, PEDOT films
typically have a high apparent capacitance (~2000 µF/cm²).1,24,25 This trend seems to
persist even in the presence of different dopants or chemical treatments. To perform
electrochemical measurements at high scan rates (>100 V/s), the apparent capacitance
of PEDOT needs to be lowered to a value closer to that of traditional electrode materials,
such as CFMEs (~100 µF/cm²).26
Herein we introduce a synthesis based on vapor-phase deposition to create
PEDOT:Tosylate films.27–32

We have optimized this method to lower the apparent

capacitance of PEDOT:Tosylate by an order of magnitude compared to commercially
available PEDOT:PSS and previously reported PEDOT:Tosylate (197 ± 14 vs. 2390 ±
130 or 1670 ± 130 µF/cm2, respectively).1,33 This reduction in capacitance, coupled with
low resistance, allows for scan rates of 100 V/s to be used to perform electrochemical
measurements by FSCV. This, combined with a multi-layer photolithography technique
to pattern PEDOT:Tosylate microelectrodes5,34, has allowed us to perform the first FSCV
measurements at a polymer electrode.

Additionally, the quantitative response for

dopamine, an important biogenic amine, was measured. We demonstrate the potential
utility of low-capacitance PEDOT:Tosylate for rapid measurements of neurotransmitters.
This will enable researchers to explore this new material to access novel electrode
geometries and microelectrode arrays to study the brain with FSCV. Additionally, when
coupled with injection-molded substrates, we can fabricate all-polymer systems which
increases the attractiveness and utility of low-capacitance PEDOT electrodes.5,34
Further, many applications that would benefit from lower capacitance PEDOT materials
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such as solar cells, flexible electronics, and coatings for implantable sensors are longterm targets for this improved material.3,17,35
2.3

Experimental

2.3.1

Chemicals
Unless noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO,

USA) and used as received. Solutions were prepared using 18.2 MΩ·cm water purified
using a Milli-Q Gradient A-10 system (EMD Millipore, Darmstadt, Germany).

TRIS

artificial cerebrospinal fluid (aCSF), pH 7.4, (15 mM Tris·HCl, 125 mM NaCl, 2.5 mM
KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4, 2.0 mM Na2SO4, 2.4 mM CaCl2, 1.2 mM MgCl2)
was used for all electrochemical measurements. All analyte solutions were prepared in
TRIS aCSF immediately before use.
2.3.2

Vapor-phase PEDOT:Tosylate film synthesis
TOPAS® 5013L Cyclic Olefin Copolymer (Topas Advanced Polymers Inc,

Florence, KY, USA) substrates (Ø 50 mm x 2 mm wafers) were generated via injection
molding. PEDOT:Tosylate films were deposited by spin coating using a CEE Model 100
Spin Coating System (Brewer Science, Rolla, MO, USA) 1 mL of 20% w/v iron (III)
tosylate in n-butanol and anhydrous pyridine at 1500 rpm for 15 seconds with an
acceleration of 500 rpm/s onto TOPAS substrates (Scheme 2-1A).

Pyridine

concentration was varied to control the rate of polymerization and the film thickness.
The

coated

substrates

were

placed

in

a

glass

petri

dish

and

covered.

Ethylenedioxythiophene (EDOT) monomer (~100 µL) was deposited at the bottom of the
dish, and the dish was placed on a hot plate with a surface temperature of 55 °C to
evaporate the monomer.

The dish containing the substrates was removed after 20

minutes and the substrates were removed immediately. At this time, the films changed
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from yellow to blue-green, indicating successful deposition of the PEDOT film (Scheme
2-1B).

PEDOT:Tosylate-coated substrates were rinsed with 18.2 MΩ·cm water to

remove residual iron (III) tosylate and then dried using N2 (Scheme 2-1C). This rinse
step yielded a blue film. Substrates were placed in a 70 °C oven to dry overnight.
2.3.3

PEDOT:PSS film synthesis
Glass slides were cleaned with Alconox® and ethanol, rinsed with 18.2 MΩ·cm

water, and dried under N2.

A thin adhesion layer composed of Poly-3,4-

ethylenedioxythiophene:polystyrene sulfonate (PEDOT:PSS) was spin-coated onto
these substrates at 5000 rpm for 60 seconds at an acceleration of 5000 rpm/s , and
baked on a hotplate at 200 °C for 10 minutes.

This baking step yielded a non-

conducting adhesion layer (< 30 nm thickness). An additional layer of high-conductivity
grade PEDOT:PSS (3% w/w in water) was spin-coated onto the substrate at 3000 rpm
for 30 seconds with an acceleration of 3000 rpm/s, and dried at 70 °C in an oven
overnight.
2.3.4

Electrode patterning and fabrication
Only PEDOT:Tosylate films with a conductance greater than 1 S/cm were

selected for use as electrodes. PEDOT:Tosylate electrodes were patterned using UV
lithography as previously described by Vreeland et al.4 In brief, AZ3312 photoresist (AZ
Electronic Materials, Branchburg, NJ, USA) was spin coated using a WS-650-23 Spin
Coater (Laurell Technologies Corp., North Wales, PA, USA) on the PEDOT:Tosylatecoated substrates at 3000 rpm for 10 seconds with an acceleration of 1000 rpm/s. The
substrates were then soft baked on a hot plate at 100 °C for 2 minutes before a 15
second contact exposure (9.0 mW cm-2, 365 nm) on a Karl Suss MJB3 mask aligner
(SÜSS MicroTec AG, Garching, Germany) through a positive-tone printed plastic
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Scheme 2-1: Synthetic method used to create PEDOT:Tosylate films. (A) A solution of
iron (III) tosylate and pyridine in n-butanol is deposited on a substrate surface. (B) The
substrate is exposed to EDOT monomer vapor at 55 °C for 20 minutes to allow
polymerization to occur via the oxidation of the EDOT by the iron (III). (C) The substrate
is removed from the vapor and rinsed with ethanol and deionized water to remove iron
and any remaining reactants. This yields a thin, conductive film of PEDOT:Tosylate.
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photomask (CAD/Art Services, Inc.) containing several electrodes.

Substrates were

then baked on a hotplate at 100 °C for 2 minutes and cooled on a benchtop before two
sequential 30 second submersions in AZ351 MIF developer with agitation.
substrates were then rinsed twice with 18.2 MΩ·cm water and dried using N2.

The
A

microwave-generated plasma etching process4 (2-3 cycles, 10 seconds each) was used
to remove unprotected features yielding well defined electrodes.

After etching,

substrates were rinsed with semiconductor-grade acetone to remove the photoresist,
and rinsed with ethanol, then water, prior to use. Photolithography for PEDOT:PSS films
was performed in the same manner as for the PEDOT:Tosylate electrodes.
2.3.5

PEDOT:Tosylate microelectrode chip fabrication
For FSCV measurements, PEDOT:Tosylate microelectrodes were fabricated with

gold electrical contacts to minimize the effect of sheet resistance (leading to Ohmic loss
in the film) on electrochemical measurements (Figure 2-2). The electrodes and the
contacts were embedded into TOPAS® 5013L polymer substrates using the method
described by Matteucci et al.5 The only modifications made to the process were the use
of thicker TOPAS® 5013L substrates (2 mm thickness) and PEDOT:Tosylate deposition
was performed using the vapor-phase method (vide supra). After fabrication, electrodes
were insulated with an acrylic polymer leaving only the PEDOT and the contact pads
exposed (Figure 2-2D).
2.3.6

Conductance measurements and surface characterization
Conductivity was measured with a four-point probe (Jandel Engineering, Bedford,

UK) connected to a Keithley 2400 SourceMeter (Keithley Instruments, Cleveland, OH,
USA) using currents in the 1-10 µA range. The thickness of the PEDOT films was
measured using an Alpha-Step AS-200 profilometer (KLA-Tencor, Milpitas, CA, USA).
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Optical micrographs were collected using a Nikon Ti-2000 microscope (Nikon
Corporation, Tokyo, Japan).
2.3.7

Electrochemistry
Electrochemical data was collected using an Ensman EI-400 potentiostat

(Ensman instruments, Bloomington, IN, USA) and custom LabVIEW software (National
Instruments, Austin, TX, USA). Electrical contact to the electrode was established using
Graphite conductive adhesive (Alfa Aesar, Ward Hill, MA, USA) and silver wire painted
onto the contact pad.

For cyclic voltammetry experiments, electrode geometry was

defined by placing a 6 mm diameter PDMS well on top of the electrode and filling it with
TRIS buffer solution. The reference (Ag/AgCl QRE) and counter (Ag) electrodes were
submerged in this well to create an electrochemical cell.

Slow-scan cyclic

voltammograms were collected at 10-100 mV/s and swept from -0.4 V to 0.6 - 0.8 V vs.
Ag/AgCl quasi-reference electrode. All slow-scan data were hardware low-pass filtered
at 40 Hz. Apparent capacitance values were calculated using Equation 2-1 (Figure 21C). To test if the microelectrode chip geometry and high scan rates had an effect on
the apparent capacitance, background scans with the microelectrode chip were collected
at scan rates ranging from 1-100 V/s and the data were treated in the same manner
(Equation 2-1, Figure 2-3B-C).
The microelectrode chip was also tested by measuring ferrocene carboxylic acid,
a well-characterized redox-active probe molecule.

Measuring at a scan rate of 100

mV/s, a quasi-steady state cyclic voltammogram was collected (Figure 2-3A).
Theoretical quasi-steady state band electrode currents were calculated using Equation
2-2 and compared to the experimentally measured value.36

53

2.3.8

Fast-scan cyclic voltammetry
Fast-scan cyclic voltammetry measurements were collected using hardware and

software provided by Knowmad Technologies (Tucson, AZ, USA). Software was written
in LabVIEW 2013 (National Instruments, Austin, TX, USA).

The waveform was

generated and the data were acquired using a PCIe-6363 DAC/ADC card (National
Instruments, Austin, TX, USA).

Current was measured using a CHEM-CLAMP

voltammeter (Dagan Corporation, Minneapolis, MN, USA). All data was hardware lowpass filtered at 10 kHz and software filtered using a fourth order low-pass Butterworth
filter (fc=1.00 kHz) and zero phase filtered.37 Electrochemical cells were prepared on
PEDOT:Tosylate microelectrode chips were prepared by placing a 6 mm PDMS well on
top of the electrode and filling it with TRIS buffer solution. Electrode length was defined
by the application of the insulating acrylic layer described above. The reference
electrode (Ag/AgCl QRE) was submerged in this well to create an electrochemical cell.
Fast-scan cyclic voltammograms were collected by applying a triangle waveform swept
from -0.4 V to 0.6 V vs. Ag/AgCl QRE at a scan rate of 100 V/s. This waveform was
applied at frequency of 1.0 Hz. All electrodes were cycled for 20 minutes in buffer
before measurements were made.
Cyclic voltammograms were obtained by collecting backgrounds for 10 seconds,
flooding the cell with the analyte of interest for 10 seconds, and then rinsing with a
constant stream of buffer for 10 seconds, for a total collection time of 30 seconds.
Between experiments the cell was rinsed with 5 volumes of fresh buffer to remove any
residual analyte and a 30 second background was collected.

Using this method,

solutions containing ferrocene carboxylic acid and dopamine were measured.

54

2.4

Results and Discussion

2.4.1

PEDOT film properties
PEDOT electrodes must have high conductivity and low apparent capacitance to

perform rapid electrochemical measurements. Commercially available33 and previously
synthesized1 PEDOT have the requisite conductivity, but they possess high capacitance
(~2000 µF/cm2) which limits their utility. Thus, we developed and characterized a vaporphase synthesis to minimize the capacitance of PEDOT films. PEDOT:PSS films are
made by spin coating commonly used commercially available solutions, while here,
PEDOT:Tosylate films are made using vapor-phase deposition. To make PEDOT:PSS
films, glass substrates were used due to more uniform coating generated from aqueous
solutions. For the PEDOT:Tosylate films, TOPAS 5013L was used as the substrate
because it is compatible with the organic solvents used in the vapor-deposition process.
It is important to note that effective and even wetting of the surface dictate the quality of
the film. During the vapor-phase PEDOT:Tosylate film synthesis, several ratios of the
starting materials, pyridine and iron (III) tosylate, were tested (Scheme 2-1A) to optimize
the film for both high conductivity and low apparent capacitance. The different synthesis
conditions included molar ratios with less pyridine than iron (III) tosylate (0.6:1.0 and
0.8:1.0 mol:mol), excess pyridine (1.2:1.0 and 1.4:1.0 mol:mol), and an equimolar ratio
(1.0:1.0 mol:mol). All five ratios resulted in the formation of blue films. We investigated if
our synthetic method resulted in films of differing thicknesses. Using profilometry, we
determined that too little pyridine results in thick films (ca. 300 nm), while too much
pyridine results in very thin films (ca. 50 nm). The equimolar “Goldilocks” ratio yielded
films with a similar thickness to what we have previously reported for a solution phase
synthesis (188 ± 6 nm compared to 190 ± 101 nm, ± SEM, n = 5, Figure 2-1A). The
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PEDOT:PSS spin coating method yielded films with a comparable thickness (155 ± 17
nm) to our equimolar-ratio vapor-deposited films.
Before they were used as electrodes, the surface resistivity of these films was
measured to determine their conductance. Using a four-point probe to measure surface
resistivity, combined with the thickness of the films, a bulk conductance of the material
was calculated (Figure 2-1B).38 Vapor-phase synthesized films prepared using 0.6:1.0,
0.8:1.0, and 1.0:1.0 molar ratios resulted in PEDOT:Tosylate films with conductance
values greater than 10 S/cm. However, excess pyridine, ratios of 1.2:1.0 or 1.4:1.0,
yielded very resistive films with conductance values on the order of 10-2 S/cm. These
films were not considered for further experiments due to their high resistance.

For

reference, commercially available “high-conductivity” PEDOT:PSS was measured to
have a conductance of 1.1 ± 0.1 S/cm (± SEM, n = 5), in agreement with previously
reported

literature.33

Our

previously

reported

solution-phase

synthesized

PEDOT:Tosylate has a conductance of 103 ± 13 S/cm.1 As low conductance of the
electrode material would increase the total resistance of an electrochemical system, only
films which had conductance values greater than that of PEDOT:PSS were used as
electrodes.
2.4.2

Electrochemical characterization
Once the films were patterned and etched into electrodes, their electrochemical

properties were probed using cyclic voltammetry. First, the apparent capacitance was
determined by measuring the non-faradaic current measured in artificial cerebrospinal
fluid (aCSF) at a scan rate of 100 mV/s (Figure 2-1C). Then, the apparent capacitance
(Capp) was calculated by:

Equation 2-1:

𝐶𝑎𝑝𝑝 =

𝑖1/2
𝐴∙𝜐
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Figure 2-1: Properties of PEDOT:Tosylate electrodes. (A) Thickness of PEDOT films as
a function of the synthesis conditions/method used, measured by profilometry.

(B)

Conductance of PEDOT films as a function of the synthesis conditions or method used.
The data shows that solutions containing an equimolar or less amount of pyridine to iron
(III) tosylate generate highly conductive films (> 10 S/cm).

However, an excess of

pyridine results in a poorly conductive film; these were not further evaluated. (C) The
apparent capacitance of PEDOT films as a function of the synthesis conditions or
method used, measured using cyclic voltammetry. The apparent capacitance is lower
when a vapor-phase synthesis is used and it is minimized using an equimolar ratio of
pyridine to iron (III) tosylate. Inset is a cyclic voltammogram obtained at a 1.0 molar ratio
PEDOT:Tosylate electrode (Electrode area: 10-2 cm2 , scan rate: 100 mV/s, buffer: TRIS
aCSF, pH = 7.4).

The daggers (†) represent data points not tested due to low

conductance (Error represents ± SEM, n = 4 – 5 electrodes). PEDOT:Tosylate values
are reported from Larsen et al.1
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Table 2-1. Material and electrochemical properties of PEDOT electrodes.
Material

Thickness
(nm)

Conductance
(S/cm)

Apparent
capacitance
(µF/cm2)

PEDOT:Tosylate
(0.6 : 1.0 mol ratio)

310 ± 17

19.2 ± 1.3

357 ± 10

PEDOT:Tosylate
(0.8 : 1.0 mol ratio)

290 ± 18

19.2 ± 1.7

450 ± 10

188 ± 6

17.1 ± 1.7

197 ± 14

52 ± 9

0.042 ± 0.012

N/A

47 ± 6

0.013 ± 0.003

N/A

PEDOT:Tosylate
(STL et. al. 2012)1

190 ± 10

104 ± 6

1670 ± 130

PEDOT:PSS

155 ± 17

1.05 ± 0.07

2390 ± 130

PEDOT:Tosylate
(1.0 : 1.0 mol ratio)
PEDOT:Tosylate
(1.2 : 1.0 mol ratio)
PEDOT:Tosylate
(1.4 : 1.0 mol ratio)
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where i1/2 is the half-wave current (measured at + 50 mV in a flat region), A is the
electrode area, and υ is the scan rate. For the electrodes used here, A = 1.5 x 10-2 cm²
and υ = 0.1 V/s. In all cases, the vapor-phase synthesized PEDOT:Tosylate have a
much

lower

apparent

capacitance

than

the

PEDOT:PSS

or

solution-phase

PEDOT:Tosylate (Figure 2-1C).1 The equimolar ratio of pyridine to iron (III) tosylate
resulted in the lowest overall apparent capacitance, 197 ± 14 µF/cm² (± SEM, n = 5).
This value is significantly lower than solution-phase PEDOT:Tosylate (Student's t test, p
< 0.0001) or commercially-available PEDOT:PSS (Student's t test, p < 0.0001). Moving
forward, the synthesis conditions using an equimolar ratio of pyridine to iron tosylate
were chosen for all future experiments. The results of all measurements described
above are shown in Table 2-1. Our synthetic conditions (Scheme 2-1), specifically,
tuning the ratio of the pyridine to iron tosylate, greatly reduces the apparent capacitance
of PEDOT:Tosylate electrodes while simultaneously maintaining a high conductance.
These two features make this material capable of scan rates required for fast-scan cyclic
voltammetry measurements but the large electrode area (10-2 cm2) limits the scan rates
that can be used.
2.4.3

PEDOT:Tosylate microelectrode chip validation
To perform fast-scan measurements using PEDOT:Tosylate, microelectrodes

with small electroactive areas (< 10-4 cm2) were patterned. If the electrode area is large,
the non-faradaic current generated would be too large for most potentiostats to
effectively measure. Further, we wanted to minimize resistive losses caused by using
PEDOT as the primary conductive material for long (> 1 cm) stretches on the chip. To
do this, we used a photolithography process whereby gold electrical contacts were
patterned onto a substrate followed by vapor-phase deposition of PEDOT:Tosylate
(Figure 2-2A and C). Microelectrodes were fabricated such that a small portion of the
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Figure 2-2: PEDOT:Tosylate microelectrode chip used for fast-scan cyclic voltammetry
measurements. (A) Drawing of the chip used to generate photolithography masks. (B)
Zoom in of the PEDOT:Tosylate electrode showing the overlap with gold to create
electrical contact and the insulation layer used to isolate a small electroactive area (~ 7 x
10-6 cm2). (C) Optical image of completed chip and (D) optical microscope image of a
140 x 5 µm PEDOT:Tosylate microelectrode including the insulation layer.
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PEDOT overlapped with the gold to create an electrical contact but the majority of the
PEDOT was in direct contact with the substrate. An insulating layer was then deposited
such that only the PEDOT was exposed to solution (Figure 2-2B and D).
To test that the exposed PEDOT was both conductive and electroactive, a wellcharacterized molecule, ferrocene carboxylic acid was analyzed with slow-scan cyclic
voltammetry. A quasi-steady state cyclic voltammogram was obtained (Figure 2-3A) that
agrees well the theoretical quasi-steady state current (iqss). At a thin band electrode, this
is described by the equation:

Equation 2-2:

𝑖𝑞𝑠𝑠 =

2𝜋𝐹𝑙𝐷𝐶
𝑙𝑛[

64𝐷𝑡
]
𝑤2

where C is the bulk concentration of the analyte, D is the diffusion coefficient, F is
Faraday's constant, t is the approximate time at steady state, and the dimensions of the
electrode are w (width) and l (length).23

Using the difference in current before the

oxidation peak and the current 100 mV past the half-wave potential, quasi-steady state
current values were measured. These were compared to theoretical values calculated
using Equation 2-2 where D = 4.3 x 10-6 cm2 s-1,39 l = 1.4 x 10-2 cm, w = 5 x 10-4 cm, n =
1, and F = 96485 C mol-1, and t = 1.0 s.36 This measurement was performed for every
electrode immediately before use and in all cases, the measured value was within 10%
of the calculated theoretical value.

This indicates that the PEDOT:Tosylate

microelectrode has an electroactive area congruent with the geometric area.
Higher scan rates were interrogated to determine if the low apparent capacitance
observed with the PEDOT films was maintained at high scan rates with a smaller
electroactive area. To test this, the non-faradaic current was measured at scan rates
ranging from 1-100 V/s (Figure 2-3B). The average apparent capacitance with this new
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Figure 2-3: Electrochemical properties of PEDOT:Tosylate microelectrodes.

(A)

Steady-state cyclic voltammogram of 1.0 mM ferrocene carboxylic acid at 100 mV/s was
used to measure the electroactive area of the PEDOT:Tosylate microelectrodes. (B)
Non-faradaic background current measured at PEDOT:Tosylate microelectrodes as the
scan rate is varied (20 V/s = black, 50 V/s = red, and 100 V/s = blue). (C) The calculated
apparent capacitance of the material as a function of scan rate (± SEM, n = 3
electrodes).
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geometry and high scan rates is 197 ± 7 µF/cm² (± SEM, n = 5 electrodes), not
statistically different from the PEDOT:Tosylate electrodes described earlier (Student's ttest, p > 0.98, Figure 2-1B). Further, it was found that the apparent capacitance is not
statistically different across a range of high scan rates (Figure 2-3C, one-way ANOVA,
F(6, 7) = 0.0444, p > 0.999). This indicates these microelectrodes are capable of making
rapid electrochemical measurements via FSCV.
2.4.4

FSCV measurements
The

PEDOT:Tosylate

microelectrode

chip

was

used

to

make

measurements of two analytes, ferrocene carboxylic acid and dopamine.

FSCV

In these

experiments, a triangle waveform was applied from -0.4 V to 0.6 V vs. Ag/AgCl QRE at a
scan rate of 100 V/s. The anodic scan limit was determined by increasing the switching
potential by 100 mV and measuring the change in background current over a period of
20 minutes. The highest limit which was able to achieve a stable background during that
time was 0.6 V. After 20 minutes of waveform application there was minimal observable
drift and the average noise of the electrodes was 0.15 ± 0.05 nA (1.0 kHz bandwidth, ±
SEM, n = 9 electrodes). During this time the background drifted to a steady level; the
majority of this drift was during the first 5 minutes of cycling, and the largest feature of
the drift occurs at the reversal potential. The overall shape of the background remained
the same during this entire time (i.e. the resistance and apparent capacitance did not
change).
FSCV measurements were made by injecting a bolus of the target analyte into
the electrochemical cell followed by rinsing with several volumes of buffer to remove the
electroactive species.
(Figure 2-4A-B).

Ferrocene carboxylic acid was measured using this method

The background-subtracted cyclic voltammogram showed clear
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Figure

2-4:

Fast-scan

cyclic

voltammograms

collected

at

PEDOT:Tosylate

microelectrodes. (A) Background-subtracted cyclic voltammogram of 10 µM ferrocene
carboxylic acid at 100 V/s and (B) color plot and current vs. time trace taken at the peak
oxidation potential (471 mV). (C) Background-subtracted cyclic voltammogram of 100
µM dopamine at 100 V/s and (D) color plot and current vs. time trace taken at the peak
oxidation potential (282 mV).
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oxidation and reduction features with E1/2 = 354 ± 19 mV and ΔEp = 280 ± 26 mV (±
SEM, n=5, Figure 2-4A).

These values are comparable to those published for

measurements of ferrocene carboxylic acid (E0 = 364 ± 19 vs. Ag/AgCl) and a scan rate
of 100 V/s using CFMEs40. The data collected over a thirty second period are shown in
Figure 2-4B using a color plot. A color plot can be used to visualize changes in the
entire voltammogram over time by plotting time (x-axis) and voltage applied (y-axis) as
the independent variables and then showing current in false color as the dependent
variable. For ferrocene carboxylic acid, the color plot very clearly shows an increase in
current at 450 - 500 mV (the oxidation potential) after ten seconds. This decays back to
baseline after the analyte is removed at 20 seconds. A more simple way to show the
change in current at the peak oxidation potential is showing a current vs. time trace (top
of Figure 2-4B) whereby the current at one potential is plotted against the time (think of
this as a horizontal slice of a color plot). The voltammogram, color plot, and current vs.
time trace all clearly show the PEDOT:Tosylate is capable of making rapid voltammetric
measurements. After the measurements the electrodes were again noise tested and
found to have an average noise of 0.16 ± 0.05 nA (± SEM, n = 5 electrodes), not
statistically different than before the measurements (Student's t-test, p > 0.95).
We investigated if these electrodes would be a potential candidate platform for
FSCV of biogenic amine neurotransmitters.

Voltammetry has been used to study

neurotransmitter dynamics in the brain for decades because it is rapid and has high
sensitivity.14,41–43 Dopamine was chosen as a model analyte for these measurements
because it is both biologically important and has well-characterized electrochemistry.26,44
The background-subtracted cyclic voltammogram (Figure 2-4C) contains clear oxidation
and reduction features. Interestingly, the reduction feature is substantially larger in peak
amplitude; however, total charge passed during the oxidation is still greater than that of
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the reduction (peak area, 260 ± 40 pC vs. 220 ± 30 pC, 100 µM dopamine, ± SEM, n = 4
electrodes, paired t-test, p < 0.05). This could be due to either adsorption of the quinone
or intercalation of the analyte into the polymer electrode.

Unlike the ferrocene

measurements, the color plot does not show a complete decay of the signal upon rinsing
with buffer. The persistence of dopamine signal after rinsing supports the conclusion
that dopamine is either adsorbed or intercalated into the polymer.

Further, after

measurements the noise of the electrode was found to be 0.54 ± 0.11 nA (± SEM, n = 4),
a nearly 4-fold increase compared to before the measurements. Clearly the presence of
dopamine changes the surface of the electrode. Still, quantitation of dopamine by FSCV
is possible. Using the oxidation peak current results in a sensitivity of 1.4 ± 0.3 nA/µM
with a limit of detection (LOD) of

0.9 ± 0.3 µM (± SEM, n = 3 - 4, Figure 2-5A).

Quantitation using the sharper reduction peak gives a greater sensitivity of 3.7 ± 0.8
nA/µM and a better LOD of 0.44 ± 0.13 µM (± SEM, n = 3 - 4, Figure 2-5B). Future
studies would aim to investigate the selectivity of this reduction in the presence of other
redox active molecules to determine if it could be used for in vivo quantitation.
Additionally, the temporal resolution and lifetime of the sensor would also need to be
further characterized and optimized before it can be used as an implantable probe.43
2.4.5

Adsorption equilibria at PEDOT:Tosylate.
To better understand the interaction of the analyte with the electrode we also

plotted the surface coverage of dopamine by integrating the peak for both the oxidation
and reduction waves (Figure 2-5C and D). It was found that the surface coverage at
1000 µM is not statistically different for the oxidation compared to the reduction
(Student's t-test, p > 0.75). This implies that there is the same amount of material
present for both the forward and reverse scans. Both data sets were fit to a Langmuir
adsorption isotherm (Figure 2-5C and D) which can be described as:
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Figure 2-5: Calibration curves and Langmuir adsorption isotherms for dopamine
measured at PEDOT:Tosylate microelectrodes by FSCV.

(A) Calibration curve

generated using the oxidation peak current (± SEM, n = 3 - 4 electrodes). (B) Calibration
curve generated using the reduction peak current (± SEM, n = 3 - 4 electrodes). (C)
Surface coverage of dopamine measured using the integral of the oxidation peak. Data
are fit to a Langmuir adsorption isotherm. (D) Surface coverage of dopamine measured
using the integral of the reduction peak. Data are fit to a Langmuir adsorption isotherm.
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Equation 2-3:

𝛤𝐷𝐴 =

𝛤𝑚𝑎𝑥 𝛽𝐶
1+𝛽𝐶

where ΓDA is the surface coverage of dopamine, Γmax is the maximum surface coverage,
β is the adsorption strength, and C is the concentration of analyte in solution. At low
concentrations (βC << 1), this term reduces to a linear form where the slope is the
product of Γmax and β which we will call the sensitivity (b).45 Using the oxidation peak, b
was found to be 2.7 x 10-3 cm while for the reduction peak it was found to be 2.4 x 10-3
cm. These values are lower than a CFME but the total surface coverage is much
higher.26,45,46 Since the adsorption strength of the analyte is not particularly high, this
suggests that the analyte is not able to diffuse away from the electrode quickly. This
observation supports the idea of analyte intercalation into the electrode. This interaction
could potentially be exploited for applications that would benefit from a pre-concentration
such as fast-scan controlled-adsorption voltammetry45 and other applications that
already use PEDOT but would benefit from minimizing the capacitance such as solar
cells, flexible electronics, and coatings for implantable sensors.3,17,35
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2.5

Conclusion
The results presented here demonstrate that vapor-phase synthesis of

PEDOT:Tosylate

results in lower apparent capacitance than other methods.

An

apparent capacitance of 197 ± 7 µF/cm² is maintained up to scan rates of 100 V/s. By
using this synthesis coupled with standard photolithography techniques, it is possible to
pattern

microelectrodes

or

arrays

composed

of

PEDOT:Tosylate.

These

microelectrodes are thin, highly conductive, and capable of making rapid electrochemical
measurements of relevant neurotransmitters. This photolithography process does not
alter the apparent capacitance nor the electroactive area of the PEDOT:Tosylate film.
Using these microelectrodes we were able to demonstrate the first FSCV measurements
at a polymer electrode using ferrocene carboxylic acid and, more biologically relevant,
dopamine.

When using the reduction peak for the detection of dopamine, these

electrodes have a sensitivity of 3.7 ± 0.8 nA/µM and a sub-micromolar LOD.
Interestingly, the reduction peak is much larger than that observed at carbon-fiber
microelectrodes. Future experiments will need to be done to determine the chemical
selectivity, lifetime, and temporal resolution of this electrode material before it could be
used as an implantable biosensor. Further, unique surface chemistry which governs
dopamine adsorption/intercalation into the polymer electrode could be used to make
direct measurements of neurotransmitters.
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CHAPTER 3
Elucidating the structure/function relationship of PEDOT
films to advance electrochemical measurements
The contents of this chapter are based upon work published in:
J Phys Chem C, 2016, 120, pp 21114-21122.
DOI: 10.1021/acs.jpcc.6b04622
Copyright 2016 American Chemical Society
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3.1

Abstract
Previous work has demonstrated the utility of PEDOT electrodes for

electrochemical detection of neurochemicals.

Although these electrodes have been

implemented successfully, there is minimal data linking redox mechanisms, electron
transfer characteristics, and sensor lifetime to the electrode molecular composition.
Common polymer electrodes are made from commercially available PEDOT:PSS, which
is easily processed but has slow electron transfer kinetics and short electrochemical
lifetimes. Here, we describe vapor-phase synthesized PEDOT:Tosylate films that have
a higher conductance and a much lower apparent capacitance than PEDOT:PSS (99 ± 8
vs. 2390 ± 130 µF/cm2). Additionally, we show that the electron transfer kinetics and
electrochemical lifetime are both improved. To investigate the chemical causes of these
improvements we used UV-Vis absorbance and X-ray photoelectron spectroscopy. We
discovered that the high density of PEDOT incorporated into PEDOT:Tosylate films
coupled with the lack of impurities and replacing the polymeric dopant (PSS) leads to
both increased conductance and reduced film capacitance.

This is most clearly

demonstrated through the doping ratio of 3.80 ± 0.10 in vapor-phase synthesized
PEDOT:Tosylate vs. 0.20 ± 0.02 in PEDOT:PSS.

Furthermore, the electrochemical

lifetime of the films is dependent upon the amount of PEDOT present. XPS data was
used to elucidate the mode of failure of these electrodes. This begins to illuminate the
mechanism of electron transfer at conducting polymers electrodes. Understanding both
the characteristics that improve the quality of conducting polymer electrodes and the
mechanism of electron transfer therein is a crucial step in the wider adaptation of these
materials in biosensor applications.
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3.2

Introduction
Applications of conducting polymers have grown considerably since they were

first reported in 1970’s.1,2

Perhaps the most abundant and well-studied conducting

polymer is poly(3,4-theylenedioxythiophene) (PEDOT).

Since it was first reported in

19973, applications of this material have grown to include antistatic coatings3, solar cell
interlayers4,5, optoelectronic devices6,7, and electrochemical biosensors8–12. PEDOT is
an attractive material for these applications as it is flexible, optically transparent,
thermally stable, and biocompatible.8,12–15

Additionally, PEDOT films can be easily

deposited and patterned making high-throughput processing possible. These features
make PEDOT a promising alternative compared to traditional electrode materials such
as carbon or noble metals.10,16–18
Of specific interest here are applications of PEDOT as a working electrode
material for biosensor applications such as the electrochemical detection of biological
analytes, including neurotransmitters.11,18–20

Neurotransmitters such as dopamine,

norepinephrine, and serotonin are of interest because they have important physiological
roles in regulating behavior, cognition, and other brain functions and are redox active.21–
23

In most applications aimed at neurotransmitter detection, PEDOT is used as a coating

to improve the electrochemical performance of another electrode material, often
platinum.24–26
electrodes

as

However, there has been some investigation into using PEDOT-only
the

working

electrode

material

for

these

measurements.11,19

Unfortunately, most of these studies are application driven and there is little understood
about the critical parameters that control the electrochemical properties and therefore,
how to improve said properties.
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Recently,

we

have

shown

PEDOT:Tosylate

by

oxidative

how

chemical

a

carefully

vapor

optimized

deposition

synthesis

allowed

for

of

rapid

electrochemical measurements (scan rates of 100 V/s) at a polymer electrode.19,27 The
key to this measurement was reducing the apparent capacitance of PEDOT by more
than an order of magnitude compared to other previously-reported values.11,28,29 The
goal of this work is to understand the chemical properties that allowed for low
capacitance and determine if this material is more effective than PEDOT:PSS for
electrochemical measurement of neurotransmitters in broader applications.
The

work

presented herein

details

the chemical

and

electrochemical

characterization of PEDOT-based electrodes. A detailed, side-by-side comparison of
vapor-phase synthesized PEDOT:Tosylate and commercially available PEDOT:PSS is
presented. We demonstrate how this synthetic method results in low capacitance while
simultaneously maintaining high conductance, good electron transfer properties, and
extended electrochemical lifetime. The nature of these improved properties is explained
using data collected with UV-Vis absorbance, cyclic voltammetry, and x-ray
photoelectron spectroscopy.

These findings allow us to understand how PEDOT

electrodes function mechanistically. The two electrode materials differ in the dopant
ratio. An ideal electrode has a clearly defined conduction band. Commercial-grade
PEDOT:PSS has a lower ratio of PEDOT (conducting material) to PSS (insulating
material, dopant). This results in PEDOT chains that are electrically isolated and films
with low conductance and high capacitance. Our data suggests that due to the large
PSS content, charge is stored internally within the film when a potential is applied we are
effectively charging many small capacitors in parallel.

In contrast, the PEDOT-rich

vapor-phase films result in a ~20 fold increase in the conductor to insulator ratio. This
means that the PEDOT chains are in better electronic communication which results in
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more metallic properties.

Indeed, the conductance increased ~100 fold and the

capacitance decreased ~20 fold, and is on the same order of metallic electrodes. This
suggests our charge is confined to the electrode/solution interface. We demonstrate the
utility of low capacitance PEDOT:Tosylate for measurement of neurotransmitters. The
results shown here will inform the development of the next generation of PEDOT-based
biosensors.
3.3

Experimental

3.3.1

Chemicals
Unless noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO,

USA) and used as received. Solutions were prepared using 18.2 MΩ·cm water purified
using a Milli-Q Gradient A-10 system (EMD Millipore, Darmstadt, Germany).

TRIS

artificial cerebrospinal fluid (Tris aCSF), pH 7.4, (15 mM Tris·HCl, 125 mM NaCl, 2.5 mM
KCl, 25 mM NaHCO3, 1.2 mM NaH2PO4, 2.0 mM Na2SO4, 2.4 mM CaCl2, 1.2 mM MgCl2)
was used for all electrochemical measurements. All analyte solutions were prepared in
Tris aCSF immediately before use.
3.3.2

Vapor-phase PEDOT:Tosylate film synthesis
Vapor-phase synthesis of PEDOT:Tosylate films was carried out as described in

Meier et al.19 TOPAS® 5013L Cyclic Olefin Copolymer (Topas Advanced Polymers Inc,
Florence, KY, USA) substrates (Ø 50 mm x 2 mm wafers) were generated via injection
molding. A solution of 20% w/v iron (III) tosylate in dried n-butanol and an equimolar
amount of anhydrous pyridine was prepared and filtered using a 0.45 µm nylon syringe
filter. PEDOT:Tosylate films were deposited by spin coating 1 mL of this solution using a
CEE Model 100 Spin Coating System (Brewer Science, Rolla, MO, USA) onto TOPAS
substrates at 1500 rpm for 15 seconds with an acceleration of 500 rpm/s. The coated
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substrates were placed in a glass Petri dish. Ethylenedioxythiophene (EDOT) monomer
(~100 µL) was deposited at the bottom of the dish, and the dish was placed in a drying
oven with an internal temperature of 55 °C to evaporate the monomer.

The dish

containing the substrates was removed after 20 minutes and the substrates were
removed immediately. During this time, the films changed from yellow to blue-green,
indicating successful deposition of the PEDOT film. PEDOT:Tosylate-coated substrates
were rinsed with 18.2 MΩ·cm water to remove residual iron (III) tosylate and then dried
using N2. This rinse step yielded a blue film. Substrates were placed in a 70 °C oven to
dry overnight.
3.3.3

PEDOT:PSS film synthesis
Glass slides were cleaned with Alconox® and ethanol, rinsed with 18.2 MΩ·cm

water, and dried under N2.

A thin adhesion layer composed of Poly-3,4-

ethylenedioxythiophene:polystyrene sulfonate (PEDOT:PSS) was spin-coated onto
these substrates at 5000 rpm for 60 seconds at an acceleration of 5000 rpm/s , and
baked on a hotplate at 200 °C for 10 minutes.

This baking step yielded a non-

conducting adhesion layer (< 30 nm thickness). An additional layer of high-conductivity
grade PEDOT:PSS (3% w/w in water) was spin-coated onto the substrate at 3000 rpm
for 30 seconds with an acceleration of 3000 rpm/s, and dried at 70 °C in an oven
overnight.
3.3.4

Electrode patterning and fabrication
PEDOT:Tosylate electrodes were patterned using UV lithography as previously

described by Vreeland et al.18 In brief, AZ3312 photoresist (AZ Electronic Materials,
Branchburg, NJ, USA) was spin coated using a WS-650-23 Spin Coater (Laurell
Technologies Corp., North Wales, PA, USA) on the PEDOT:Tosylate-coated substrates
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at 3000 rpm for 10 seconds with an acceleration of 1000 rpm/s. The substrates were
then soft baked on a hot plate at 100 °C for 2 minutes before a 15 second contact
exposure (9.0 mW cm-2, 365 nm) on a Karl Suss MJB3 mask aligner (SÜSS MicroTec
AG, Garching, Germany) through a positive-tone printed plastic photomask (CAD/Art
Services, Inc.) containing several electrodes. Substrates were then baked on a hotplate
at 100 °C for 2 minutes and cooled on a benchtop before two sequential 30 second
submersions in AZ351 MIF developer with agitation. The substrates were then rinsed
twice with 18.2 MΩ·cm water and dried using N2.

A microwave-generated plasma

etching process18 (2-3 cycles, 10 seconds each) was used to remove unprotected
features yielding well defined electrodes. After etching, substrates were rinsed with
semiconductor-grade acetone to remove the photoresist, and rinsed with ethanol, then
water, prior to use. Photolithography for PEDOT:PSS films was performed in the same
manner as for the PEDOT:Tosylate electrodes.
3.3.5

Conductance measurements and film characterization
Conductivity was measured with a four-point probe (Jandel Engineering, Bedford,

UK) connected to a Keithley 2400 SourceMeter (Keithley Instruments, Cleveland, OH,
USA) using currents in the 1-10 µA range. The thickness of the PEDOT films was
measured using an Alpha-Step AS-200 profilometer (KLA-Tencor, Milpitas, CA, USA).
Optical micrographs were collected using a Nikon Ti-2000 microscope (Nikon
Corporation, Tokyo, Japan). UV-Vis absorbance data was collected using a Shimadzu
UV-3600 Plus UV-Vis-NIR Spectrophotometer (Shimadzu Scientific Instruments, Kyoto,
JPN).
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3.3.6

X-ray photoelectron spectroscopy
All x-ray photoelectron spectra were acquired with a KratosAxis Ultra 165 DLD

Spectrometer equipped with magnetic immersion electron lens using 300 W
monochromatic Al(kα) radiation in constant analyzer energy mode. The sample analysis
area used was 700 µm x 300 µm. Survey spectra were collected using a pass energy of
160 eV and specific elemental regions were collected using 20 eV pass energy and
averaged over multiple scans. The analysis chamber was maintained at a pressure ≤ 5
x 10-9 torr.
3.3.7

Electrochemistry
Electrochemical data was collected using an Ensman EI-400 potentiostat

(Ensman instruments, Bloomington, IN, USA) and custom LabVIEW software (National
Instruments, Austin, TX, USA). Electrical contact to the electrode was established using
Graphite conductive adhesive (Alfa Aesar, Ward Hill, MA, USA) and silver wire painted
onto the contact pad.

For cyclic voltammetry experiments, electrode geometry was

defined by placing a 6 mm diameter PDMS well on top of the electrode and filling it with
Tris aCSF buffer solution. The reference (Ag/AgCl QRE) and counter (Ag) electrodes
were submerged in this well to create an electrochemical cell. A schematic of this cell is
shown in Figure 3-1. Slow-scan cyclic voltammograms were collected at 10-100 mV/s
and swept from -0.4 V to 0.6 V vs. Ag/AgCl quasi-reference electrode. All slow-scan
data were hardware low-pass filtered at 40 Hz.
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Figure 3-1: Schematic and Image of patterned PEDOT electrodes and schematic of the
device used to construct and electrochemical cell. (A) Drawing of the photomask used
to pattern the PEDOT electrodes. (B) Optical image of patterned and etched PEDOT
electrodes. A single electrode (denoted by the red box) is used to construct an
electrochemical cell diagramed in C. (C) Schematic of an electrochemical cell with a
PEDOT working electrode, silver quasi-reference electrode, and silver counter electrode.
Electrical contact to the PEDOT was made by applying graphite paint and a bare silver
wire to the circular region. The electrochemical cell was confined by placing a piece of
PDMS with a 6 mm hole over the PEDOT. The electroactive area is defined by the width
of the PDMS well. The conformal seal created between the PDMS and the substrate
was sufficient to confine the solution to this well.
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3.4

Results and Discussion

3.4.1

PEDOT thin-film properties
Thin films of PEDOT:Tosylate were synthesized using oxidative chemical vapor

deposition on TOPAS substrates as described previously.19,27 PEDOT:PSS thin-films
were created by spin-coating commercially available “high-conductivity” PEDOT:PSS
onto glass substrates. Each substrate was chosen for its compatibility with the solvents
used in the deposition process (yielding even wetting during the spin-coating process).
Scheme 3-1 shows the chemical structures of both PEDOT:PSS and PEDOT:Tosylate.
To ensure that each material would make a suitable working electrode, the conductance
of the thin films were measured (Figure 3-2A). We observed that the PEDOT:Tosylate
films created by vapor-phase synthesis demonstrated a significantly higher conductance
(99 ± 17 S/cm, ± SEM, n = 5) than the “high-conductivity” commercially available
PEDOT:PSS films (1.14 ± 0.08 S/cm, ± SEM, n = 5 , Student’s t test, p < 0.001). The
value measured here for commercial PEDOT:PSS is consistent with other previously
reported values.19,30 To ensure that this observation was not due to physical differences
between the films such as thickness, we further characterized these films by both
profilometry and UV-Vis absorbance spectroscopy (Figure 3-2B and C).

While the

profilometry revealed that our deposition methods result in films of comparable thickness
(Figure 3-2B, Student’s t test, not statistically significant, p = 0.15), the UV-Vis data show
stark differences (Figure 3-2C).

The absorbance in the visible region for the

PEDOT:Tosylate films is 3.5 ± 0.4 (± SEM, n = 3) times greater than for PEDOT:PSS
(measured at 550 nm, Student’s t test, p < 0.005). Absorbance in this region of the
spectra is owed to the PEDOT as opposed to the dopants which have negligible
absorbance outside of the UV range. The profilometry and UV-Vis data taken together
demonstrate that our method results in films of similar thickness but, the

80

Scheme 3-1: Chemical structures of (A) PEDOT:PSS (red) and (B) PEDOT:Tosylate
(blue). This highlights the difference in structure of the PEDOT films with respect to the
dopant molecules.
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Figure 3-2: Properties of PEDOT thin-films. PEDOT:PSS data is shown in red and
PEDOT:Tosylate data is shown in blue. (A) Conductance measurements taken using a
4-point probe (± SEM, n = 5 electrodes). (B) Film thickness as measured by profilometry
(± SEM, n = 3 electrodes).

(C) UV-Vis absorbance measurements of the PEDOT-

absorbing region of oxidized PEDOT films.
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PEDOT:Tosylate has a much higher PEDOT content. As PEDOT is the conductive
material in these films, this supports the conclusion that the higher conductance is owed,
at least in part, to a higher fraction of the conductive material in the film.
3.4.2

PEDOT electrochemical properties
Both types of PEDOT films were patterned into electrodes using the

photolithography method described by Vreeland et al.18

To determine the apparent

electrochemical capacitance of these electrodes we measured non-faradaic current
generated in cyclic voltammetry (Figure 3-3A). Using this measured value, a geometric
area-corrected capacitance of these materials was calculated using the following
equation:

Equation 3-1:

Capp =

i1/2
A∙υ

where i1/2 is the half-wave current (measured at + 100 mV in a flat region), A is the
electrode area, and υ is the scan rate.31 For the electrodes used here, A = 1.5 x 10-2 cm2
and υ = 0.1 V/s. The vapor-phase synthesized PEDOT:Tosylate electrodes have a
significantly lower apparent capacitance than the PEDOT:PSS electrodes (Figure 3-3B,
Student’s t test, p < 0.001). With a value of 99 ± 8 µF/cm2 (± SEM, n = 12), this is, to our
knowledge, the lowest reported capacitance value for any PEDOT-based material. This
trait is desirable for electrochemical applications such as solar cells4,5, organic LEDs32,
and our previously-reported use of fast-scan cyclic voltammetry for the detection of
neurotransmitters.19
3.4.3

XPS analysis of PEDOT films
We hypothesize that this lowered capacitance is an effect of both the high

conductor content in the PEDOT:Tosylate films and the selection of a monomeric dopant
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Figure 3-3: Capacitance measurements of PEDOT electrodes. (A) Non-faradaic current
generated at PEDOT:PSS (red) and PEDOT:Tosylate (blue) electrodes.

Geometric

electrode area = 1.5 x 10-2 cm2, scan rate = 0.100 V/s, buffer = Tris aCSF, pH = 7.40.
(B) Average apparent capacitance at PEDOT:PSS (red) and PEDOT:Tosylate (blue)
electrodes calculated using Equation 3-1 (± SEM, n = 12 electrodes).
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(Tosylate) as opposed to the polymeric dopant used in PEDOT:PSS. To investigate the
molecular differences in these films, we probed the pristine film (not patterned into
electrodes) using x-ray photoelectron spectroscopy (XPS). Previously, XPS has been
used to characterize the oxidation state and doping ratios in PEDOT films, meaning that
the origin of the peaks are well-characterized.33–36 In this case, we observe several
notable difference in the XPS spectra of these two types of films (Figure 3-4). First, the
commercially available PEDOT:PSS contains several spectral features such as sodium
and fluorine that were not present in the PEDOT:Tosylate film (Figure 3-4A and B).
These signals are from compounds that may be added to stabilize and solubilize the
commercial solution such that it is easier to process. Unfortunately, the presence of
impurities in PEDOT films has been shown to reduce the conductance and increase the
capacitance.5,29,37

None of these features are present in the vapor-synthesized,

PEDOT:Tosylate films. Further, in PEDOT:Tosylate, there are no detectable signals
from nitrogen or iron, which would be from the compounds used in the synthesis
process. This indicates that our synthetic method results in a high-purity material. Fewer
impurities in the film contributes to the observed high conductance and low capacitance.
By far the most interesting data from the XPS spectra are in the sulfur-2p region
(Figure 3-4C and D). In the case of the PEDOT:PSS, the dominant sulfur feature is due
to the phenylsulfonate from the PSS dopant (Binding energy = 168.5 eV). However, in
the PEDOT:Tosylate films the spectral feature from alkyl sulfur (Binding energy = 164 165 eV), which is owed to sulfur in the conducting PEDOT chains, is much greater.
Taken together, these features explain all of the electrochemical properties discussed
thus far. First, the increased conductance is due to a higher density of PEDOT chains in
the PEDOT:Tosylate films. Further, the PEDOT:Tosylate has a doping ratio (defined as
PEDOT signal / dopant signal) of 3.80 ± 0.10 (± SEM, n = 3) where the PEDOT:PSS has
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Figure 3-4: XPS spectra of PEDOT:PSS (red) and PEDOT:Tosylate (blue) thin-films.
(A) Full XPS spectrum of PEDOT:PSS and (B) full XPS spectrum of PEDOT:Tosylate.
(C) Sulfur-2p region from XPS spectrum of PEDOT:PSS and (D) sulfur-2p region from
XPS spectrum of PEDOT:Tosylate. The structures for the peaks in the sulfur region are
shown.

PEDOT:PSS (C) contains more sulfonate (indicated by *) and less PEDOT

(indicated by †) when compared to PEDOT:Tosylate (D). Fits are shown in Figure 3-5.
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Figure 3-5: Fits of the sulfur-2p region of the XPS spectra of PEDOT:PSS (red) and
PEDOT:Tosylate (blue) thin-films.

(A) Sulfur-2p region from XPS spectrum of

PEDOT:PSS including the fits (shown in colors) and the sum of those fits (black trace).
These fits show good agreement with the measured spectrum. (B) Sulfur-2p region from
XPS spectrum of PEDOT:Tosylate including the fits (shown in colors) and the sum of
those fits (black trace). These fits show good agreement with the measured spectrum.
PEDOT:PSS contains more sulfonate and less PEDOT (A) when compared to
PEDOT:Tosylate (B).
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a doping ratio of 0.20 ± 0.02 (± SEM, n = 3). It has been shown previously that ratios
above 1.0 correlate with increased conductance.33,36 Second, the replacement of a high
ratio of the insulating copolymer, PSS, with a lower ratio of its monomeric homologue,
tosylate, results in the lower apparent capacitance.

Therefore, the source of this

reduction in capacitance is two-fold. First, the PEDOT:Tosylate is of higher purity than
the PEDOT:PSS meaning that there are fewer impurities creating stray capacitance at
those interfaces (Figure 3-4A and B).

Second, there is less insulating material

incorporated into the electrode as shown by the reduction in the peak at 168.5 eV from
the PSS film to the tosylate film (Figure 3-4C and D). Therefore, we can conclude that
the lower capacitance is due to both a reduction of the insulating material PSS and a
larger mole fraction of PEDOT in the film. These properties create a higher density of
states thereby lowering the barrier to charge transfer between adjacent conducting
chains. As charge can be more easily transferred through the PEDOT:Tosylate film we
measure a lower apparent capacitance. This apparent capacitance is a sum of both the
film capacitance and the double-layer capacitance. In the PEDOT:PSS electrodes, the
film capacitance dominates, whereas in the PEDOT:Tosylate electrodes, the double
layer capacitance dominates.

These data, when taken together, suggest our

PEDOT:Tosylate films have more conductor/semiconductor character compared to
PEDOT:PSS which has more insulating characteristics. In the future, we can use this
type of information to rapidly evaluate the conductance and capacitance of PEDOT films
without the need to pattern them into electrodes.
3.4.4

Cyclic voltammetry at PEDOT electrodes
To ensure the PEDOT:Tosylate electrodes that we fabricated were functional for

neurochemical measurements, we performed cyclic voltammetry of the neurotransmitter
molecule dopamine (Figure 3-6A). In this experiment we collected voltammograms at
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Figure 3-6: Measurements of selected analytes at PEDOT electrodes.

(A)

Measurement of dopamine at a PEDOT:Tosylate electrode at different scan rates
(orange = 1 mV/s, green = 5 mV/s, blue = 10 mV/s, purple = 20 mV/s) and (B) plot of
peak current vs. square root of scan rate from the experiment in panel A.

Cyclic

voltammograms of the model electrochemical analytes (C) ferrocene carboxylic acid and
the electroactive neurotransmitter (D) dopamine collected at PEDOT:PSS (red) and
PEDOT:Tosylate (blue) electrodes. Geometric electrode area = 1.5 x 10-2 cm2, scan rate
= 0.010 V/s, buffer = Tris aCSF, pH = 7.40, all analyte concentrations = 1.0 mM.
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several different scan rates and observed an increasing oxidation peak current that was
linear when plotted against the square root of the scan rate (r2 = 0.996; Figure 3-6B).
This behavior is characteristic of a semi-infinite linear diffusion controlled system. In
other words, there is minimal influence from adsorption of the analyte to the electrode
and there are no apparent changes in the polymer electrode that can be observed over
the time course of this experiment (vide infra).
Next, we compared the oxidation and reduction of two well-characterized
electrochemical analytes, ferrocene carboxylic acid and potassium ferricyanide, along
with a panel of biogenic amine neurochemicals at PEDOT:Tosylate and PEDOT:PSS
electrodes. The peak separation (ΔEp) and half wave potentials (E1/2) for all of the
analytes measured are summarized in Table 3-1.
obtained

for

ferrocene

carboxylic

acid

and

Sample cyclic voltammograms

dopamine

at

PEDOT:PSS

and

PEDOT:Tosylate are shown in Figure 3-6C and D. For the analytes ferrocene carboxylic
acid and potassium ferricyanide, we used the Nicholson method to calculate the
heterogeneous electron transfer rate constants (k0) for these molecules at PEDOT
electrodes.38 For ferrocene carboxylic acid, k0 = 6.2 ± 0.3 cm/s at PEDOT:Tosylate and
k0 = 4.6 ± 0.2 cm/s at PEDOT:PSS (± SEM, n = 5 electrodes). Similarly for potassium
ferricyanide k0 = 4.1 ± 0.7 cm/s at PEDOT:Tosylate and k0 = 2.1 ± 0.2 cm/s at
PEDOT:PSS (± SEM, n = 4 electrodes).

PEDOT:Tosylate electrodes exhibited

significantly faster kinetics than PEDOT:PSS for both ferrocene carboxylic acid and
potassium ferricyanide (Student’s t test, p < 0.005 and p < 0.05 , respectively). For the
neurochemicals we tested, the ΔEp values were too large to use with the Nicholson
method.

However, ΔEp is generally smaller with the PEDOT:Tosylate electrodes

indicating an extension of the observed faster electron transfer kinetics to
neurotransmitter molecules.

Additionally, the shape of the cyclic voltammograms is
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Table 3-1: Peak separation and half-wave potentials for selected standards and
neurotransmitters. Measurements made vs. Ag/AgCl QRE at PEDOT:PSS and
PEDOT:Tosylate electrodes (± SEM, n = 3 - 5 electrodes).

PEDOT:
OTs

PEDOT:
PSS

FcCOOH

FeCN

DA

DOPAC

L-DOPA

Epi

NE

5-HT

ΔEp

136
±7

170
± 40

210
± 20

250
± 30

250
± 40

156
± 10

228
± 10

199
± 13

E1/2

263
±3

138
± 17

150
± 20

87
±8

150
± 20

219
±5

206
±4

228
± 13

ΔEp

160
±6

220
± 20

225
± 13

260
± 40

320
± 50

160
± 20

357
± 10

182
± 15

E1/2

256
± 15

237
± 13

191
± 17

85
±7

140
± 30

227
±8

127
± 12

271
± 16
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more ideal indicating better electrochemical behavior.31 This data demonstrates that the
increased conductance and low capacitance combine to give better electron transfer
properties for electroactive neurotransmitters.
3.4.5

Electrochemical lifetime of PEDOT electrodes
To this point, we have shown that vapor-phase synthesized PEDOT:Tosylate

electrodes have higher conductance, lower capacitance, and better electron transfer
properties than commercially-available PEDOT:PSS.

However, potential biosensor

applications would require that this material is stable over an extended time frame. To
evaluate the electrochemical lifetime of these materials we made successive
measurements of ferrocene carboxylic acid using cyclic voltammetry over a time period
of 90 minutes (Figure 3-7). This analyte was chosen over the neurotransmitters that we
tested because it is stable at room temperature over this time period. We observed the
decay in the peak oxidation current over time which indicates a loss of electrode function
through reduction of the electroactive area. In the case of PEDOT:Tosylate, this decay
is slower than that observed with PEDOT:PSS.

As another control, we made a

measurement of ferrocene carboxylic acid, then applied the waveform in buffer without
the electroactive analyte for 90 minutes at which time we again measured ferrocene
carboxylic acid (Figure 3-8). This second measurement was not statistically different
from the second scan taken during the experiment with constant oxidation of the analyte
(Student’s t test, p > 0.75). This indicates that this phenomenon is solely a function of
charge transfer and is independent of time spent in solution or application of the
waveform. Interestingly, when the total charged passed (i.e. the sum of the integrals of
the oxidation peaks for both voltammograms) is measured, the PEDOT:Tosylate
electrodes transferred 3.2 ± 0.3 (± SEM, n = 5) times more electrons than the
PEDOT:PSS had by the time they had each lost 25% function (PEDOT:Tosylate did not
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Figure 3-7: Lifetime measurements of PEDOT electrodes. Cyclic voltammograms of
ferrocene carboxylic acid at a (A) PEDOT:PSS (red) and (B) PEDOT:Tosylate (blue)
electrode taken over 90 minutes. Normalized data is shown for both PEDOT:PSS (C)
and PEDOT:Tosylate (D). Data was normalized by dividing the peak oxidation current
by the peak oxidation current measured on the first scan (t = 0). Geometric electrode
area = 1.5 x 10-2 cm2, scan rate = 0.010 V/s, buffer = Tris aCSF, pH = 7.40, analyte
concentration = 1.0 mM. (± SEM, n = 5 electrodes).
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Figure 3-8: Cyclic voltammograms of ferrocene carboxylic acid at a PEDOT:Tosylate
electrode taken (A) before (blue) and (B) after 90 minutes (black) of waveform
application in buffer. A single measurement of ferrocene carboxylic acid was performed
at time = 0, then the waveform was applied in buffer without the electroactive analyte for
90 minutes at which time we again measured ferrocene carboxylic acid.

There is

minimal observed loss in peak current over this time. Further, there is only a small
increase in ΔEp (Scan 1 = 135 mV vs. Scan 2 = 148 mV) indicating very little change in
electron transfer kinetics. Geometric electrode area = 1.5 x 10-2 cm2, scan rate = 0.010
V/s, buffer = Tris aCSF, pH = 7.40, analyte concentration = 1.0 mM.
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decay below 50% during the time course of the experiment). This would indicate that
the lifetime of the material is limited by the total charge transferred which correlates with
the density of PEDOT in the film. Recall that Figure 3-2 (vide supra) showed that the
PEDOT:Tosylate has approximately 3 times more PEDOT than the PEDOT:PSS. This
supports the conclusion that the electrochemical lifetime of PEDOT electrodes is
determined by the total charge transferred by the electrode which is correlated to the
amount of PEDOT in the electrode. Therefore, the electrochemical lifetime of a PEDOTbased sensor platform could be extended by using a PEDOT-rich film.
To further understand the mechanism by which the function of these electrodes
is lost, we used XPS to observe the molecular changes in sulfur and carbon occurring in
the polymer electrodes.

We collected XPS spectra of the electrodes used in the

experiment in Figure 3-7 (90 minutes of oxidizing ferrocene carboxylic acid). Looking
first at the whole spectra from PEDOT:PSS (Figure 3-9A) and PEDOT:Tosylate (Figure
3-9B) we can see substantial differences compared to the unused electrodes (recall
Figure 3-4A and B). The most stark difference is the substantial reduction of the carbon1s peak in the PSS spectrum. Further examination of this region revealed that peak at
286 eV, which is indicative of ether (C-O-C) bonding moieties, was lost completely in the
PEDOT:PSS spectrum; this feature is still present in the PEDOT:Tosylate spectrum
(Figure 3-10). Recall the structure of PEDOT from Scheme 3-1, the only ether bonds
present are in the ring on the EDOT monomer. Loss of this feature would indicate
reduction or loss in the conducting polymer chains. This supports the conclusion that
the loss of function of the PEDOT:PSS electrodes is due to degradation of the
conducting polymer chains.
We also wanted to examine the sulfur-2p region as this region contains reporters
for both the PEDOT at 164 - 165 eV and the sulfonate on the dopant molecules at 168.5
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Figure 3-9: XPS spectra of PEDOT thin-films after use as electrodes. XPS spectra of
PEDOT:PSS (red) and PEDOT:Tosylate (blue) electrodes after 90 minutes of use. (A)
Full XPS spectrum of PEDOT:PSS and (B) full XPS spectrum of PEDOT:Tosylate. (C)
Sulfur-2p region from XPS spectrum of PEDOT:PSS and (D) sulfur-2p region from XPS
spectrum of PEDOT:Tosylate. The structures for the peaks in the sulfur region are
shown. PEDOT:PSS (C) has a loss of characteristic PEDOT peaks (indicated by †)
when compared to PEDOT:Tosylate (D) which only has a reduction of the dopant peak
(indicated by *). Fits are shown in Figure 3-11.
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Figure 3-10: C1s region of XPS spectra of PEDOT thin-films.

XPS spectra of the

carbon-1s region of PEDOT:PSS (red) and PEDOT:Tosylate (blue) thin-films before (A
and B) and after (C and D) use as working electrode materials including the fits (shown
in colors) and the sum of those fits (black trace). PEDOT:PSS electrode show a loss of
the peak at 286 eV which is characteristic of PEDOT (Compare A and C) whereas
PEDOT:Tosylate electrodes has very little loss of intensity in this region (B and D).
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Figure 3-11: Fits of the sulfur-2p region of the XPS spectra of PEDOT:PSS and
PEDOT:Tosylate thin-films after measurements. Fits of the sulfur-2p region of the XPS
spectra of PEDOT:PSS (red) and PEDOT:Tosylate (blue) electrodes obtained after 90
minutes of electrochemical measurement. (A) Sulfur-2p region from XPS spectrum of
PEDOT:PSS including the fits (shown in colors) and the sum of those fits (black trace).
These fits show good agreement with the measured spectrum. (B) Sulfur-2p region from
XPS spectrum of PEDOT:Tosylate including the fits (shown in colors) and the sum of
those fits (black trace). These fits show good agreement with the measured spectrum.
The used PEDOT:PSS shows a loss of the characteristic PEDOT peaks (A) where
PEDOT:Tosylate only shows some loss in the sulfonate/dopant peak (B).
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eV. We see that the dominant shape of the spectra remains for both the PEDOT:PSS
(Figure 3-9C) at 168.5 eV and the PEDOT:Tosylate (Figure 3-9D) at 164 - 165 eV
(compare to Figure 3-4C and D). However, the PEDOT:PSS spectra shows no detected
peaks in the 164 - 165 eV, indicating that the PEDOT is no longer present. This would
explain the complete loss of function observed in the PEDOT:PSS films shown in Figure
3-7A and C. Conversely, the PEDOT:Tosylate spectra shows a decrease in the peak at
168.5 eV meaning that less of the tosylate dopant is longer present. This is unsurprising
as tosylate carries a charge and is soluble in the aqueous electrolyte solution used in
these experiments.

While there is some loss in function of the PEDOT:Tosylate

electrodes, as demonstrated in Figure 3-7B and D, the PEDOT peaks are still present in
the XPS spectra indicating that the polymer is still present. The dopant may be replaced
by another, more abundant, anion in solution such as chloride or sulfate. Regardless,
the persistence of function indicates the vapor-synthesized PEDOT:Tosylate electrodes
are better for long-term measurement applications. Ultimately, the improved electrical
and electrochemical properties demonstrated here result in faster electrochemistry, more
robust sensors, and longer sensor lifetime. Using XPS we showed that the high PEDOT
content in the vapor-phase synthesized PEDOT:Tosylate films and the high doping ratio
impart these desirable characteristics. We can use this information to inform the design
of devices, including biosensors, which incorporate PEDOT as either a conducting layer
or an electrode material.
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3.5

Conclusion
The results presented here describe the structure/function relationship of

PEDOT-based electrode materials for electrochemical measurements. Our synthetic
method based on vapor-phase synthesis results in PEDOT:Tosylate thin-films that have
a higher conductance and lower apparent capacitance than commercially-available
PEDOT:PSS. Using UV-Vis spectroscopy and XPS we showed that this can be owed to
a higher content of PEDOT in the films, fewer impurities, and a better dopant choice and
ratio. Using photolithography, these films were patterned into electrodes and used to
measure both electrochemical standards and neurotransmitters.

Generally, we

observed faster electron transfer kinetics using PEDOT:Tosylate electrodes. Lastly, we
showed that the electrochemical lifetime of these electrodes is determined by the total
charge transferred by the electrode. The lifetime can be extended by using PEDOT-rich
films such as the PEDOT:Tosylate described here.
In summary, this work demonstrates that synthesizing low-capacitance, PEDOTdense films results in better electrode materials towards biosensor applications. The
use of vapor-phase synthesis to enable better electrical and electrochemical properties
coupled with the extended electrochemical lifetime are all desirable when considering
PEDOT-based materials for creating effective measurement devices.

Further, this

material has great potential to replace commercial PEODT:PSS for solid state
applications such as solar cells, organic LEDs/displays, and biosensors all of which
could benefit from the greatly reduced capacitance demonstrated here. The observed
properties arise from careful consideration of doping and synthesis conditions to yield a
high-conductance, low capacitance film. These properties can be tuned depending upon
the desired application.
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CHAPTER 4
PEDOT:Perchlorate coatings for the enhancement of
biogenic amine detection at platinum
The contents of this chapter are based upon work that will be submitted to Langmuir for
peer review and publication.
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4.1

Abstract
With

this

study,

we

describe

a

method

for

electropolymerizing

PEDOT:Perchlorate onto the surface of platinum disk microelectrodes. Using cyclic
voltammetry as an electropolymerization technique, we deposit a 13 ± 1 µm thick coating
of the polymeric material that enhances the electron transfer kinetics of biogenic amines.
EDX and spectral imaging showed dense regions of carbon, oxygen, sulfur, and chlorine
on the surface of platinum, which verified coating success. The apparent capacitance of
the PEDOT:Perchlorate coated platinum microelectrodes was 2700 ± 300 µF/cm2.
Dopamine, a biologically relevant neurotransmitter of interest had a k 0 of 2.7 ± 0.1 * 10-3
cm/s at uncoated platinum and 13 ± 2 * 10-3 cm/s at the PEDOT:Perchlorate coated
platinum. Ferrocene carboxylic acid conversely, had a k0 of 3.2 ± 0.3 * 10-3 cm/s at
uncoated platinum and 6.1 ± 0.2 * 10-3 cm/s at the PEDOT:Perchlorate coated platinum.
Ascorbic acid had a k0 of 30 ± 10 * 10-3 cm s-1 while serotonin had a k0 of 8.9 ± 0.5 * 10-3
cm s-1 at the PEDOT:Perchlorate coated platinum. These molecules were irreversible at
bare

platinum.

microelectrodes

In

addition

were

used

to

this,

the

to

perform

PEDOT:Perchlorate
fast-scan

cyclic

coated

voltammetry

platinum
(FSCV)

measurements of dopamine and ferrocene carboxylic acid. Scanning at 100 V/s, the
PEDOT:Perchlorate coated electrodes exhibited a sensitivity of 1.43 ± 0.03 nA/µM. The
PEDOT:Perchlorate coated platinum electrode also lost 34 ± 9 % of its function over the
duration of 90 minutes. By demonstrating the ability to modify a metal-based (platinum)
electrode to perform FSCV measurements, enables a new sensing platform for detecting
neurotransmitters real time. Further optimization will allow researchers to the understand
pathways, connectivity, and innate communication between different brain regions
during behavior through the implementation of this tool in high-density microelectrode
arrays.
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4.2

Introduction
Over the past several decades, a broad body of work has been dedicated to the

development of neural interfaces that allow for the measurement of endogenous
chemical messengers (neurotransmitters). An example of one such interface are carbonfiber microelectrodes (CFMEs). Traditionally, CFMEs have been the probe of choice for
electrochemical fast-scan cyclic voltammetry (FSCV) measurements because of their
low apparent capacitance, high sensitivity, small size, and biocompatibility, which make
them an ideal sensing platform for these types of measurements.1,2 FSCV also has
superior spatial and sub-second temporal resolution over complementary techniques like
microdialysis.3,4 These characteristics allow for the sub-second measurement of
electroactive biogenic amines.
Biogenic amines neurotransmitters are released in response to stimuli, internal
and external, resulting in rapid changes in concentration and intercellular synaptic
transmission. Dopamine is a neurotransmitter of particular interest since changes in its
concentration regulates intrinsic physiological processes such as cognition, memory, and
behavior.5–11

Dysfunction

in

dopaminergic

transmission

also

has

well-defined

implications in prevalent neurodegenerative disease states like Schizophrenia,
Alzheimer’s, and Parkinson’s.12–17 The pursuit of the molecular explanation to the
pathophysiology of these diseases continues to be an ongoing area of research. The
corollary being that even though we understand these diseases clearly in terms of their
causative symptoms, are incurable and poorly treated.
One of the biggest challenges in the advancement of new technologies in
neuroscience is the ability to measure changes in electrochemical signals in different
brain regions. The ever-growing need to perform these measurements requires the
development of novel or non-traditional tools and instrumentation that can be used to

104

simultaneously link multiple electrochemical signals to pain, cognition, memory, and
behavior. The ability to do this is currently unmet and is key in understanding of the
underlying mechanisms that govern volume neurotransmission in the brain.

A

disadvantage of using CFMEs to do this however is their difficulty in measuring from
more than one specific brain region. A limitation of the glass capillaries used to fabricate
the electrode and their disk/cylindrical geometries.18 It is for this reason that CFMEs are
not often used as arrays in electrochemical measurements.
Metal based electrodes (gold, steel, iridium, tungsten, and platinum) are
commonly used in a network of arrays that perform extra-cellular electrophysiology
measurements in vivo.19 Of these materials, platinum is the most characterized material
for performing measurements of bioelectric potentials created by cells, cellular networks,
or neurons.20,21 Although arrays allow for additional information to be obtained by
measuring multiple brain regions during behavior, they do not exhibit the same
electrochemical properties as CFMEs when measuring neurotransmitters and are prone
to fouling.22

This warrants modification of the electrode surface to enhance the

electrochemical properties of the probe.
Conducting polymers are becoming an increasing viable way to chemically
modify and enhance electrode surfaces.23 Compared to carbon or metal based
electrodes, conducting polymers are flexible, easily processed, and can be patterned
onto a variety of different surfaces.24,25 They have a multitude of applications some of
which include, but are not limited to biomedical implants, and biosensors.26–28 A
ubiquitous conducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT), has been
shown to improve the longevity of implantable biosensors, the electron transfer kinetics,
and the electrochemical selectivity of biogenic amines over interferents like ascorbic acid
and 3,4-dihydroxyphenylacetic acid (DOPAC).29–31 The choice of counter ion used during
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synthesis has been shown to stabilize the structure of PEDOT and change the
electrochemical properties of the electrode material.32 For example, PEDOT:Perchlorate
has been electropolymerized onto platinum to improve the chemical resolution of
dopamine over ascorbic and uric acid in the presence of SDS, though, no applications of
this material have been described for FSCV.31
To date, only FSCV measurements of H2O2 has been performed at platinum; a
molecule known for having a high electrochemical affinity for platinum. 33 A reproducible,
robust, and facile means of depositing PEDOT onto platinum has not yet been achieved
for FSCV measurements of biologically relevant neurotransmitters.
In this study, we describe a method for electropolymerizing a PEDOT:Perchlorate
film onto the surface of platinum disk microelectrodes. Using cyclic voltammetry as an
electropolymerization technique, we create a homogeneous PEDOT:Perchlorate coating
on the electrode surface.
material

are

studied

The functionality and kinetic properties of this polymeric
using

model

electrochemical

species,

spectroscopic

characterization techniques, and select biogenic amines. The enhancement of electron
transfer kinetics of biogenic amines at our films allows us to perform FSCV
measurements at 100 V/s. At this scan rate, we obtain a sensitivity of 1.43 ± 0.03 nA/µM
for dopamine. By demonstrating the ability to modify a metal-based (platinum) electrode
to perform FSCV measurements, enables a new sensing platform for detecting
neurotransmitters real time. Further optimization will allow researchers to the understand
pathways, connectivity, and innate communication between different brain regions
during behavior through the implementation of this tool in high-density microelectrode
arrays.
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4.3

Experimental

4.3.1

Chemicals
Trizma® hydrochloride, Trizma® base, KCl, CaCl2.2H2O, MgCl2.6H2O, ascorbic

acid, ferrocene carboxylic acid, and 3,4 – ethylenedioxythiophene (EDOT), were all
purchased from Sigma Aldrich (St. Louis, MO, USA). NaCl, HPLC grade acetonitrile, and
water purified to a resistivity of 18.2 MΩ using a Milli-Q Gradient A10 water purification
system was purchased from EMD Millipore (Darmstadt, Germany). NaH2PO4.H2O, and
Na2SO4 were purchased from Mallinckridt Chemicals (St. Louis, MO, USA). Lithium
perchlorate, dopamine and serotonin hydrochloride were purchased from Alfa Aesar
(Ward Hill, MA, USA). All chemicals were used as received and not purified any further.
4.3.2

Electrode fabrication
Platinum microelectrodes were constructed by firstly heating and pulling glass

standard 1.2 MM x 0.68 MM, 4”, I.D. capillary tubes (A-M systems, Inc., Sequim, WA,
USA) using a type PE-2, RR50915300 pipet puller (Narishige, Japan). Each pulled
capillary was loaded with a 1-2 cm, 50 µm diameter platinum wire (Goodfellow
Cambridge Limited, Huntingdon, United Kingdom). An incision was made at the
periphery where the platinum wire met the glass capillary using a General Tools 88
Tungsten Carbide Scribe (Amazon, WA, USA). The exposed electrode was then
submerged into EPO-TEK® 301 epoxy for 5 minutes (Epoxy Technology, Inc, Billerica,
MA, USA) to form a seal at the glass-platinum interface. Electrical contact was made by
inserting a pre-cut, pre-stripped wrapping wire (Kauffman Engineering Inc, OR, USA)
coated in silver conductive epoxy (MG Chemicals, Surrey, Canada) through the open
end of the capillary tube. A non-conductive epoxy seal using 1CTM Hysol® epoxy-patch®
adhesive (Henkel Corporation, Madison Heights, WI, USA) was made around the
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periphery of the electrical wire protruding from the capillary tube and cured overnight at
room temperature. Prior to use, each platinum microelectrode was polished on a BV-10
microelectrode beveler (Sutter Instruments, CA, USA) rotary pad until a flat, 45° angled
geometry was obtained. Rougher surfaces were polished for 30 minutes using 45 µm
diamond polishing paste (Ted Pella, Inc. Redding, CA, USA) prior to using a finer (0.2
µm) rotary pad (Sutter Instruments, CA, USA) for 5 minutes (Figure 4-1). The
electroactive area was also verified using slow scan cyclic voltammetry (Figure 4-2).
4.3.3

Electropolymerization
Preceding each electropolymerization, a solution consisting 8.0 mM of the

monomer EDOT and 100 mM lithium perchlorate was prepared in degassed HPLC
grade acetonitrile. This solution was mixed for 1 minute and used immediately. The
current for each electropolymerization was supplied by a Gamry Instruments Reference
600TM potentiostat (Warminster, PA, USA). Using a three-electrode configuration, a Ag
wire was used as the reference electrode, a tightly coiled Ag wire was used as the
counter electrode, and the platinum microelectrode as the working electrode. Once the
set-up was complete and submerged into the EDOT:Perchlorate solution, a triangular
waveform (-0.6 to 1.25 V at 100 mV/s) for 6 cycles was applied to the working electrode.
4.3.4

Slow-scan cyclic voltammetry
For determining the apparent capacitance and standard heterogeneous rate

constants of dopamine, ferrocene carboxylic acid, ascorbic acid, and serotonin, 1 mM
amounts of each analyte was prepared in Trizma® artificial cerebrospinal fluid (TRIS
aCSF), pH 7.40, with Trizma® hydrochloride (15 mM), Trizma® base (10 mM), NaCl
(126 mM), KCl (2.5 mM), NaH2PO4.H2O (1.2 mM), Na2SO4 (2 mM), CaCl2.2H2O (2.4
mM), and MgCl2.6H2O (1.2 mM). Prior to the addition of CaCl2.and MgCl2 the pH of the
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Figure 4-1:

Platinum microelectrode fabrication process. A: Each platinum

microelectrode was fabricated by pulling a glass standard 1.2 MM x 0.68 MM, 4”, I.D.
capillary tube (A-M systems, Inc., Sequim, WA, USA) using a type PE-2, RR50915300
pipet puller (Narishige, Japan). B: The pulled capillary was loaded with a 1-2 cm, 50 µm
diameter platinum wire (Goodfellow Cambridge Limited, Huntingdon, United Kingdom).
C: An incision was made at the periphery where the platinum wire met the glass capillary
using a General Tools 88 Tungsten Carbide Scribe (Amazon, WA, USA). D: The
exposed electrode was submerged into EPO-TEK® 301 epoxy for 5 minutes (Epoxy
Technology, Inc, Billerica, MA, USA) to form a seal at the glass-platinum interface. E:
Electrical contact was made by inserting a pre-cut, pre-stripped wrapping wire (Kauffman
Engineering Inc, OR, USA) coated in silver conductive epoxy (MG Chemicals, Surrey,
Canada) through the open end of the capillary tube. F: The platinum microelectrode was
then polished on a BV-10 microelectrode beveler (Sutter Instruments, CA, USA) rotary
pad until a flat, 45° angled geometry was obtained.
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Figure 4-2:

Determination of the electroactive area of platinum microelectrodes.

Steady-state cyclic voltammogram of ferrocene carboxylic acid used to measure the
electroactive area of the platinum microelectrodes. The electroactive area was
calculated using the equation38:
Equation 4-3:

𝑖𝑠𝑠 = 4𝑛𝐹𝐷𝐶𝑟

where n is the number of electrons, F is Faraday's constant, D is the diffusion coefficient,
C is the bulk analyte concentration, and r is the radius of the electrode.38 The measured
steady state current was compared to a theoretical value calculated using Equation 3
where F = 96485 C mol-1, D = 2.1 * 10-5 cm2 s-1,37, C = 1 * 10-6 mol/cm3, and r = 3 * 10-3
cm. The measured steady-state current 23.7 ± 0.8 nA (± SEM, n = 3 electrodes) was
within 2% of the theoretical steady-state current 24.3 nA. Solvent: acetonitrile; [ferrocene
carboxylic acid] = 1.0 mM; [TBAP] = 100 mM (supporting electrolyte); scan rate: 10
mV/s.
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TRIS aCSF was adjusted to 7.40 using 1 M HCl. This buffer solution was also used to
prepare analytes for subsequent electrochemical measurements hereafter. A Gamry
Instruments Reference 600TM potentiostat (Warminster, PA, USA) was used in a threeelectrode configuration. A Ag/AgCl reference and platinum counter electrode (CH
Instruments, Austin TX) were used during experimentation. A triangular waveform (-0.2
to 0.6 V at 100 mV/s) was applied to the working electrode for 3 cycles. The current
generated from the oxidation scan of each analyte was constructed into a Tafel Plot and
used to quantify the rate constant.34
4.3.5

Fast-scan cyclic voltammetry
For all calibration and lifetime experiments, a PEDOT:Perchlorate coated

platinum microelectrode was placed in the output of a pneumatically actuated six-port
HPLC valve (Vici, Austin, TX, USA) in a custom built flow cell. A NE-1000 pump (New
Era Pump Systems, Inc., Farmingdale NY, USA) controlled solutions to a flow rate of to
500 µL per minute. Background-subtracted electrochemical measurements at the
PEDOT:Perchlorate coated platinum electrodes were collected using an Ensman EI-400
potentiostat (Ensman instruments, Bloomington, IN, USA), hardware provided by
Knowmad Technologies (Tucson, AZ, USA), and software written in-house on LabVIEW
2013 (National Instruments, Austin, TX, USA). Every electrode was cycled for 15
minutes prior to experimentation. Flow injection analysis was performed on dopamine
and ferrocene carboxylic acid prepared in TRIS aCSF.35 A Ag/AgCl quasi-reference
electrode was used as the reference electrode and a tightly coiled Ag wire as the
counter electrode.
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4.3.6

Scanning electron microscopy
Scanning electron microscopy (SEM) images were taken on a FEI (Hillsboro,

OR, USA) Inspec-S SEM equipped with a standard imaging back scattered electron
detector, an energy dispersive X-ray spectroscopy (EDX) system, and a JC Nabity
(Bozeman, MT, USA) nanometer pattern generation system. An accelerating voltage of
30 kV, spot size of 3.0, and working distance of 10.0 mm was used. Each electrode was
imaged on an aluminum stage with carbon black tape.

4.4

Results and Discussion

4.4.1

Electropolymerization and characterization of PEDOT:Perchlorate onto

platinum
Previously, poly(3,4-ethylenedioxythiophene) (PEDOT) has been deposited onto
a variety of different substrates and electrodes to perform voltammetric measurements
of biogenic amines.36,37 One technique our group has developed, an oxidative initiated
vapor phase deposition, produces PEDOT:Tosylate electrodes with low apparent
capacitances and high conductivities

making them

ideal sensors for FSCV

measurements.38 These electrodes are typically constructed by spin coating an oxidant,
most commonly iron (III) tosylate, onto a substrate for in situ polymerization with the
monothiophene; ethylenedioxythiophene (EDOT).32,36–38 To replicate this with platinum
microelectrodes, the oxidant would have to be dip coated onto the electrode surface.
Unfortunately, dip coating does not produce the same, even surface coverage as spin
coating and will subsequently vary the rate of polymerization between electrodes once
initiated (Figure 4-3). An alternative method to this is to oxidize EDOT in the presence of
a counter ion using electrochemical oxidation. Galvanostatic, and amperometric
methods for polymerizing PEDOT:Nafion onto platinum have been described
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Figure 4-3: Vapor phase coated PEDOT:Tosylate on platinum. A: Scanning electron
micrograph of a PEDOT:Tosylate vapor deposited platinum electrode showing an
uneven surface coverage of the polymeric material. This electrode was prepared by dip
coating a platinum wire in 20% w/v iron(III) tosylate in butanol 3 times for 5 seconds
each. The dip coated electrode was then exposed to 100 µL of EDOT vapor in a sealed
container at 55 °C for 20 minutes. B: Energy dispersive X-Ray spectroscopy of a
EDOT:Tosylate coated platinum electrode showing the presence of carbon, oxygen, and
sulfur.
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previously.39 These electropolymerization techniques often leads to a nonadhesive, low
homogeneity film that doesn’t exhibit the same nucleation density as electrodes or
substrates coated using cyclic voltammetry.40 Therefore, we modified and further
developed a technique for electropolymerizing PEDOT:Perchlorate onto the surface of
platinum using cyclic voltammetry to oxidize the monomer.
The

proposed

electropolymerization

scheme

and

structure

of

PEDOT:Perchlorate on platinum is depicted in Scheme 4-1. Through a radicalic
polymerization mechanism, two radical EDOT monomers undergo dimerization after
being oxidized at the electrode surface. Proton elimination then occurs which forms the
neutral dimer that can then be oxidized and coupled with other monomeric radical
cations in solution.41,42
The deposition waveform, parameters, and voltammetric trace with cycles 2, 4,
and 6 highlighted are shown in Figure 4-4C and D. The increase in the capacitive current
between subsequent scans and the sharp spike in the oxidation current near the anodic
limit can be attributed to the formation of PEDOT:Perchlorate on the electrode surface.
Scanning electron micrographs Figure 4-4A and E show that the uncoated platinum has
a rough surface that changes once polished and coated; creating a homogeneous
morphology consistent with other PEDOT:Perchlorate films described in the literature. 31
Additionally, energy-dispersive X-ray spectroscopy Figure 4-4B and F of an uncoated
and coated PEDOT:Perchlorate platinum electrode also serve as an indicator of coating
success. PEDOT contains oxygen and sulfur while perchlorate contains oxygen and
chlorine. The Kα transition lines of these elements are absent in the uncoated EDX
spectrum but are present in the coated EDX spectrum. The aluminum and carbon
signals present in both spectra can be attributed to the stage and carbon tape used
during imaging.
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Scheme

4-1:

The

electropolymerization

scheme

and

chemical

structure

PEDOT:Perchlorate. Solvent: acetonitrile; [EDOT] = 8.0 mM; [LiClO4] = 100 mM.
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of

Figure 4-4: Electropolymerization of EDOT:Perchlorate onto the surface of platinum
electrodes. A: Scanning electron micrograph of an uncoated platinum electrode. B:
Energy dispersive X-ray spectroscopy of an uncoated platinum electrode. C: Waveform,
potential window, and scan rate used for electropolymerization. D: Deposition cyclic
voltammogram of PEDOT:Perchloarate coating a platinum microelectrode. Cycles 2
(black), 4 (red), and 6 (green) are shown. E: Scanning electron micrograph of a coated
platinum electrode showing a change in morphology. F: Energy dispersive X-Ray
spectroscopy of a coated platinum electrode showing the presence of oxygen, sulfur,
and chlorine.
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Spectral imaging also shows dense regions of carbon, oxygen, sulfur, and
chlorine on the surface of the platinum electrode which further verifies coating success.
Analysis of the PEDOT:Perchlorate film using this technique yielded a 13 ± 1 µm thick
film (± SEM, n = 1 electrode; 23 measurements; Figure 4-5). A coating much thicker than
the PEDOT:Tosylate films described previously (100 – 200 nm) and can be attributed to
choosing perchlorate as the counter ion and the electropolymerization mechanism.32,38
From this, it is evident that perchlorate occupies a greater volume of space between the
interlayers of PEDOT than tosylate. This subsequently changes the geometry of the
electrode as shown in Figure 4-6.
4.4.2

Capacitance measurements of PEDOT:Perchlorate films
The modification in electrode properties was verified by calculating the apparent

capacitance of the PEDOT:Perchlorate films using cylic voltammetry (Figure 4-7). Using
TRIS aCSF as the buffer/supporting electrolyte, the non-faradaic current of the
PEDOT:Perchlorate platinum microelectrode was measured at a scan rate of 100 mV/s
from -0.2 to 0.6 V Figure 4-7A. The apparent capacitance was then calculated using the
equation:34

Equation 4-1:

𝐶𝑎𝑝𝑝 =

𝑖1/2
𝐴∗𝑣

where i1/2 is the half-wave current measured at 200 mV, A is the geometric area of the
electrode (2.8 * 10-5 cm2), and ν is the applied scan rate.34 The uncoated platinum
microelectrodes had an apparent capacitance 250 ± 110 µF/cm2 while the
PEDOT:Perchlorate coated platinum had an apparent capacitance 2700 ± 300 µF/cm2 (±
SEM, n = 3 electrodes; Figure 4-7B). This increase was statistically significant (Student’s
t-test, p < 0.05). The apparent capacitance determines the RC time constant, response
time, and background current of the electrode material.34 Ideally, the electrode material
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Figure 4-5: Energy dispersive X-ray spectral imaging of a PEDOT:Perchlorate coated
platinum electrode. A: Scanning electron micrograph of the PEDOT:Perchlorate coated
platinum electrode where the EDX spectral images were sampled from. B: Energy
dispersive X-ray spectral image showing the presence of platinum in the micrograph. C:
Energy dispersive X-ray spectral image showing the presence of carbon in the
micrograph. D: Energy dispersive X-ray spectral image showing the presence of oxygen
in the micrograph. E: Energy dispersive X-ray spectral image showing the presence of
sulfur in the micrograph. F: Energy dispersive X-ray spectral image showing the
presence of chlorine in the micrograph.
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Figure 4-6: Electropolymerization of EDOT:Perchlorate onto platinum microelectrodes.
A: Scanning electron micrograph of an uncoated platinum electrode. B: Scanning
electron micrograph of a coated platinum electrode showing a change in morphology
and electrode geometry.
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Figure 4-7: Non-faradaic measurements and calculated apparent capacitances of
uncoated and coated PEDOT:Perchlorate microelectrodes. A: Non-faradaic current
generated at an uncoated (grey) and PEDOT:Perchlorate coated (blue) platinum
electrode in TRIS-aCSF (pH = 7.40). B: Average apparent capacitances at uncoated
(grey) and PEDOT:Perchlorate coated (blue) platinum electrodes determined using
Equation 1 (± SEM, n = 3 electrodes). Statistical significance is marked with asterisks (*p
< 0.05). Scan rate: 100 mV/s; geometric electrode area = 2.8 x 10-5 cm2.
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has a low apparent capacitance however, since the background current is subtracted in
FSCV, this increase in capacitance is not limiting. The performance of these sensors is
more dependent on other characteristics such as electron transfer kinetics.
4.4.3

Determination of electrochemical rate constants
Platinum displays poor electrochemical properties for biogenic amines.33

To

examine the effect of our surface modification on improving electron transfer, we
measured the heterogeneous rate constants for different analytes and neurotransmitters
at the uncoated and coated PEDOT:Perchlorate platinum microelectrodes.

Cyclic

voltammograms of each molecule are shown in Figure 4-8A through D whereas the
calculated rate constants are shown in Table 4-1. Tafel plots (Figure 4-9) were
constructed by plotting the log value of the absolute current against the overpotential
and linearly extrapolating log |io| from the kinetically controlled region of the forward
oxidation scan. Once log |io| is obtained, the heterogeneous rate constant is calculated
using the equation:34
Equation 4-2:

𝑖0 = 𝐹𝐴𝑘0 𝐶

where i0 is the exchange current, F is Faradays constant (96485 C mol−1), A is the
geometric area of the electrode (2.8 * 10-5 cm2), and C, the analyte concentration (1 * 106

mol/cm3).34 For dopamine, k0 = 2.7 ± 0.1 * 10-3 cm/s at uncoated platinum and 13 ± 2 *

10-3 cm/s at the PEDOT:Perchlorate coated microelectrodes (± SEM, n = 3 electrodes).
The electron transfer rate was significantly faster at the coated electrodes (Student’s ttest, p < 0.05). For ferrocene carboxylic acid, k0 = 3.2 ± 0.3 * 10-3 cm/s at uncoated
platinum and 6.1 ± 0.2 * 10-3 cm/s at the PEDOT:Perchlorate coated microelectrodes (±
SEM, n = 3 electrodes). This result was also statistically significant (Student’s t-test, p <
0.01). Ascorbic acid had a k0 of 30 ± 10 * 10-3 cm s-1 while serotonin had a k0 of 8.9 ± 0.5
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Figure 4-8: Slow scan cyclic voltammograms of selected analytes collected at uncoated
(grey) and coated PEDOT:Perchlorate (blue) platinum microelectrodes. A: dopamine, B:
ferrocene carboxylic acid, C: ascorbic acid, and D: serotonin used to determine the
standard heterogeneous rate constants of uncoated and coated PEDOT:Perchlorate
platinum microelectrodes.
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Table 4-1: Standard heterogeneous rate constants for selected neurotransmitters
and standard molecule PEDOT:Perchlorate coated platinum microelectrodes. Rate
constants (* 10-3 cm s-1) were determined using Tafel Plots and Equation 2 (± SEM, n = 3
- 4 electrodes).
Electrode Type

DA

AA

5-HT

FcCOOH

Platinum

2.7 ± 0.1

Irreversible

Irreversible

3.2 ± 0.3

PEDOT:Perchlorate
Coated Platinum

13 ± 2

30 ± 10

8.9 ± 0.5

6.1 ± 0.2
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Figure

4-9:

Slow

scan

cyclic

voltammogram

of

dopamine

at

a

coated

PEDOT:Perchlorate platinum microelectrode with corresponding Tafel plot used to
determine the standard heterogeneous rate constant for dopamine.
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* 10-3 cm s-1 at the PEDOT:Perchlorate coated microelectrodes (± SEM, n = 4
electrodes). We can conclude from this, Figure 4-8 and Table 4-1, that the
PEDOT:Perchlorate coated microelectrodes exhibit significantly faster electron transfer
kinetics than uncoated platinum for all of the molecules tested. When measured at
uncoated platinum, the oxidation and reduction features of some transmitters were
barely distinguishable with some (ascorbic acid and serotonin) being completely
irreversible.
4.4.4

Fast-scan cyclic voltammetry of dopamine at PEDOT:Perchlorate-modified

electrodes
To assess the ability of PEDOT:Perchlorate coated platinum microelectrodes to
monitor neurotransmitter dynamics real time, FSCV was performed on dopamine, a
biologically relevant neurotransmitter of interest. A triangular waveform was applied from
-0.2 to 1.1 V vs. Ag/AgCl at a scan rate of 100 V/s and an application frequency of 10 Hz
(Figure 4-10A). The potential scan limit window of the PEDOT:Perchlorate coated
microelectrode was determined by increasing the anodic limit by 100 mV increments and
assessing where the non-faradaic current showed a rapid increase (Figure 4-11). This
phenomenon did not occur until 1.2 V (vs. Ag/AgCl), therefore we used an upper scan
limit of 1.1 V to obtain a chemically resolved background subtracted cyclic
voltammogram for dopamine (Figure 4-10D). Conversely, the PEDOT:Perchlorate film
became too resistive at scan rates > 100 V/s (Figure 4-12); making this the scan rate of
choice for experimentation. Once the electrode drift had minimized and a stable
background was obtained (Figure 4-10C), FSCV measurements were performed using
flow injection analysis.35 Data collected over a thirty-second-time period are represented
as color plots Figures (Figures 4-10B, 4-13A). In each trial, the current measured from
bolus injections of the target analyte is shown in false color (z-axis) while the voltage
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Figure

4-10:

Fast-scan

cyclic

voltammetry

measurements

of

dopamine

at

PEDOT:Perchlorate microelectrodes in vitro. A: Waveform, potential window, scan rate
and waveform application frequency used. B: Voltammetric current vs. time trace taken
at the peak oxidation potential (507 mV) and background subtracted color plot in
response to a 10 second, bolus injection of 200 µM dopamine. C: Non-faradaic current
generated at the PEDOT:Perchlorate coated platinum electrode. D: Background
subtracted cyclic voltammogram of a bolus injection of 200 µM dopamine. E: Peak
oxidation current vs. concentration calibration curve for the linear detection regime of
dopamine (± SEM, n = 3 electrodes). Buffer: TRIS-aCSF (pH = 7.40).
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Figure 4-11:

Potential scan limit window recorded at a PEDOT:Perchlorate coated

platinum microelectrode. Scanning in TRIS-aCSF (pH = 7.40) as the anodic limit is
increased each scan. Traces for 1.1 V (blue), 1.2 V (black), 1.3 V (red), and 1.4 V
(green) are shown. Scan rate: 100 mV/s.
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Figure 4-12: Non-faradaic current generated at a PEDOT:Perchlorate coated platinum
electrode. Traces for 75 V/s (blue), 100 V/s (black), 200 V/s (red), and 300 V/s (green)
are shown. The apparent capacitance at each scan rate was: 4044 µF/cm2 (75 V/s),
3986 µF/cm2 (100 V/s), 3773 µF/cm2 (200 V/s), and 4461 µF/cm2 (300 V/s).
TRIS-aCSF (pH = 7.40).
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Buffer:

applied (y-axis) is plotted against time (x-axis). A horizontal slice of the color plot, the
voltammetric current vs. time trace (Figures 4-10B, 4-13A), can be used to see how the
peak oxidation potential changes during the thirty-second-time period.
The background-subtracted cyclic voltammogram of dopamine (Figure 4-10D)
shows clear oxidation and reduction features; making quantification of the target analyte
possible

and

demonstrating

that

the

PEDOT:Perchlorate

coated

platinum

microelectrodes are capable of making fast voltammetric measurements. Using the
oxidation peak current, the sensitivity of dopamine at the PEDOT:Perchlorate coated
microelectrodes was 1.43 ± 0.03 nA/µM. When normalizing to scan rate (100 V/s), and
the geometric area of the electrodes (2.8 * 10-5 cm2), the sensitivity is in actuality 505 ± 9
nA * s/(µM * V * cm2) (± SEM, n = 3 electrodes; Figure 4 E). The sensitivity of dopamine
at AS4 CFMEs (Hexcel Corporation, Stamford, CT) is 1980 ± 130 nA * s/(µM * V * cm2)
(± SEM, n = 3 electrodes); approximately four times the sensitivity of the
PEDOT:Perchlorate

coated

platinum

microelectrodes.

This

means

that

the

PEDOT:Perchlorate coated platinum microelectrodes has the necessary sensitivity to
monitor biogenic amines.
4.4.5

Sensor lifetime
A suitable sensing probe must have a quantitative response that remains

constant throughout the duration of an experiment. To assess the electrochemical
lifetime of the PEDOT:Perchlorate coated microelectrodes, ferrocene carboxylic acid, a
well characterized electrochemical analyte, was measured for the duration of a typical
experiment (90 minutes). The electrode was continuously cycled from -0.2 to 1.1 V vs.
Ag/AgCl at a scan rate of 100 V/s and an application frequency of 10 Hz over a 90
minute period of time (54, 000 waveforms). The oxidation peak current generated from
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bolus injections of ferrocene carboxylic acid at the beginning and end of experimentation
were used to calculate the normalized lifetime. This was done by dividing the peak
oxidation current at t = 90 minutes by the peak oxidation current at t = 0 minutes.
Ferrocene carboxylic acid was chosen for experimentation due to its inherent stability
over long periods of time and well characterized electrochemical properties.
The decrease in the peak oxidation current was 34 ± 9 % (± SEM, n = 4; Figure
4-13D) and is indicative of the loss of PEDOT function in the electrode material;
becoming more “platinum – like” as time progressed. This claim is further asserted by
the changes in the non-faradaic current which became more resistive throughout
experimentation. This subsequently changed the apparent capacitance of the electrode
from 4420 ± 180 µF/cm2 at the beginning to 1540 ± 40 µF/cm2 at the end of
experimentation (± SEM, n = 4 electrodes; Figure 4-13B). This result was statistically
significant (Student’s t-test, p < 0.05). This is in addition to the changing ΔEp at the
beginning 300 ± 30 mV and end 190 ± 50 mV of experimentation (± SEM, n = 4
electrodes; Figure 4-13C). This result was not statistically significant (Student's t-test, P
= 0.95) and means that there is still some PEDOT:Perchlorate on the electrode surface
since the electron transfer kinetics (ΔEp) are not statistically significant.
The oxidation feature near the switching potential is we believe the intercalation
of ions from solution into the PEDOT:Perchlorate coated microelectrode as the
background is changing. This occurrence is seen in both the dopamine and ferrocene
carboxylic acid color plots at ~988 mV and ~975 mV respectively (Figures 4-10B, 413A). The intercalation of ions is not as evident in dopamine as it is with ferrocene
carboxylic acid. This again could be due to intercalation but this time of dopamine oquinone into the PEDOT film. Something which has been reported previously in the
literature.38
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Figure 4-13: In vitro lifetime characterization of the PEDOT:Perchlorate microelectrodes.
A: Voltammetric current vs. time trace taken at the peak oxidation potential (559 mV)
and background subtracted color plot in response to a 10 second, bolus injection of 500
µM

ferrocene

carboxylic

acid.

B:

Non-faradaic

current

generated

at

the

PEDOT:Perchlorate coated platinum electrode before (blue) and after (grey)
experimentation. C: Background subtracted cyclic voltammograms of bolus injections of
500 µM ferrocene carboxylic acid before (blue) and after (grey) experimentation. D:
Normalized lifetime calculated by dividing the peak oxidation current at t = 90 minutes by
the peak oxidation current at t = 0 minutes (± SEM, n = 4 electrodes). Buffer: TRIS-aCSF
(pH = 7.40); scan rate: 100 V/s.
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4.4.6

Prospects for in vivo application of these sensors
By electropolymerizing PEDOT:Perchlorate onto platinum, we have been able to

create a film coating that changes the electrode geometry and improves the electron
transfer kinetics of biogenic amines. This has enabled us to perform FSCV on dopamine,
a biologically relevant neurotransmitter. However, for in vivo applications, there are three
limitations that must be addressed. The first being the inherent noise of the electrodes
which

ultimately

restricts

us

from

measuring

more

physiologically

relevant

concentrations (micromolar, nanomolar)43,44 of dopamine. Second, the large apparent
capacitance of the electrodes (2700 ± 300 µF/cm2) which generates a large background
current and prevents us from scanning faster than 100 V/s. To address this, the
apparent capacitance of the electrode material has to be much lower and closer to that
of CFMEs1. Scanning at faster rates will also improve the sensitivity (505 ± 9 nA * s/(µM
* V * cm2)) and LOD of the electrode. Third, the lifetime of the electrodes. Although the
PEDOT:Perchlorate coated microelectrodes only experienced a 34 ± 9 % loss in
electrode function over a 90 minute period of time, it was still evident during
experimentation that the electrode had become more “platinum – like” as time
progressed. Evidence that the PEDOT:Perchlorate coating was disrupted. Future studies
in our lab will be conducted to optimize coatings by exploring other dopants, changing
deposition conditions, and expanding our target analytes to address these concerns.
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4.5

Conclusions
In

this

work,

we

present

results

that

demonstrate

the

ability

of

PEDOT:Perchlorate coated platinum microelectrodes to perform FSCV measurements
of biogenic amines. Using cyclic voltammetry, we deposit and characterized a uniform
PEDOT:Perchlorate coating onto platinum. This improves the electron transfer kinetics
of neurotransmitters at metal electrodes, thus enabling improved electron transfer
kinetics allowed for the measurement of dopamine using FSCV. The electrochemical
longevity of the PEDOT:Perchlorate coated platinum microelectrodes was also assessed
using ferrocene carboxylic acid. By showing that PEDOT:Perchlorate is able to perform
fast measurements (100 V/s) at platinum will make it amenable for use in microelectrode
arrays that can be integrated with electrophysiology.45 Future studies however will need
to be done to further optimize the noise, apparent capacitance, and lifetime of the
PEDOT:Perchlorate coated platinum microelectrodes before this new sensing platform
can be used for in vivo applications.
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CHAPTER 5
Synthesis and characterization of bathochromic
PEDOT:Nafion polymer nanoparticles

The contents of this chapter are based upon work that will be submitted to a peerreviewed journal for publication.
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5.1

Abstract
Oligo-EDOT:Nafion composite nanoparticles are easily prepared via a one pot

synthesis in ambient conditions from commercially available reagents. These particles
form uniform dispersions in acetonitrile with a diameter of approximately 100 nm, and we
characterize them by visible absorption spectroscopy, thermogravimetric analysis, x-ray
photoelectron spectroscopy, transmission electron microscopy, and dynamic light
scattering. When suspended in acetonitrile, these particles form a stable suspension of
low molecular weight PEDOT and Nafion, as the particles have a zeta potential of -49 ±
11 mV. Exposure to water or other polar protic solvents induces chemical and physical
changes in the nanoparticles, resulting in a bathochromic shift in the absorption
spectrum and a constriction of the nanoparticle geometry from a diameter of 111 ± 8 nm
to 71 ± 6 nm. Here, we adapt this supramolecular behavior to inexpensively (<2$ USD)
and rapidly (a few seconds) detect the water content of acetonitrile with UV-VIS
absorption spectroscopy. The limit-of-detection of water in acetonitrile is 125 ppm, and
the linear dynamic range extends up to 2500 ppm.

135

5.2

Introduction
Nanoparticles are an important class of functional materials with potential to

impact a variety of problems of interest. The field of nanotechnology is rapidly growing,
with applications of polymer and inorganic nanoparticles seen in imaging, 1 drug delivery
systems and medicine,2–4 biosensors,5–9 and electronic materials.10–13

While the

nanoparticle synthesis field is maturing, there is still an absence of functional polymer
nanoparticle backbones.

Polythiophenes such as poly(3,4-ethylenedioxythiophene)

(PEDOT) or poly(3,4-propylenedioxythiophene) (ProDOT) are of particular interest
because of their conductivity and ubiquity in electronic devices,14–16 electrochromic
devices,17 supercapacitors,18,19 medical coatings,20 and biosensors.21,22 The ethylene
(EDOT) or propylene (ProDOT) bridge provides a site to incorporate modifiers and
linkers making polythiophenes an excellent scaffold upon which to incorporate
biotherapeutics or electronic interface modifiers.23
When polymerized, PEDOT is a blue solid; intractable in all solvents regardless
of small molecule doping. As a result, PEDOT is most commonly used as a polymeric
blend with a polystyrenesulfonate (PSS) counterion.24

The deprotonated sulfonate

groups on PSS interact with positively charged polarons on PEDOT chains through a
coulombic attraction, establishing a strong intermolecular interaction in which PSS
chains entangle PEDOT.25,26 With this interaction, PEDOT and PSS form a stable and
soluble dispersion, which is easily processed by spin coating, spray coating, doctor
blading, or dip coating.24
Here, we draw inspiration from polystyrenesulfonate and form a stable
nanoparticle dispersion of oligo-EDOT by oligomerizing EDOT in the presence of an
aqueous dispersion of perfluorinated sulfonated polymer (Nafion). The solubility of the
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PEDOT is greatly enhanced, and the fluorinated backbone of the Nafion gives rise to
unique solution-dispersed behavior.

After the addition of polar protic solvents such as

water or methanol, these nanoparticle dispersions undergo a chemical change, and
irreversibly change conformation to minimize free energy in the new solvation
environment.

We exploit this behavior to use these nanoparticle dispersions as

quantitative detectors of water content in acetonitrile.
A promising application of solvation environment-sensitive nanoparticles is to use
them to detect impurities in solvents. Anhydrous conditions are required for a many
industrial syntheses and device fabrication techniques. Drying solvents is expensive molecular sieves require activation by extended heating at high temperatures (>200 oC)
and rely on slow diffusion of water into 3 – 4 Å pores, industrial scale distillation requires
enormous amounts of energy and can pose serious safety concerns, and liquid-liquid
extraction generates large amounts of waste.27,28

Due to the high economic and

environmental cost of purifying solvents the Karl Fischer titration is routinely used to
quantify the water content of solvents used in industrial applications.29 These titrations
are accurate from the parts per million up to the parts per hundred range, but require an
expensive ($5000 USD) instrument that must be operated by an expert and is only
useful for the task of Karl-Fischer titrations. Other quantitative methods exist, such as 19F
NMR spectroscopy or gas chromatography, but these methods require internal
standards and access to expensive instruments.30,31 A clear niche exists for a simple,
rapid, inexpensive, and accurate method to quantify the water content of organic
solvents.
Here, we present the synthesis and characterization of a PEDOT:Nafion
nanoparticle solution which provides an inexpensive ($2 USD per calibration and
measurement), simple, rapid, and quantitative assay for water in acetonitrile. In addition
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to this practical application, these nanoparticles may have further utility in serving as a
scaffold for drug delivery, electronic device interface modifiers, or sensors for other types
of molecules.
5.3

Experimental

5.3.1

Chemicals and synthesis
Nanoparticles were prepared by solvent evaporation oligomerization in

borosilicate glass 20 mL scintillation vials. Unless otherwise specified, 150 µL of 3,4ethylenedioxythiophene (EDOT) (Sigma Aldrich, St. Louis, MO, USA) and 150 µL of
Nafion (LQ-1105, 5% w/w in solution of lower aliphatic alcohols and water) (Ion Power,
New Castle, DE, USA) was added to 10 mL of HPLC grade acetonitrile (EMD Millipore,
Darmstadt, Germany) and the vial was left uncapped in a laboratory fume hood for 18
hours. A purple solid formed at the bottom of the vials which turned red upon the
addition of 20 mL acetonitrile.
5.3.2

UV/visible absorbance measurements
This solution was split evenly into separate glass vials, and spiked with 10-100

µL of a nanopure water/acetonitrile stock solution to bring the concentration of added
water to between 125 ppm (parts per million) and 16 ppt (parts per thousand). Vials
were capped and mixed for 5 seconds, and then UV/Vis absorbance measurements
were made in a capped quartz 1 cm path length cuvette. Measurements were made
using an Agilent 8453 diode array UV/Visible spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA) was used for all UV/Vis measurements.
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5.3.3

Thermogravometric analysis measurements
A Tecnai Spirit transmission electron microscope (FEI, Hillsboro, OR, USA)

operated at 100 kV was used for all electron microscopy. Samples were spotted 5-10
times onto a 300 mesh carbon-coated copper TEM grid (Electron Microscopy Sciences,
Hatfield, PA, USA) and dried in air.
5.3.4

X-ray photoelectron spectroscopy
All x-ray photoelectron spectra were acquired with a KratosAxis Ultra 165 DLD

Spectrometer equipped with magnetic immersion electron lens using 300 W
monochromatic Al(kα) radiation in constant analyzer energy mode. The sample analysis
area used was 700 µm x 300 µm. Survey spectra were collected using a pass energy of
160 eV and specific elemental regions were collected using 20 eV pass energy and
averaged over multiple scans. The analysis chamber was maintained at a pressure ≤ 5
x 10-9 torr. Samples were prepared by drop casting 1 mL of a 10 mg/mL solution of
nanoparticles onto a 1 cm2 glass substrate and dying in ambient conditions.
5.3.5

Trace metal analysis
ICP-MS was performed using a Perkin Elmer ELAN DRC II (Perkin Elmer,

Waltham, MA, USA). All reagents were trace metal grade, and quantitation was done
relative to an indium internal standard.
5.3.6

Dynamic light scattering and zeta potential measurements
Dynamic light scattering (DLS) was performed on a Zetasizer ZS (Malvern

Instruments, Worcestershire, United Kingdom). 3 mL of aliquots of the particles were
analyzed in borosilicate glass cuvettes at 25°C using the automatic mode (n = 3 batches
of particles).

The z-average radius (zaverage) and polydispersity index (PDI) were
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calculated from the correlation function using the Malvern Zetasizer Software version
7.03 (Malvern Instruments, Worcestershire, United Kingdom). The zeta potential of the
particles was measured in ethanol because our zeta potential cell was not compatible
with acetonitrile.
5.4

Results and Discussion

5.4.1

Synthesis of nanoparticles and trace metal analysis of reagents
The solvent evaporation oligomerization of PEDOT:Nafion nanoparticles is

depicted in Scheme 5-1. A dilute solution of EDOT and Nafion in acetonitrile is added to
a scintillation vial, which is left exposed to atmosphere and evaporated in a fume hood
for 18-24 hours (a).

After evaporation, a solid mass of particles is formed on the

container (b), which is readily solubilized by the addition of acetonitrile (c). Varying the
EDOT and Nafion concentrations yields differently colored solids, ranging from brown to
red to purple to blue, with higher concentrations of EDOT and Nafion resulting in dark
brown colored material.

After exposure to ambient humidity for hours to days

(depending on airflow and humidity), nanoparticle suspensions that start brown, red, or
purple will shift in color to blue.

After preparation, the nanoparticles will remain

suspended in acetonitrile for several months with a maximum solubility of approximately
5-10 mg/mL.
In order to probe the reagents for adventitious metals which might catalyze the
reaction by oxidation, the acetonitrile, Nafion, and EDOT were quantitatively analyzed for
the elements Be, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Ba,
and Pb by ICP-MS by evaporating 1 mL of each sample and re-suspending them in 10
mL of 0.1 M nitric acid, followed by filtration through a 0.45 um nylon syringe filter. No
metals were found at concentrations above 10 ppb in any of the reagents. Three freeze-
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Scheme 5-1: Synthesis of oligo-EDOT:Nafion nanoparticles by solvent evaporation. X,
Y, and Z represent polymer subunits. On average, there are 18 CF2 units between each
sulfonate for the particular MW dispersion of Nafion used. a) A mixture of EDOT and an
aqueous dispersion of Nafion are dispersed in acetonitrile. This solution is mixed and left
uncapped in a fume hood for 18 hours. b) Red and purple particles are formed on the
bottom and sides of the vial. c) Upon re-suspension in acetonitrile, a uniform dispersion
of oligo-EDOT:Nafion nanoparticles appear red in color.
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pump-thaw cycles were performed on a solution of EDOT and Nafion in an oxygen-free
glovebox, where the synthesis was repeated successfully, indicating that oxygen is not
required for oligomerization, and confirming that the formation of oligo-EDOT is likely not
proceeding through the standard oxidative route. The Nafion in some manner acts as an
oligomermerizing agent for EDOT, though sulfonate groups are not known to be
oxidizing. When the synthesis is repeated with a lithiated (instead of protonated) Nafion
analog (LITHion, Ion Power, New Castle, DE, USA) in place of Nafion, no particles or
colored solids form, suggesting that a low pH is needed for nanoparticle synthesis.
5.4.2

Thermogravimetric

analysis

and

X-ray

photoelectron

spectroscopy

measurements of nanoparticle content
To determine the amount of oligo-EDOT and Nafion in the resulting
nanoparticles, two different approaches were taken. First, thermogravimetric analysis of
nanoparticles (Figure 5-1a) shows a large decrease in mass (~80 %) of the particles at
an onset temperature of approximately 420 °C corresponding to the thermal degradation
of the CF2 portion of Nafion. Further, the next largest feature in the thermogram is a loss
in the range of 350 to 380 °C which corresponds to the loss of the sulfonate groups from
Nafion.

Lastly, the evaporation of excess EDOT and low order EDOT oligomer is

expected in the range of 50 to 250 °C. The remaining mass of the nanoparticles is lost
in this region indicating only a small fraction of EDOT and oligomer are present.
To edify the TGA results XPS analysis was performed on the particles. A thin
film of the particles was made by drop casting and drying was analyzed by XPS. The
results of this analysis showed the primary elemental content of the particles includes F,
C, O, and S (Figure 5-1B). This is expected based on the structure of both Nafion and
EDOT (refer back to Scheme 5-1). To quantify the content of particles we used the S2p
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Figure 5-1: Characterization of the chemical composition of the nanoparticles.

a)

Thermogram obtained from 2.2 mg of nanoparticles. Range = 25 – 800 °C, rate = 10
°C/minute, stabilized at 25 °C for 10 minutes prior to run. EDOT monomer, dimer,
trimer, and oligomer are evaporated at 50 – 250 °C, while Nafion degrades at
temperatures in the range of 350 – 550 °C. b) X-ray photoelectron spectrum of a film of
nanoparticles prepared by drop casting 1 mL of a 10 mg/mL solution of nanoparticles
onto a 1 cm2 glass substrate and dying in ambient conditions. This shows that the
primary chemical composition of the particles is C, O, S, and F. c) Zoom-in of the sulfur2p region of the XPS spectrum. As both of the polymers contain sulfur in different
chemical bonding environments, this region can be used to approximate the relative
abundance of each molecule in the particles.
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region of the spectrum as this region contains a reporter peak for both Nafion and EDOT
(Figure 5-1C). The dominant sulfur feature is due to the sulfonate from the Nafion
(Binding energy = 168.5 eV) whereas the spectral feature from alkyl sulfur (Binding
energy = 164 - 165 eV), is owed to sulfur in the oligo-EDOT chains. Comparison of the
integrals of these peaks revealed that the particles are made up of 89 ± 3 % Nafion and
11 ± 3 % oligo-EDOT (± SEM, n = 3). This confirms the TGA analysis which suggested
that the particles were mostly Nafion in content. Taken together these data indicate that
only a small amount of oligo-EDOT is needed to create a functional sensor.
5.4.3

UV/visible absorbance spectroscopy measurements
The synthetic space of the particles was explored by modifying the concentration

of the starting reagents. The aim of these experiments was to optimize the synthesis
conditions. UV/Vis absorption spectra of a panel of synthesis conditions are shown in
Figure 5-2. Nanoparticles were synthesized by varying the EDOT concentration from
665 ppm to 66500 ppm with Nafion held at a constant 310 ppm, or by varying the Nafion
concentration from 5 ppm to 3125 ppm with EDOT held constant at 16625 ppm. The
particles were synthesized as described in Scheme 5-1, and suspended in 20 mL
acetonitrile prior to measurement. Absorption below 300 nm corresponds to EDOT,
while protonated EDOT oligomers are present between approximately 325 nm and 450
nm. The dimer absorbs at maxima of 325 nm and 334 nm, the trimer at 353 nm, 382
nm, and 408 nm, and the tetramer at 400 nm, 426 nm, and 447 nm. In synthesis
conditions with higher EDOT or Nafion concentrations (above 310 ppm Nafion and 6650
ppm EDOT), nanoparticles approximately 100 nm in size become measurable by
dynamic light scattering (DLS), and absorbance maxima at both 491 nm and 589 nm are
visible.
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Figure 5-2: UV/Visible absorption spectra of nanoparticles prepared in different
synthesis conditions. a) At a fixed EDOT concentration, with variable Nafion
concentrations. b) At a fixed Nafion concentration, with variable EDOT concentrations.
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To examine the effect of various solvents on the particle’s absorption maximum
wavelength, two separate batches of nanoparticles were prepared with 125 µL Nafion,
125 µL EDOT, and 10 mL acetonitrile. These particles were re-solvated in 20 mL of
acetonitrile and combined into a 50 mL beaker. From this beaker, nine 3 mL aliquots of
nanoparticles in acetonitrile were removed and added to quartz cuvettes. To each of
these cuvettes, between 2 and 10 drops of solvent were added. The solvents varied in
polarity hydrogen bonding capacity (as measured by the solvatochromic pyridinium Nphenolate betaine dye),32 and proticity, and including diethyl ether, dichloromethane, 1butanol, ethyl acetate, acetone, acetronitrile (control), methanol, ethanol, and water.
The results are summarized in Table 5-1. A large volume of solvent (10 drops) was
added to vials that did not appear to change color upon the addition, and a small amount
(2 drops) was added to cuvettes where a large shift in absorption occurred. In general,
aprotic solvents do not shift the absorption maximum of the particles when compared to
the control. Protic solvents shift the absorption maximum by between 13 nm (butanol)
and 46 nm (water). Additionally, the absorption maximum shift of water is greater than
less polar protic solvents.
5.4.4

Transmission electron microscopy measurements
Transmission electron microscopy (TEM) was used to visualize the nanostructure

of the particles and to examine the effects of hydration on particle structure. A batch of
nanoparticles were prepared with 125 µL Nafion, 125 µL EDOT, and 10 mL acetonitrile.
These particles were re-suspended in 20 mL acetonitrile, and appeared red in color.
The particles were split into two 10 mL aliquots, and to one solution, 2500 ppm water
was added. After the addition of water, the color of this solution changed from red to
blue. Both aliquots were then filtered with 0.2 µm nylon syringe filters, and spotted onto
carbon TEM grids within 10 minutes of re-suspension.
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Solvent
Acetonitrile
(control)
diethyl ether
ethyl acetate
dichloromethane
acetone
1-butanol
ethanol
methanol
water

ET(30)
(kcal·mol-1)

Max. Abs. λ
(nm)

Protic

Drops
added

46

531 ± 4

no

10

34.5
38
41
42
50
52
55
63

535 ± 3
535 ± 4
533 ± 3
531 ± 2
544 ± 5
570 ± 2
557 ± 6
577 ± 4

no
no
no
no
yes
yes
yes
yes

10
10
10
10
2
2
2
2

Table 5-1: Shifts in absorbance caused by the addition of solvents to the
nanoparticle dispersion. (± SEM, n = 3). ET(30) is an indicator of polarity and hydrogen
bonding capacity adapted from C. Reichardt.32

147

Figure 5-3: Two representative nanoparticles prepared from the same pot of solution.
a) Half of the particles were drop-cast onto a TEM grid within 10 minutes of resuspension. These particles exhibit an open conformation. b) The other half of the
particles were exposed to 2500 ppm H2O prior to being drop-cast. The particle exhibits
a surface-energy minimizing conformation, wrapping itself into a spherical shape. c)
This size change was confirmed with dynamic light scattering measurements, which
show a statistically significant decrease (36 %, p < 0.01) in particle size upon hydration.
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Representative transmission electron micrographs are shown in Figure 5-3, with
(A) depicting a nanoparticle prepared at [EDOT] = 1.12 mM in an unhydrated solution of
acetonitrile, (B) depicting a nanoparticle prepared at [EDOT] = 1.12 mM in a hydrated
(2500 ppm H2O) solution of acetonitrile. Both A and B show a similar microstructure,
with nodules 10-30 nm in diameter connected in a twisted chain configuration. The dry
nanoparticles exhibit an open configuration while the wet nanoparticles typically exhibit a
closed configuration, perhaps to minimize surface energy. No particles were identified
by TEM when Nafion or EDOT alone was dispersed in acetonitrile or ethanol and drop
cast onto carbon grids.
5.4.5

Dynamic light scattering measurements
In the interest of painting a clearer picture of solution-phase particle dynamics,

the size of the nanoparticles was evaluated by dynamic light scattering (DLS). A batch
of nanoparticles were prepared with 125 µL Nafion, 125 µL EDOT, and 10 mL
acetonitrile. These particles were brought up in 20 mL acetonitrile, and appeared red in
color. The particles were filtered with a 0.2 µm nylon syringe filter, split into equal
volumes, and stored in separate containers. To one container, 3 drops of water were
added, and the hydrated particles changed color from red to blue in a few seconds. To
the other container, 3 drops of acetonitrile were added. The hydrodynamic diameter
(size) of both the hydrated and unhydrated solutions was measured by dynamic light
scattering (DLS). Unhydrated nanoparticles had an average diameter of 111 ± 8 nm (n =
3 batches of particles) with a polydispersity index (PDI) of 0.31 ± 0.09, and hydrated
nanoparticles had an average diameter of 71 ± 6 nm with a PDI of 0.26 ± 0.05 (Figure 53c). The difference between average diameter is statistically significant (Student’s t test,
p < 0.01), while the difference in PDI is not. The average hydrodynamic diameter of the
nanoparticles decreased by 36% upon the addition of water to the acetonitrile.
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A

Figure 5-4: Oligo-EDOT:Nafion nanoparticles as a quantitative water sensor. a)
UV/Visible absorption spectra of acetonitrile-dispersed nanoparticles with different
concentrations of water in solution. b) Linear region of the calibration plot of water
concentration vs. wavelength maxima of visible absorbance. (n = 3, error bars are
standard error of the mean) Inset: Entire range of tested water concentrations shows a
roll-off in linearity after 2500 ppm H2O. c) Solutions of nanoparticles dispersed into 4 mL
aliquots of acetonitrile. L to R – increasing concentrations of water added, 0 ppm, 1000
ppm, 2000 ppm, 3000 ppm, 4000 ppm, 5000 ppm, 6000 ppm, 7000 ppm.
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reasonable explanation for this behavior is a solvent-induced minimization of surface
energy that manifests in a conformational change.
5.4.6

Oligo-EDOT:Nafion nanoparticles for the quantitative detection of trace

water in acetonitrile
With the addition of water or other solvents to red solutions of nanoparticles
suspended in acetonitrile, a bathochromic shift in the absorption maximum wavelength
of the solution is observed over the course of 1-2 seconds when gently shaken or stirred.
This bathochromic shift is not reversible when nanoparticle dispersions used for water
quantitation are dried with molecular sieves. These nanoparticles undergo structural (as
observed by TEM) and chemical (as observed by spectroscopy) changes upon the
addition of polar protic solvents. Here, we exploit these changes to employ the particles
as a sensor for water in acetonitrile. Solutions with a red color upon suspension in
acetonitrile were chosen for water detection as they displayed the largest bathochromic
shift in absorption maximum upon the addition of water, and therefore had the highest
sensitivity.

Figure 5-4a shows the absorption spectra of a single pot synthesis of

particles (prepared with 125 µL Nafion, 125 µL EDOT, and 10 mL acetonitrile),
separated into six vials (3 mL per vial). A volume of 10-100 µL of a water/acetonitrile
mixture was spiked into the vials, and they were quickly mixed for 5 seconds then
measured on the spectrophotometer.

Figure 5-4b shows the UV/visible absorption

spectra maximum in the visible range plotted against the water concentration, where
error bars are standard error of the mean, with replicate measurements coming from a
new solution of nanoparticles with new water spikes. The limit of detection is probably
dictated by the 1 nm resolution of our spectrophotometer at a concentration of 125 ppm
H2O. The linear dynamic range extends up to 2500 ppm H2O, though quantitation is
possible via non-linear fits up to 10000 ppm H2O.
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Figure 5-5: Time-dependent wavelength of maximum absorbance for nanoparticle
dispersions with varying concentrations of added water. Nanoparticle dispersions were
stored under dry argon between measurements to minimize the effect of atmospheric
water.
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The spectrum contains three peaks, one at ~380 nm, one at ~410 nm, and one at
~510 nm. The first two peaks correspond to the protonated EDOT trimer, and the latter
peak corresponds to oligo-EDOT (>5 monomer units).24 Upon the addition of water, the
peak at 380 nm grows in intensity, and the peak at 510 nm shifts bathochromically while
decreasing in magnitude. This shift suggests that the important absorbance transition is
a p → p* transition as increased polarization forces lower the energy difference between
ground and excited states. Whereas a hypsochromic shift would result in a blue shift in
absorbance max resulting from n → p* transitions which arise from increased solvation
of non-bonded electron pairs which lowers ground state energy of n orbital.
Bathochromic shifts are typically smaller than hypsochromic shifts which is also
consistent with the observed magnitude of the shift which is 60 – 70 nm at max.
When a 20 mL vial containing 4 mL of nanoparticles dispersed in acetonitrile is
left capped after the quantitative addition of water, the absorbance of the dispersed
particles changes slowly with time. Figure 5-5 illustrates this time-dependent absorption
of water by monitoring the wavelength of maximum absorbance for solutions of waterspiked acetonitrile over the course of 12 hours. After solutions were spectroscopically
measured, they were stored under dry argon.

The acetonitrile blank's absorbance

wavelength maxima increases by ~3 nanometers per hour. Additionally, in solutions left
to equilibrate for an extended period of time, the absorbance maxima increases more
rapidly at water concentrations under 5000 ppm, and rises to a slightly higher plateau.
This effect has practical consequences for utilizing these nanoparticles as quantitative
sensors. Measurements must be performed within the first 5-10 minutes of nanoparticlesolvent interaction to achieve maximum sensitivity as defined by λmax, sample - λmax, blank,
otherwise changes in λmax may be incorrectly interpreted as arising from changes in
water concentration.
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Figure 5-6: MALDI-MS spectrum of oligo-EDOT polymerized with triflic acid. Spacing of
142 amu between the oligomers indicates that this polymerization method results in
polymer which is not conjugated.
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Figure 5-7: Zeta potential measurement of nanoparticles.

These particles were

synthesized with 125 µL Nafion, 125 µL EDOT, and 10 mL acetonitrile. Particles were
re-suspended in 10 mL ethanol for measurements. The measured zeta potential was to
be -49 ± 11 mV (n = 3 batches of particles). There was no measureable zeta potential
for solutions containing only Nafion or EDOT.
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5.4.7

Conductivity and zeta potential measurements
For many applications, PEDOT is used because of its conductivity. We wanted

to determine if these particles were also conductive. To determine if the particles were
conductive from all tested synthesis conditions were not conductive when drop-cast onto
glass slides and rinsed with water. This could be a product of the low-order EDOT
oligomers having a high charge hopping barrier, or perhaps due to the synthesis
conditions favoring oligomers with an interrupted pi-conjugation system. To determine
the possible polymerization mechanisms and level of conjugation in the polymer we
performed a synthesis using triflic acid, the monomeric homologue of Nafion. Analysis
of the resultant oligo-EDOT by MALDI-TOF mass spectrometry showed that short
oligomers (2 – 6 monomer units) were formed.

A mass difference of 142 a.m.u.

indicated that the PEDOT formed by this reaction still has hydrogen present at the
bonded carbons and is therefore not conjugated (Figure 5-6).
We also measured the zeta potential of particles synthesized with 125 µL Nafion,
125 µL EDOT, and 10 mL acetonitrile and re-suspended

in 10 mL ethanol was

measured to be -49 ± 11 mV (n = 3 batches of particles) (Figure 5-7). This zeta potential
is consistent with the observation that these particles do not settle in solution, as a highly
charged surface will resist aggregation. No particles were observed by DLS and no zeta
potential measurements could be made when EDOT or Nafion alone was dispersed in
acetonitrile or ethanol, respectively. This also supports the conclusion that the particles
themselves are not useful as conductors because they would not be in close proximity to
one another.
Lastly, the ability to create oligo-EDOT without an oxidant or applied potential is
of great broad interest as a potential new synthetic method for PEDOT. A solution of
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Figure 5-8: Transmission electron micrographs of oligo-EDOT:Nafion nanoparticles.
Particles were prepared with [EDOT] = 9 µM, 200 µL Nafion in 10 mL ACN, left capped
in a hood for 60 days, and filtered with a 0.45 µm syringe filter prior to spotting on a TEM
grid. The solution was light blue in color.
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nanoparticles (prepared with 9 µM EDOT, 200 µL Nafion in 10 mL ACN) left capped in a
hood for 60 days to ensure any and all reactions that would promote polymerization went
to completion. This produced some nanoparticles with very interesting morphologies
(Figure 5-8) including a branched configuration visually similar to snowflakes. Phase or
crystal boundaries on the order of 5 nm are readily apparent in the micrograph,
indicating that there are areas of differing electron density in the branches, possibly from
longer EDOT oligomers (or PEDOT). This is promising evidence for a new synthesis of
PEDOT in the absence of an oxidant.
5.5

Conclusions
Herein, we have characterized a novel synthesis of EDOT oligomer composite

nanoparticles.

These nanoparticles are easily synthesized from two inexpensive,

commercially available materials in a one-step room temperature procedure requiring no
special equipment.

The oligomerization proceeds even under strict anaerobic

conditions, indicating oxygen is not required for nanoparticle genesis.

Given the

absence of other possible oxidizing species, this would seem to indicate a non-oxidative
mechanism is at play. This oligomerization mechanism is of great general synthetic
interest, as to our knowledge; there are no outstanding examples of non-oxidative
oligomerization of non-halogenated polythiophenes.33

By manipulating synthetic

conditions to increase the length of the oligomer chains, this methodology could
potentially provide a new route to polythiophenes. A non-oxidative polymerization of
thiophenes could potentially provide a more homogeneous conductive material than
what is prepared by oxidative polymerization with a Lewis acid such as FeCl3 due to the
complete exclusion of any trace metal impurities. The mechanism of the oligomerization
may be of high general synthetic interest and is under investigation.
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The nanoparticles have a tunable starting color, and because of both chemical
and physical changes, their absorbance and morphology change predictably upon
encountering protic polar solvents while suspended in acetonitrile. We have exploited
this interesting supramolecular behavior to employ these nanoparticles as a quantitative
water sensor in acetonitrile using a UV/Visible spectrophotometer. The linear dynamic
range of water detection extends from 125 ppm up to 2500 ppm, which is a
concentration range of interest for trace water analysis.
5.6

Acknowledgements
This work was supported by University of Arizona startup funds. The author

thanks Dr. Lawrence Hill, Jared Griebel, Philip Dirlam, and Nick Pavlopoulos for fruitful
polymer discussions.

The author also thanks Dr. Katrina Miranda for use of the

UV/Visible spectrophotomer, Dr. Craig Aspinwall for use of the Malvern Zetasizer, and
Mary Kay Amistadi for performing the trace metals analysis. The author thanks Paul Lee
for technical expertise and XPS experiments.
5.7

Author Contributions
ARM conceived and carried out the particle analysis experiments using XPS,

TGA, TEM, and MS, and wrote corresponding sections of the paper. RFV conceived
and carried out all other experiments and wrote the paper. SML carried out TEM and
UV-Vis experiments experiments. WPB, NDL, and JP advised on experiments. MLH
oversaw the research, advised on experiments, and edited the paper.

159

CHAPTER 6
An injection-molded microfluidic chip for
electrochemical measurement of exocytosis from single
cells
The contents of this chapter are based upon work that will be submitted to
Lab on a Chip for peer review and publication.
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6.1

Abstract
Conducting polymer electrodes are a rapidly emerging and attractive alternative

to traditional electrode materials. Compared to gold and carbon, conducting polymers
such as PEDOT are easy to fabricate and incorporate into microfluidic devices. Further,
PEDOT electrodes have desirable electrochemical properties for the detection of
biogenic amine neurotransmitters and offer a biocompatible electrode surface that is
resistant to fouling. Here we fabricate, characterize, and implement a microfluidic device
to make electrochemical measurements of exocytosis from single cells. The device,
fabricated using injection molded polymer microchips, is capable of capturing single
PC12 cells on top of a PEDOT electrode. Once captured, the cell is stimulated with a
high-K+ solution to induce exocytosis. The individual vesicle release events are detected
via the oxidation of the catecholamines released by each vesicle at the PEDOT
electrode. These measurements were made from both control cells and cells treated
with L-DOPA. A statistically significant increase in vesicular catecholamine content was
observed as a result of this drug treatment. The same type of recordings were made
with carbon-fiber microelectrodes to validate the quantitative characteristics of the data
obtained with the microchip. The results presented here demonstrate the potential utility
of this new device to create a high-throughput drug screening platform for potential new
treatments of neurodegenerative diseases such as Parkinson’s and Alzheimer’s.
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6.2

Introduction
Analysis and characterization of the brain is a substantial analytical

measurement challenge. The smallest functional unit of this complex system is the
neuron. Neurons facilitate intercellular communication by integrating input information
and releasing, or not releasing, chemicals called neurotransmitters.1,2

Release of

classical neurotransmitters is termed exocytosis in which vesicles filled with
neurotransmitters fuse with the cell membrane and release their contents into the
extracellular space.

The neurotransmitters bind to receptors on nearby cells thus

resulting in the propagation of information between cells.3 In the healthy brain, this
process is tightly regulated and controls virtually all aspects of sensing, cognition, and
behavior. Unfortunately, dysregulation or loss of function in any of these systems can
lead to a plethora of disease states.4–6 An example of such is Parkinson’s disease,
characterized by impaired movement, tremors, and cognitive impairment, all resulting
from death of dopaminergic neurons.6 It is imperative that we develop platforms to study
neurotransmission to screen for new diseases treatments. Two commonly used model
systems are rat adrenal pheochromocytoma (PC12) cells and chromaffin cells.7,8 These
cell lines contain much of the same exocytotic proteins and cofactors as primary
neurons.9–11 In this work, we will focus on PC12 cells. PC12 cells are an immortalized
cell line which releases vesicles containing catecholamine neurotransmitters, primarily
dopamine.7,12,13

Further, mutants of the PC12 cell line exist for disease models of

several neurological disorders including Parkinson’s and Alzheimer’s diseases.14–18
Development of a high-throughput analysis technique for measurement of vesicle
release from cells will allow researchers to screen libraries of potential new drugs to treat
a variety of neurodegenerative diseases.
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Scientists have learned about exocytosis by making direct measurements of
neurotransmitter release using single-cell amperometry. Single-cell amperometry is a
method by which vesicle release can be measured and quantified by placing an
electrode very near the surface of a cell and oxidizing electroactive neurotransmitters as
they are released via exocytosis.19,20 This technique has been remarkably useful for
studying the roles of proteins and calcium signaling involved in exocytosis. 21–24
However, there have been limited studies of drug treatments for the treatment of
neurological disorders.25,26 The measurement method is well characterized but suffers
from low throughput and high variability.

This is because for these measurements,

carbon-fiber microelectrodes (CFMEs) are commonly used. These electrodes are made
by hand and positioned near a cell manually.27,28

The manual nature of both the

fabrication and positioning process means that no two electrodes and no two
measurement conditions are the same.

Resultantly, the single-cell amperometry

measurement technique is attractive for a high-throughput measurement platform but the
tool, specifically CFMEs, and methodologies require improvement to meet the
requirements for a high-throughput screening platform.
Researchers have taken a variety of approaches towards minimizing the
variation in the measurements and improving the throughput of single-cell amperometry.
One general approach is adding a low density of cells to a device containing patterned
electrodes and measuring from any electrode which has a single cell, or a small number
of cells, placed on the electrode.29 Alternatively, patterned fluidics or wells are used to
trap cells in the vicinity of an electrode but the number of cells measured from was
difficult to control.30 Both approaches have the potential to achieve higher throughput
and improved reproducibility. Our approach uses an adaptation of these approaches
with the added benefit of fluidic channels which allow for reproducible cell capture at an
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electrode and introduction of a pulse of drug or chemical stimulation in a controlled
manner. We have designed and fabricated an injection-molded device aligned to a
patterned PEDOT electrode which yields a device capable of directing single cells to an
electrode using microfluidics.

This approach is the converse of the traditional

methodology of positioning an electrode near a cell and results in consistent placement
of the cell relative to the electrode. This is not possible with handmade and beveled
electrodes that are positioned manually.
The device described herein is used to capture cells and measure chemically
induced exocytosis events from PC12 cells. We detail the fabrication of this device in
two parts; (i) polymer electrodes patterned using photolithography and (ii) microfluidic
channels produced by injection molding. Characterization of the electrodes as well as
the flow profiles and cell capture process are shown. Vesicular catecholamine release
from PC12 cells is measured with both the device and CFMEs. Comparison of the
quantitative data obtained using our new device with data obtained with CFMEs shows
that our platform captures the same quantitative information as the “gold standard”
method. Additionally, cells were treated with L-DOPA, a commonly used treatment for
Parkinson’s disease.25,31

Vesicular release from treated cells was measured and a

statistically significant increase in quantal content was observed compared to control
cells.

This demonstrates the utility of our device for the type of measurements

necessary for drug screening. This device is a promising platform for an automatable,
high-throughput drug screening method.
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6.3

Experimental

6.3.1

Chemicals
Unless noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO,

USA) and used as received. Solutions were prepared using 18.2 MΩ·cm water purified
using a Milli-Q Gradient A-10 system (EMD Millipore, Darmstadt, Germany).

A

physiological HEPES buffer (HEPES) was prepared (150 mM NaCl, 5 mM KCl, 1.2 mM
MgCl2, 2 mM CaCl2, 5 mM glucose, 10 mM HEPES, pH 7.4) and was used for all
electrochemical measurements.

An isotonic high-potassium HEPES buffer (High-K+

HEPES) was also prepared in the same manner using instead 105 mM KCl and 50 mM
NaCl.
6.3.2

Cells
PC12 cells (ATCC CRL-1721) were obtained from American Type Culture

Collection (Manassas, VA, USA). Cultures were maintained in media containing RPMI1640 media with additional 10% heat-inactivated horse serum, 5% fetal bovine serum,
and 1% penicillin-streptomycin in 5% CO2 atmosphere at 37 °C. Cells were grown in cell
culture flasks (BD Biosciences, San Jose, CA, USA) and subcultured every 7 days. For
all experiments, cells were plated on poly-D-Lysine coated dishes (Thermo Fisher
Scientific, Waltham, MA, USA) at a density of 50,000 cells/mL and experiments were
performed 3-5 days after plating. For microchip experiments, cells were detached from
the dish by lightly agitating for 30-60 s. When applicable, cells were treated with 100 µM
L-3,4-dihydroxyphenylalanine (L-DOPA) dissolved in culture media for 60 minutes prior
to experiments.
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6.3.3

Carbon-fiber microelectrode fabrication
Carbon-fiber disk microelectrodes were fabricated as previously described by

Pothos et al.32 AS4 carbon fibers, 7 µm in diameter, were used (Hexcel, Stamford, CT,
USA). Electrodes were backfilled with 3M KCl immediately before use. Electrode tips
were polished at a 45° angle using a micropipette beveler (Model BV-10; Sutter
Instrument Co., Novato, CA). Cyclic voltammograms were generated for each electrode
in 1 mM ferrocene carboxylic acid solution prepared in HEPES. Only electrodes that
generated stable responses with reversible kinetics were used. Electrodes with noise
greater than 1.4 pA were discarded.
6.3.4

Chip fabrication and testing
The design of the device was a modification of the cell capture platform

described by Tanzi et al for whole-cell patch clamp measurements.33

A multilayer

photolithography process was used to create a shim for an injection-molded microfluidic
structure with features of two different heights. The large height features (100 µm) are
the fluidic channels used to move cells to the capture site, introduce stimulation, and
apply flow (Figure 6-1A, blue features). The smaller features (1 µm height) are the cellcapture channels used to direct the cell to the working electrode (Figure 6-1C). This
shim was used to create microfluidic channels in TOPAS via injection molding.
The PEDOT:Tosylate electrodes in the chip were embedded into TOPAS
substrates. This was necessary to preserve the functionality of the electrodes through
the thermal bonding process used to bond the injection molded fluidic channels. A
procedure for this has been previously described by our group.34–37 The substrates used
here were injection molded 2 mm thick TOPAS® 5013L flat wafers. PEDOT:Tosylate
deposition was performed using the vapor-phase method described previously.37 Lastly,
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the substrate containing the electrodes was bonded to an injection molded fluidics via
thermal bonding to yield a completed device (Figure 6-1B). A detailed description of the
lithography and fabrication processes are included Appendix A.
6.3.5

Optical and atomic force microscopy
Atomic force microscopy was performed using a Veeco Dimension 3100 (Veeco,

Plainview, NY) in tapping mode using a Mikro Masch NSC-15 n-type silicon tip
(Mikromasch USA, San Jose, CA). Measured topography was software low-pass filtered
once (Nanoscope V531r1 software). Optical micrographs were collected using a Nikon
Ti- 2000 microscope (Nikon Corporation, Tokyo, Japan) with a Lumenera INFINITY USB
camera (Lumenera, Ottowa, ON, Canada).
6.3.6

Electrochemistry
Electrochemical data was collected using an Axopatch 200B (Axon Instruments,

Foster City, CA, USA) and digitized using custom LabVIEW software (National
Instruments, Austin, TX, USA). The analog signal was recorded at 250 kHz, low-pass
filtered with an analog four-pole Bessel filter at 2 kHz, and digitized at 10 kHz using a
real-time oversampling filter.38 A silver/silver chloride reference electrode was used for
all experiments.
6.3.7

Cell capture and measurement process
Measurements of single cells made with CFMEs were performed as previously

described.19,25,28,39

Exocytosis was stimulated is a 6-s, 20-psi pulse (Picospritzer II;

General Valve, Fairfield, NJ, USA) of High-K+ HEPES.

A potential of +650 mV vs

Ag/AgCl QRE was used for all measurements. For the microchip, cells were introduced
into the cell inlet channel and carried through the main channel by applying constant
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suction of -50 mbar at the outlet. Suction was applied with a Festo VEMA pressure
regulator (Festo, Esslingen am Neckar, Germany). Using an optical microscope, the cell
capture region (Figure 6-1D) was monitored visually for approaching single cells. As a
cell approached suction was applied manually with a syringe using an approximate
pressure of 10 mbar to draw the cell towards the capture site and working electrode.
Once captured, the cell was allowed to equilibrate for 3 minutes during which time.
Once captured, stimulation was introduced from the upstream channel filled with High-K+
HEPES by manually applying a pressure of approximately 10 mbar for 5 s.

This

stimulation process has previously been shown to be successful with this fluidic
geometry for delivery of drug to a captured cell.33 To ensure that our stimulating solution
was reaching the cell we probed this flow profile with a fluorescent dye (Figure 6-4).
Introduction of the dye by this process results in a laminar flow profile which carries the
solution along the wall of the main channel to the cell capture site. After exocytosis
events were measured from a cell a short burst of positive pressure was used to eject
the cell from the capture channel and the process was repeated to capture and measure
another cell. The capture and release process is shown later (Figure 6-3).
6.3.8

Data analysis
Exocytotic spikes were identified and their characteristics were determined using

a multipass algorithm described previously.40

All peaks identified by the program

(MiniAnalysis, Synaptosoft Inc, Decatur, GA, USA) were visually inspected and
overlapping peaks (peaks not resolved by more than 10 ms) were rejected.
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6.4

Results and Discussion

6.4.1

Design of the device
To make exocytosis measurements from single cells a microfluidic device needs

to enable the individuation of cells, position cells near an electrode in a controlled matter,
deliver chemical stimulation, and oxidize the neurotransmitters released. This chip was
designed to enable each of these steps. Schematics and images of the device are
shown in Figure 6-1.

Cells are introduced in the lower left fluidic channel and are

individuated in the serpentine segment of the channel (Figure 6-1A and B). Once the
cells emerge from the serpentine channel they are near a small fluidic channel that is
used to capture the cells on top of an electrode using applied suction (Figure 6-1C and
D). The size of this channel and the position of the electrode were both chosen to hold
the cell at one location throughout the experiment. Chemical stimulation is introduced
through another small channel placed upstream from the cell and carried by flow to the
captured cell to induce exocytosis.

The vesicle release events are monitored

amperometrically with the electrode. The cell can then be released and the process can
be repeated with a new cell.
The entire device was constructed out of TOPAS cyclic olefin copolymer. This
material was selected because it is: (i) transparent, which is necessary for monitoring
cell position with light microscopy (ii) amenable to injection-molding, which makes
replication of micron-scale features possible

(iii) compatible with solvents used for

photolithography, enabling deposition and patterning of electrodes and

(iv) can be

thermally bonded which yields sealed fluidic channels necessary for pressure driven
flow. Most other polymers such as polypropylene and polystyrene meet three of these
characteristics but exposure to acetone, a common solvent in photolithography

169

Figure 6-1: Schematic and image of chip including a zoom-in of the cell capture and
measurement region. (A) Drawings used to generate the photolithography masks. (B) A
fully assembled device. (C) Schematic of the area where cells are captured on top of
the working electrode used for measurements. (D) Optical microscope image of cell
capture and measurement region which incorporates a PEDOT:Tosylate working
electrode.
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processes, causes them to swell and become cloudy which occludes small channels and
makes them non-transparent. Other common microfluidic platforms such as PDMS on
glass are not attractive options as they are slow to produce, replicate small features
poorly, and do not hold up well to pressure driven flow. These features make TOPAS
the ideal choice for constructing these devices.
6.4.2

Electrochemical testing of the chip
When selecting an electrode material for this device three factors are important

to consider. The material needs to be able to oxidize our analyte of interest, resist
fouling in biological matrices, and amenable to the lithographic processes we used.
PEDOT is an attractive electrode material for incorporation into biosensors when
compared to noble metals such as gold because it is resistant to fouling. 41 Additionally,
it is compatible with standard photolithographic techniques when compared to carbon
which requires specialized deposition conditions and extreme temperatures.42,43 It has
also been shown that PEDOT electrodes have rapid electron transfer kinetics for
dopamine oxidation and are effective for measuring neurotransmitter release from PC12
cells.29,44,45 However, the sheet resistance of PEDOT can limit the length of the traces
that can be used due to ohmic loss. To overcome this we used a multilayer process to
deposit gold electrical contacts that terminate at PEDOT:Tosylate electrodes.

This

approach combines the advantages of the conductance of gold with the resistance to
fouling and good dopamine electrochemistry of PEDOT. An atomic force micrograph of
the gold/PEDOT interface taken before bonding of the chips is shown in Figure 6-2A.
This image shows a PEDOT:Tosylate electrode with a small piece overlapping with the
gold electrical contact. This entire assembly is embedded in a recess which allows the
fluidic portion of the chip to be bonded without breaking the electrical conductivity. Once
bonded, the function of the electrode was verified. The main channel was filled with
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Figure 6-2: Characterization of the electronic components of the device. (A) AFM image
showing the gold/PEDOT interface and the electrode and electrical contact embedded in
the polymer chip. The contact between the two conductors is made by depositing a
section of the PEDOT:Tosylate electrode on top of the gold. (B) Capacitive decay curve
generated by applying a potential of + 650 mV vs. Ag/AgCl quasi-reference electrode
and flat region of the curve (inset) used to calculate the noise of the system. Data was
collected with a low pass fourth-order Bessel filter at 2 kHz, and digitized at 10 kHz using
a real-time oversampling filter.38
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HEPES buffer and a Ag/AgCl reference electrode was placed in the outlet of the chip. A
potential step of +650 mV was applied and the resultant current was recorded (Figure 62B). This condition is the same as that which is used to record exocytosis events from
cells. The current in the flat portion of the trace is representative of the noise of these
measurements. The calculated noise in functioning (well bonded, no leaks observed)
devices was 0.8 ± 0.3 pA (± represents SEM, n = 9 electrodes, 2.0 kHz bandpass). This
represents a lower noise than the carbon-fiber microelectrodes (CFMEs) used for this
type of measurement (only electrodes with noise < 1.4 pA were selected) in which the
average noise is 1.1 ± 0.3 pA (± represents SEM, n = 12 electrodes, 2.0 kHz bandpass)
and has a typical range of 1.0 – 1.5 pA in other work.27,40,46
6.4.3

Cell capture and stimulation
Historically, the methodology for single-cell exocytosis measurements have been

performed by moving an electrode into place adjacent to a stationary cell.

This

technique requires manual positioning of handmade CFMEs which then serve as the
working electrode for amperometric measurements of exocytosis.

To overcome the

limitations of the bring-the-electrode-to-the-cell approach, we designed a microfluidic
chip that enables these measurements by directing the cell to a stationary electrode.
Use of a microfluidic device for measuring single-cell exocytosis removes variability of
manual positioning, reduces operator error, and can improve throughput. This would
make automation of this process possible which would greatly increase the number of
cells measured in a given time.

A measurement device with a rapid cycle time

compared to CFMEs is necessary if single-cell exocytosis measurements are going to
be used as a reporter for high-throughput drug screening.
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PC12 cells were introduced into the main channel inlet and moved toward the
capture site via application of suction to the outlet. The cell capture region, containing
the suction channel and the PEDOT:Tosylate electrode, was monitored using an optical
microscope (Figure 6-3A). When an approaching cell came within 100 µm of the capture
site, a pressure of approximately -20 mbar was applied to the suction channel, drawing
the cell towards the electrode (Figure 6-3B).

Once the cell was in place on the

PEDOT:Tosylate electrode, this pressure was reduced to maintain the position of the cell
without drawing it further into the channel (Figure 6-3C). This configuration was used to
make amperometric measurements of exocytosis. Once the cell had been measured, a
small positive pressure was applied to release the cell (Figure 6-3D).

This same

process was repeated to capture and measure subsequent cells. Once captured, the
cell is positioned on top of the working electrode where exocytotic release can be
stimulated and measured. A three dimensional model of this configuration is shown with
a captured cell residing on top of the electrode (Figure 6-3E).
While the cell is captured, a chemical stimulation was performed by introducing
High-K+ HEPES to an upstream channel. The constant flow in the main channel creates
a laminar flow profile which carries this stimulation to the cell located downstream. We
visualized this phenomenon using a fluorescent dye in place of the stimulating solution
(Figure 6-4). This series of images shows a bright field and dark field image with the
upstream channel filled with fluorescein and the downstream channel where the cell is
captured (Figure 6-4A and B). By applying a small positive pressure to the channel
containing the dye, the dye can be injected into the main channel and carried
downstream due to the constant flow in said channel. A detailed description of this
method is given by Tanzi et al.33 This creates a laminar flow profile which preserves the
concentration of the injected solution along the wall of the channel (Figure 6-4C).

174

Figure 6-3: Optical images showing the cell capture and release process. (A) Cell
capture region showing the capture channel and the PEDOT:Tosylate working electrode.
(B) Incoming cell moving towards the capture region, this is where suction is applied to
the capture channel. (C) Cell captured at the inlet of the capture channel, on top of the
PEDOT:Tosylate electrode. This is the scenario where the measurements are made.
(D) Captured cell is released and the process can be repeated at the same electrode.
(E) Scale 3D model showing cell capture site with a cell captured on a PEDOT:Tosylate
electrode.
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Figure 6-4: Optical microscope images showing the stimulation flow profile using a
fluorescent dye. One of the two cell capture channels was filled with fluorescein (A –
bright field, B – dark field)) and positive pressure was applied with a syringe. The
suction from the outlet channel (not in image – off to the left) causes a laminar flow
profile which delivers the dye to the second cell capture channel downstream (C). This
strategy was used to deliver chemical stimulation to captured cells.
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Quantification of the fluorescence signal revealed that the concentration of the
stimulating flow indicates that concentration that reached the cell is 80 ± 6 % of the
concentration injected (± represents SEM, n = 3 trials). This same method was used to
introduce chemical stimulation to induce exocytosis.
6.4.4

Measurement of exocytosis
Exposing PC12 cells to elevated levels of K+ ions causes depolarization of the

cell which starts a Ca2+-dependent signaling cascades which results in release of the
contents of dopamine-containing vesicles via exocytosis.

We measured these

exocytosis events using both the microfluidic chip described above and traditional
CFMEs (Figure 6-5). In both cases, there is a small upward shift in the recorded current
as the stimulation solution arrives at the electrode (Figure 6-5A and B). This is caused
by a slight mismatch in ionic content between the buffer and the stimulating solution.
Also shown are sample peaks of comparable amplitude and width. This demonstrates
visually that the data collected with both techniques is similar in terms of preserving peak
size and shape characteristics. A more quantitative treatment of these characteristics is
shown later (Table 6-1).
Stimulated exocytosis events were recorded from three different cohorts of cells:
(1) control (treated with only buffer), (2) incubated with L-DOPA, and (3) deprived of
Ca2+.

Sample data from the L-DOPA-treated and Ca2+-deprived cells is shown in

Figures 6-6 and 6-7, respectively. Treatment of PC12 cells with L-DOPA, a precursor in
the biosynthetic pathway for dopamine, has previously been shown to cause an increase
in peak amplitude and quantal content.25 On the other hand, removing Ca2+, a critical
component in the signaling cascade that leads to exocytosis, severely reduces the
number of events observed.23 Indeed, we observe both of these responses with both
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Figure 6-5: Single cell amperometry data obtained from PC12 cells using both the
microfluidic device (A and C) and carbon-fiber microelectrodes (B and D). Control cells
were stimulated with K+ to induce exocytosis (indicated with red arrow) and events were
measured for 30 seconds (A – chip, B – CFME). Selected peaks of similar amplitude are
shown for comparison (C – chip, D – CFME).
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Table 6-1: Summary of quantitative characteristics of the exocytosis events
measured from PC12 cells using both the microfluidic device and carbon-fiber
microelectrodes. (n refers to the number of cells measured, quantal size is significantly
different p < 0.05 for both measurement techniques)
# of
events

Chip

CFME

Control
(n = 15)
L-DOPA
(n = 11)
Control
(n = 14)
L-DOPA
(n = 10 )

Frequency
(#/min)

Quantal
AmpSize
litude
(molecules) (pA)

Rise
Time
(ms)

Decay
Time
(ms)

Half
Width
(ms)

1225

54
±9

73,000
± 24,000

7
±3

3.4
± 0.9

6.8
± 1.4

7.1
± 1.7

1176

71
±8

170,000
± 60,000

12
±6

4.1
± 1.1

7.2
± 1.5

7.4
± 1.6

1121

53
±7

69,000
± 22,000

6
±3

4.2
± 1.2

5.1
± 1.8

5.6
± 1.5

1138

76
±9

190,000
± 60,000

14
±6

4.3
± 1.0

6.6
± 1.4

6.5
± 1.4
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Figure 6-6: Single cell amperometry traces from L-DOPA treated PC12 cells using both
the microfluidic device (A) and carbon-fiber microelectrodes (B). Cells were treated with
100 µM L-DOPA for 60 minutes prior to measurements. Cells were stimulated with K+ to
induce exocytosis (indicated with red arrow) and events were measured for 30 seconds.
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Figure 6-7: Single cell amperometry traces from calcium-deprived PC12 cells using both
the microfluidic device (A) and carbon-fiber microelectrodes (B). Cells were incubated in
calcium-free buffer for 60 minutes prior to measurements. Cells were stimulated with K+
to induce exocytosis (indicated with red arrow) and events were measured for 30
seconds.
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measurement techniques. Interestingly, the cells measured with the chip in the absence
of Ca2+ show a small frequency of release events (< 0.1 Hz). This behavior is can be
attributed to release caused by mechanical stimulation of the cell caused by the capture
methodology. Obviously, this stimulation is present in all of the measurements made
with the chip however, this does not significantly influence the observed frequency of
events compared to CFMEs (Table 6-1).
The peak integral can be used to quantify the amount of catecholamine released
by each vesicle. Using an adaptation of the Nernst equation, we can calculate the
number of moles released during each event. This is described by the equation:

Equation 6-1:

𝑄

𝑁 = 𝑛𝐹

where N is the number of moles of analyte, Q is charge in Coulombs, n is the number of
electrons per molecule (which is 2 for catecholamine neurotransmitters), and F is
Faraday’s constant of 96,485 C mol-1. Using this, a quantal content can be calculated
for each release event. These can be averaged to determine the quantal content of a
population of cells. They can also be plotted as histograms to examine the distribution in
vesicle size. To do this, the cube root of the number of molecules is used. This takes
into account the assumption of spherical vesicles and gives a good analog to the
distribution of vesicle size. These vesicle size distributions can be fitted with a Gaussian
function.40
Quantal size distributions for the different groups of cells and different
measurement techniques are shown in Figure 6-8. The histograms of quantal content
represent a measure of vesicular dopamine content. Treatment of cells with L-DOPA
significantly increases the number of molecules released per vesicle. This is true when
the measurements are made with the chip (Student’s t test, p < 0.05, Figure 6-8A) and
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Figure 6-8:

Distributions of vesicle quantal size data obtained from exocytosis

measurements of PC12 cells made using both the microfluidic device (A) and carbonfiber microelectrodes (B). Two different cohorts of cells, control and 100 µM L-DOPA
treated, were measured with each technique (Blue – Control, Red – L-DOPA). The
control (C) and L-DOPA treated (D) cells measured with each technique are plotted on
the same axes for comparison (Blue – Chip, Red – CFME). There is a statistically
significant increase in average quantal size upon treatment with L-DOPA as measured
with both the chip (A) and CFMEs (B).
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CFMEs (Student’s t test, p < 0.05, Figure 6-8B). These values are also in reasonable
agreement with previously reported values for PC12 cells.7,25,26 Another good metric for
comparison is directly comparing the events measured from control cells with one
another and the L-DOPA-treated cells as measured with each technique (Figure 6-8C
and D). In both cases the effect of the lower noise with the microfluidic device becomes
apparent (but it is more pronounced with the control cells). The histograms have a
higher fraction of events with less vesicular dopamine indicating that more events of this
size were measured. This is to be expected as the limit of detection (LOD) with the
chips is approximately 5,600 molecules compared to CFMEs with an estimated LOD of
8,200 molecules. LOD was calculated using the smallest observed event. It is worth
noting that this difference in sensitivity does not significantly impact the calculated
average vesicle volume of 73,000 ± 24,000 for chips or 69,000 ± 22,000 for CFMEs
(Table 6-1).
Single-cell amperometry measurements of exocytosis are very information rich.
Besides event frequency and vesicle content discussed above, peak amplitude and peak
kinetic parameters can be measured. Histograms for peak amplitude, rise time, decay
time, and half width are all shown in Figures 6-9 through 6-12. All of the quantitative
information from the different cell cohorts and measurement techniques is summarized
in Table 6-1. Like quantal content, peak amplitude is a reporter of vesicular dopamine
content. This is evident when you compare the peak height before and after L-DOPA
treatment where the amplitude is approximately doubled. However, release kinetics and
response time can change peak shape so the peak integral is a more reliable reporter of
vesicle content. Also important to consider are rise time, decay time, and half width
which are all reporters on the kinetics of release and the response time of the
measurement system.

For a detailed discussion of release kinetics see previously
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Figure

6-9:

Distributions

of

peak

amplitude

data

obtained from

exocytosis

measurements of PC-12 cells made using both the microfluidic device (A) and carbonfiber microelectrodes (B). Two different cohorts of cells, control and 100 µM L-DOPA
treated, were measured with each technique (Blue – Control, Red – L-DOPA). The
control (C) and L-DOPA treated (D) cells measured with each technique are plotted on
the same axes for comparison (Blue – Chip, Red – CFME).
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Figure 6-10: Distributions of peak rise times data obtained from exocytosis
measurements of PC-12 cells made using both the microfluidic device (A) and carbonfiber microelectrodes (B). Two different cohorts of cells, control and 100 µM L-DOPA
treated, were measured with each technique (Blue – Control, Red – L-DOPA). The
control (C) and L-DOPA treated (D) cells measured with each technique are plotted on
the same axes for comparison (Blue – Chip, Red – CFME).
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Figure 6-11: Distributions of peak decay times data obtained from exocytosis
measurements of PC-12 cells made using both the microfluidic device (A) and carbonfiber microelectrodes (B). Two different cohorts of cells, control and 100 µM L-DOPA
treated, were measured with each technique (Blue – Control, Red – L-DOPA). The
control (C) and L-DOPA treated (D) cells measured with each technique are plotted on
the same axes for comparison (Blue – Chip, Red – CFME).
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Figure 6-12: Distributions of peak half widths data obtained from exocytosis
measurements of PC-12 cells made using both the microfluidic device (A) and carbonfiber microelectrodes (B). Two different cohorts of cells, control and 100 µM L-DOPA
treated, were measured with each technique (Blue – Control, Red – L-DOPA). The
control (C) and L-DOPA treated (D) cells measured with each technique are plotted on
the same axes for comparison (Blue – Chip, Red – CFME).
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published work by the Ewing group.7,10 The first is distance of the cell from the electrode
can affect the measured response time. In our microfluidic device, two factors this is
controlled extremely well by the capture mechanism used. Compared to CFMEs, which
rely on manual positioning, the cells on the chip are always drawn to the same location
and are in intimate contact with the electrode (Figure 6-3E). Fortunately, comparison of
the average kinetic parameters between measurement techniques shows that this do not
have a statistically significant impact on the measured release kinetics (Table 6-1).
In summary, amperometric measurement of exocytosis events from single cells
with the microchip described herein is possible. The quantitative characteristics of these
measurements including event frequency, vesicular content, peak amplitude, rise time,
decay time, and half width are equivalent to measurements made using CFMEs. This
system is capable of measuring changes in quantal content resulting from treatment with
L-DOPA. Depriving cells of Ca2+ reduces vesicle release but mechanical stimulation
from the cell capture method causes a negligible number of release events. The high
throughput of the device makes this approach amenable to automation.

A fully

automated device capable of making direct measurements of exocytosis would be an
effective high-throughput drug screening platform.
6.5

Conclusions
The microfluidic device described above was used to capture and measure

chemically-induced exocytosis events from PC12 cells. We detailed the fabrication of
both the polymer electrodes and injection-molded microfluidic channels in the device.
Low noise of the PEDOT electrodes enables high sensitivity measurements of
exocytosis.

The microfluidics are capable of directing single cells to the electrode

surface and chemical stimulation was delivered in a controlled manner. Catecholamine
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release from PC12 cells was measured. Comparison of the quantitative data obtained
using the device with data obtained using CFMEs shows that the device captures
quantitative and kinetic information that is not statistically different due to the
measurement technique.

L-DOPA treated cells were measured and a statistically

significant increase in quantal content was observed compared to control cells. This
demonstrates the utility of the device for drug screening.
To be a more effective high-throughput drug screening tool, this device will be
coupled with computer automation. The cell capture and stimulation process are going
to be controlled by a software program. This would eliminate any remaining manual
steps and improve the turnover frequency of this measurement process.

Further,

additional fluidic channels will be incorporated into the design so a same-cell paradigm
can be used to study drug treatments.

Same-cell drug treatments will reduce the

number of cells that need to be measured to observe significant results thus further
increasing the effective throughput.
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CHAPTER 7

Conclusions and Future Directions
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7.1

Impacts
The work presented here adds several important tools to the neuroanalytical

chemist’s toolbox. First, the exploration of PEDOT electrodes for FSCV measurements
provides

an

alternative

to

neurotransmission in the brain.

traditional

CFMEs

for

monitoring

sub-second

More broadly, the improved understanding of the

structure function relationship of this material informed us as to the full potential and the
limitations for other sensor applications. An example of a potential application are the
PEDOT-coated platinum electrodes for FSCV. These probes have sufficient spatial and
temporal resolution to make time resolved measurements of dopamine in specific brain
regions. This is important because platinum electrodes are easily made into arrays
which would allow for the study of the interconnectivity of multiple brain regions as
opposed to a single location with a CFME.
One of the synthetic endeavors towards new PEDOT electrode materials yielded
another new type of sensor. The oligomerization of EDOT in the presence of Nafion
yields a polymer blend nanoparticle capable of detecting trace water in non-polar
solvents such as acetonitrile. Later we discovered that the polymerization chemistry
induced by the presence of a super acid (pKa < 0) such as Nafion is a novel synthetic
route to making PEDOT. This could create an entire new pathway to making conducting
polymer layers in products ranging from sensors to batteries to photovoltaics. This new
chemistry requires no metal catalysts and little or no purification making it a green
alternative to current methods.
Lastly, we incorporated a PEDOT electrode into a new microfluidic device
capable of measuring exocytotic release from single cells. This device will enable larger
scale studies of the mechanisms underlying neurochemical release and provides the
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opportunity for a high-throughput drug screening platform for treatments of
neurodegenerative diseases.
7.2

Expanding the utility of vapor-deposited PEDOT electrodes
The PEDOT:Tosylate electrodes used in most of this work were created by

chemical vapor deposition. While the development of these electrodes was driven by
our target neurochemical applications, this material and the synthetic method used are
both of broader interest in the fields of electrochemistry, materials science, and energy
generation/storage.

Continuing to investigate and characterize this material and to

expand the synthesis to include different dopant molecules will expand the utility of this
work.
A variety of analytical methods could be applied to better understand the
electronic

and

electrochemical

properties

of

vapor-deposited

PEDOT:Tosylate.

Investigation of the band edge of the material with ultraviolet photoelectron
spectroscopy.

The band edge of the material essentially describes the difference

between the highest energy in the valence band and the lowest energy in the conduction
band. Measuring and understanding this property will determine if this material has
desirable properties for incorporation into solid-state devices such as photovoltaics and
batteries. With regard to electrochemical characterization, spectroelectrochemistry is
uniquely suited to probe the structure of this material.

Correlating changes in

absorbance to electrochemical changes in the material will allow for better
understanding of the electronic structure and oxidation state of the polymer. Controlling
the oxidation state allows for increased conductance and better electron transfer
properties.
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Lastly, expanding this synthetic approach to include more dopants could broaden
the applications of vapor-deposited PEDOT films. Incorporating monomeric dopants
such as chloride, perchlorate, and sulfate is possible with the chemical vapor deposition
method used here. Changing the structure of the dopant changes the packing of the
polymer material and also alters the electronic structure. Having a variety of available
polymer structures and electronic configurations for vapor-deposited PEDOT films will
increase their utility in applications ranging from neuroelectrochemical measurements to
photovoltaics.
7.3

Dopant-linked EDOT derivatives for increasing utility of PEDOT electrodes
One potential shortcoming of using PEDOT for electrochemical detection of

analytes in solution is leaching of the small monomeric dopant molecules out of the film.
For example, tosylate and perchlorate discussed earlier are both highly soluble in a
variety of solvents including aqueous solutions. If the concentration of the dopant in film
is changing with respect to time then the function of the electrode can also change,
sometimes degrading irreversibly. One solution to this already exists in using polymeric
dopants such as polystyrene sulfonate (PSS) or Nafion. However, as demonstrated
earlier, these can result in films with undesirable electrochemical characteristics.
Another potential solution is to covalently link the dopant to the polymer backbone. To
this effort, a partial of a linked EDOT monomer with a tosylate group is under way. The
desired structure of the product is shown in Scheme 7-1. The full proposed synthesis for
this molecule is shown in Scheme 7-2. This synthesis could be adapted to link to other
common dopants such as perchlorate.
The proposed molecule includes an EDOT monomer linked to a tosylate moiety
through an alkyl chain.

The location of this linkage is far enough away from the
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Scheme 7-1: General structure of the proposed dopant-linked EDOT derivative. Several
different length alkyl linkers will be used ranging from 2 – 10 carbons in length.
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Scheme 7-2: Proposed synthesis for dopant-linked EDOT derivative. This process has
been carried out up to the chloro-substituted phenyl step shown on the far right of the
middle row of the figure.

The final three steps need to be completed before this

molecule can be used.
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polymerization sites on the EDOT that it should minimally impact the electronic structure
of the PEDOT it is incorporated into. Once incorporated into a polymer, the tosylatecontaining portion of the molecule can then function as the dopant for any nearby
polymer chains.

The effective distance that this region interact can be tuned by

changing the length of the alkyl linker. Ultimately, the utility of this molecule would be to
include it at some mole fraction with native EDOT in an electrodeposition solution to
create a conducting polymer film that is self-doped. Alternatively, inducing a solutionphase polymerization with an oxidant such as iron (III) could also be used.
Unfortunately, a vapor-phase polymerization including this molecule would not be
practical as the boiling point will be substantially higher than native EDOT monomer.
The impacts of this work would include extending the lifetime of in vivo sensors
whose mode of failure includes loss of small monomeric dopant molecules. Further, the
synthesis could be modified to replace the sulfonate group on end of the molecule to link
other molecules into the conducting polymer film. An example would be linking enzymes
to the electrode to create sensors for molecules that are not electroactive such as
glucose.

Linking of glucose oxidase, which produces H2O2 proportional to glucose

concentration, would create a sensor capable of quantifying glucose by measuring the
electrochemically active byproduct H2O2. This strategy has the potential to result in
sensors that are capable of quantifying multiple analytes in the same space such as
alternating measurements of dopamine and glucose.
Beyond the field of electrochemical biosensors, solid state devices such as
photovoltaics could benefit from replacing a PEDOT:PSS layer, which is mostly
insulating PSS, with a self-doped PEDOT a thinner conducting polymer layer could be
used which would improve the utility of the device. Also, incorporating this material into
energy storage applications to store more charge per unit weight could result in
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improved new battery technology. Completion of the synthesis of a dopant-linked EDOT
monomer will create new possibilities in the development of improved sensors and
devices which include conducting polymers.
7.4

Automation of cell capture chip
The proof on concept for the cell capture chip was a critical step. Showing that

the device was capable of capturing and making exocytosis measurements from cells
was necessary to build a high-throughput screening platform.

Analysis of the

quantitative data obtained show that this device records data of the same quality as
CFMEs indicating that drug studies are possible. At present, the procedure from making
these measurements with the microchip is actually slower than the CFME method; it
takes about twice as long to measure 3 to 5 cells (a reasonable number for a CFME).
Most of this is the capture time and the actuation of multiple syringes by hand.
Improving the rate at which cells can be captured, stimulated, and measured is
necessary to make a useful high-throughput screening platform.
The cell capture, stimulation, measurement, and release process are all
amenable to automation. Automating this process would reduce the time it takes to
measure one cell thus improving the turnover frequency of the device. There are two
facets to this automation that would both need to be software controlled: (i) the pressure
steps involved in the capture, stimulation, and release and (ii) the electrochemical
measurement. Automation of the pressure steps would involve using the Festo pressure
regulator to control all of the pressure steps instead of manual syringes currently used
for the cell capture and stimulation. The timing of the capture step would be the most
challenging portion of this. Using an optical tracking software, such as NI Vision, to
monitor the position of a cell in the main channel would be needed. Once the cell
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approached within a specific distance of the capture site, a software-controlled suction
process would be applied to move the cell to the electrode surface. One concern at this
point, the digital nature of the pressure application may cause noise as the cell might be
moving with the frequency of the pressure application. This is not a problem with the
“analog” syringe. Regardless, once the cell is in place on the electrode, the recording of
the recording of the electrochemical data could be started in software.

During this

recording, the pressure regulator would apply small pulses of pressure to inject the
stimulating solution into the main channel to be carried toward the captured cell. This
same strategy could be used for drug delivery. Once measurements had been recorded
for the desired amount of time, a small pulse of positive pressure could be applied to
eject the cell from the capture site. The process can then be repeated to measure the
next cell. Software for vision tracking, the pressure regulator, and the electrochemical
recording all exist separately. Integration of these software with one another would be
the first logical step towards this automation. Once one software platform existed to
control all of the steps, a timing algorithm could be developed to control the capture
process as well as any stimulation or drug delivery.

The advantage of this fully

automated process would be the ability to record exocytosis data from a large number of
cells in a much shorter amount of time that currently possible. This would enable highthroughput screening of potential new drug treatments for neurodegenerative diseases
such as Parkinson’s, Alzheimer’s, Schizophrenia, and many more.
7.5

Lithium treatment of PC12 cells
Lithium ion is a long-used but poorly understood treatment for neurological

disorders most often Schizophrenia. Some hypotheses for the mechanism of action of
this drug include acting on replacing calcium in signaling cascades and changing the
dynamics of proteins necessary for vesicle fusion.
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Studying the effect this drug on

exocytosis from single cells could be used to elucidate the mechanism(s) of function.
Preliminary studies using CFMEs have been done to determine the effect of Li+ on PC12
cell exocytosis. Recordings from both control and lithium treated cells are shown in
Figure 7-1. Examination of these traces clearly shows that lithium has an influence on
both exocytosis magnitude and frequency.

Data from a small cohort of cells was

tabulated and these data demonstrate some interesting trends that would all be
promising to pursue (Table 7-1). For example, the observed event frequency increased
by approximately factor of four and the average decay time and half width both doubled.
This could indicate a change in vesicle priming and altered dynamics of vesicle fusion.
Also shown is a histogram of the distribution of quantal content in both the treated and
untreated cells (Figure 7-2). Lithium treatment results in a two-fold increase in average
quantal content. This indicates that Lithium may cause an increase in vesicle loading or
a more complete emptying of vesicles consistent with the increased half width and decay
times mentioned earlier.

Taken together, these data suggest that exocytosis

measurements of lithium treated cells may potentially reveal the mechanism of function
of this drug.

Lastly, this may be a promising project to target with the automated

microchip device as lithium treatment could be delivered at different controlled intervals
and times.
7.6

Concluding remarks
Understanding the brain is one of the most important and arduous undertakings

in science today. Quantifying the chemical underpinnings of neural communication is a
critical step in this task.

Developing new tools to enable measurements of

neurotransmission will improve our ability to collect data that will help edify the
understanding of the brain in both healthy and disease states. This understanding will
allow for the development of therapies for psychiatric disorders, improve diagnostic
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Figure 7-1: Single cell amperometry data obtained from PC12 cells using carbon-fiber
microelectrodes.

Cells were stimulated with K+ to induce exocytosis (3 stimulations

each) and events were measured for 90 seconds (A – control, B – lithium treated).
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Table 7-1. Summary of quantitative characteristics of the exocytosis events
measured from PC12 cells before and after treatment with lithium. (n refers to the
number of cells measured)
# of
events

Frequency
(#/min)

Quantal
Size
(molecules)

Amplitude
(pA)

Rise
Time
(ms)

Decay
Time
(ms)

Half
Width
(ms)

Control
(n = 2)

352

82
± 10

94,000
± 22,000

9
±2

3.0
± 0.4

3.4
± 0.3

2.4
± 0.3

Lithium
(n = 2)

904

300
± 200

190,000
± 130,000

11
±4

3.5
± 0.7

6
±2

4.4
± 1.3
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Figure 7-2: Distributions of vesicle quantal size data obtained from exocytosis
measurements of PC12 cells made using carbon-fiber microelectrodes. Two different
cohorts of cells, control and 100 µM lithium treated, were measured. (Blue – control,
Red – lithium).
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testing for chronic neurological illnesses, and improve treatments for neurodegenerative
disorders.
The work presented here demonstrates that conducting polymers can be used in
a variety of sensors for multiple applications including the detection of biogenic amine
neurotransmitters. Each of these applications represents a substantial advancement in
the development of PEDOT as an electrode material. The first fast-scan measurements
at a polymer electrode were performed.

A detailed structure/function relationship

between the chemical content and electrochemical performance of PEDOT electrodes
was presented. Creation of a stable PEDOT coating to improve the electrochemical
performance of platinum electrodes for FSCV was created. A low cost sensor for trace
water in organic solvents was tested. This lead to the discovery of a new synthetic
method to make PEDOT. The microchip device performed measurements of exocytosis
events from individual cells in a controlled and reproducible manner. Collectively, this
work advances several fields ranging from synthetic and polymer chemistry to
surface/interface science and micro- and nanofabrication while simultaneously yielding
new functional tools for understanding chemical signaling processes in the brain.
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APPENDIX A

Experimental details for single-cell amperometry with an
injection-molded microfluidic cell capture device

206

A.1

Introduction

A.1.1 General description
A multi-step photolithography process is used to manufacture the microchips
used for single-cell amperometry as described in Chapter 6. Once produced, several
steps are needed to prepare the chips for cell capture and measurement. The goal of
this appendix is to outline in detail the steps for both the fabrication and implementation
of the devices. A high level of proficiency in microfabrication is required due to the multilayer nature of both device segments. Without a detailed understanding of the entire
process, developing expertise in any step of the process will be extremely difficult.
Further, the steps used in preparing the chips for measurements are important for the
proper function of the chips. The diagrams and experimental details listed herein will
detail clearly the key steps in the fabrication process and chip preparation. Special
attention will be given to critical steps that can lead to device failure or inability to make
measurements in the final device.
A.2

Details of chip fabrication

A.2.1 Design
All photomasks were designed in the L-EDIT software (Tanner EDA, Monrovia,
CA, USA) and purchased from Delta Mask b.v. (Enschede, Netherlands) as 4-inch
chromium masks on quartz substrates.
A.2.2 Fabrication of bottom half of the chip
For electrochemical measurements, PEDOT:Tosylate microelectrodes were
fabricated with gold electrical contacts to minimize the effect of sheet resistance (leading
to Ohmic loss in the film) on electrochemical measurements. The electrodes and the
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contacts were embedded into TOPAS® 5013L polymer substrates using the method
described by Matteucci et al.1 50 mm Ø flat TOPAS wafers were injection molded using
the same parameters described above. First, the grooves were photolithographically
defined by spin coating a 10-µm layer of AZ4562 photoresist onto the wafers. The
photoresist was exposed with a custom mask defining the groove geometry for 4.5
seconds at 7.0 mW/cm2. Wafers were then soft baked at 100 °C for 90 seconds, and
then developed in AZ351 MIF developer for 3 minutes, followed by a 5 minute rinse in a
circulating water bath. Grooves were milled 300 nm deep using reactive ion etching,
and remaining resist was removed in an acetone bath.

Next, the gold/chromium

contacts were generated in the groove. In order to establish a negative sidewall profile,
a 1.5-µm thick layer of AZ 5214E image reversal photoresist (AZ Electronic Materials,
Luxembourg City, Luxembourg) was spin-coated (4200 RPM, 60 seconds) onto the
surface.

The negative side wall ensures that no gold/chromium material would be

present on the edge of the groove. Wafers were then soft-baked for 5 minutes at 90 °C.
Aligned exposure was performed for 4.5 seconds at 7.0 mW/cm2 with hard contact on
the front side of the wafer. Wafers were then post-exposure baked for 20 minutes to
initiate the image reversal at 120 °C in an oven. Wafers were then removed from the
oven and allowed to cool to room temperature for 5 minutes prior to a 1 minute flood
exposure at 7.0 mW/cm2. Wafers were finally developed in AZ351 photoresist for 3
minutes prior to a 5 minute water rinse, and then 20 nm of chromium (for adhesion) and
200 nm of gold were evaporated onto the surface (EVA600 evaporator, Alcatel, Russia).
Residual gold and chromium were lifted off in an acetone bath with light sonication for 30
minutes, leaving the gold/chromium electrode leads sitting in the grooves. Lastly, the
active electrode material, PEDOT:Tosylate, was deposited onto the surface as we have
previously described.2 A solution of 20% w/v iron (III) tosylate in dried n-butanol and an
equimolar amount of anhydrous pyridine was prepared and filtered using a 0.45 µm
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nylon syringe filter. PEDOT:Tosylate films were deposited by spin coating 1 mL of this
solution using a CEE Model 100 Spin Coating System (Brewer Science, Rolla, MO,
USA) onto TOPAS substrates at 1500 rpm for 15 seconds with an acceleration of 500
rpm/s.

The

coated

substrates

were

placed

in

a

glass

Petri

dish.

Ethylenedioxythiophene (EDOT) monomer (~100 µL) was deposited at the bottom of the
dish, and the dish was placed in a drying oven with an internal temperature of 55 °C to
evaporate the monomer.

The dish containing the substrates was removed after 20

minutes and the substrates were removed immediately.

During this time, the films

changed from yellow to blue-green, indicating successful deposition of the PEDOT film.
PEDOT:Tosylate-coated substrates were rinsed with 18.2 MΩ·cm water to remove
residual iron (III) tosylate and then dried using N2. This rinse step yielded a blue film.
Substrates were placed in a 70 °C oven to dry overnight. One final photolithography and
etching step was used to define the geometry of the PEDOT layer.

AZ5214E

photoresist was spin-coated on the PEDOT:Tosylate-coated substrates at 4500 rpm for
30 seconds. The samples were soft baked on a hot plate at 95 °C for 5 minutes before
being aligned and exposed on a Karl Suss MA6/BA6 Mask Aligner for 3 seconds at 7.0
mW/cm2. Wafers were then developed in AZ351 MIF developer for 3 minutes, followed
by a 5 minute rinse in a circulating water bath. This process flow is shown in Figure A-1.
A.2.3 Fabrication of top half of the chip
The fluidic components of the chip were produced by polymer injection molding. 3
Nickel shims were fabricated as relief molds used to injection mold the top half of the
microchips. These shims needed relief at two heights, 1 µm for the cell capture channel,
and 100 µm for the carrier channel and suction channels, and were thus produced by a
multilevel dry etching and electroplating process. The native oxide layer of undoped
silicon wafers was removed by treatment in a 6:1 volume ratio of 40% NH4F in water to
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Figure A-1: Process flow for the fabrication of the bottom half of the microchip. Light
blue: TOPAS 5013 wafer, Pink: AZ-5241E photoresist, Gold: chromium and gold
electrode leads, Dark blue: PEDOT:Tosylate electrode. a) A photoresist layer is spin
coated and patterned on the bare wafer. A reactive ion etching process forms a 300 nm
groove for the electrodes to be recessed in the injection-molded 2-inch TOPAS 5013
wafer. b) An image reversal photoresist lift-off layer with negatively-sloped sidewalls is
generated on the wafer.

c) A 20 nm chromium and 200 nm gold contact layer is

deposited using an electron beam evaporation technique. The wafer is sonicated in
acetone to remove excess materials. d) A 100 nm layer of PEDOT:Tosylate is spincoated onto the wafer, and a photolithography step defines a protective structure on the
PEDOT:Tosylate.

Reactive ion etching is then used to remove unprotected

PEDOT:Tosylate. e) The protective resist structure is removed by rinsing the wafer in
acetone.

210

49% HF in water for 3 minutes. Wafers were then rinsed in water for 5 minutes and
dried.

A 10 µm layer of AZ4562 photoresist (AZ Electronic Materials, Luxembourg,

Luxembourg) was spin-coated on the wafers (2000 RPM, 60 seconds), and wafers were
exposed on a Karl Suss MA6 Mask Aligner (SUSS MicroTec, Garching, Germany) for
30 seconds at 7.0 mW/cm2 in hard contact mode with a chromium photomask outlining
the cell capture channel only.

Wafers were then developed in AZ351 photoresist

developer (AZ Electronic Materials, Luxembourg, Luxembourg) for 3 minutes, rinsed in
water for 5 minutes, and dried. The small channel was etched into the silicon wafer via
reactive ion etching (Surface Technology Systems) at a depth of 1 µm (SF6/ O2 = 32/8
sccm; W RF = 30 W; t = 4 min; P = 80 mTorr). The wafer was then stripped of residual
photoresist in a plasma asher for 20 minutes (O2 flow rate = 240 sccm, N2 flow rate = 70
sccm, at a W RF of 1 W). The second photoresist layer was then deposited on the wafer
in the same manner, while using the mask for the main and suction channels. The
photoresist was exposed and developed in the same manner. Deep reactive ion etching
was utilized to achieve a depth of 100 µm in these two channels (SF6/O2/Ar =
180/160/100 sccm; P = 246, W coil = 2.8 kW, Bias = 170 V, t = 2.6 min). Residual
photoresist was stripped off in the same manner. A 10 nm titanium and 65 nm gold seed
layer was sputtered on the surface of the etched wafer using a Lesker LAB Line 5 (Kurt
J. Lesker Company, Pittsburgh, PA, USA). A 300 µm nickel layer was electroplated on
the seeded wafer at a charge of 18.1 Ampere hours.

The silicon wafer was then

dissolved in a solution of 50% KOH for 10 hours at 80 C, releasing the nickel shim. The
shim fabrication process is shown in Figure A-2. Injection molding was performed on an
Engel VC330/100 injection-molding machine.

Internally lubricated injection molding

grade TOPAS 5013 (TOPAS Advanced Polymers GmbH, Frankfurt-Höchst, Germany)
pellets were loaded into the hopper of the injection molder, which was heated and
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Figure A-2: Process flow for the fabrication of the top half of the microchip.

Red:

AZ4562 photoresist, Dark grey: silicon wafer, Dark blue: titanium and gold seed layer,
Light grey: Electroplated nickel, Light blue: TOPAS 5013. Steps a) through g) are for
fabrication of the nickel shim for injection molding, and h) through i) are injection molding
steps. a) A silicon wafer is coated with photoresist and lithographically patterned with the
small channel geometry. b) Reactive ion etching is used to etch into the silicon (depth =
1 µm), and residual resist is stripped off. c) The wafer is again lithographically patterned
with the suction channel and carrier channel geometries. d) Deep reactive ion etching is
used to etch into the silicon (depth = 100 µm), and residual resist is stripped off. e) The
wafer is sputter coated with titanium and gold (10 nm and 65 nm) as a seed layer for
electroplating. f) The wafer is electroplated with nickel. g) The silicon wafer is dissolved
in a hot potassium hydroxide solution, leaving only the nickel shim. The shim is then
coated with a fluorinated anti-stick coating (FTDS). h) Molten polymer is shot into the
mold in an injection-molding machine. i) The final top half geometry of the TOPAS
microchip has been defined.
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injected to the mold with a duty cycle of about 30 seconds per substrate including
heating and cooling. Edge burrs were removed by hand with a scalpel.
A.2.4 Bonding the chip
Following the fabrication of the top and bottom halves of the microchip, they were
aligned using an optical microscope, and a soldering iron was used to create a
temporary bond on the outside of the chip. The final thermal bonding process was
performed on a custom machine, in a milled aluminum disc to distribute heat evenly. The
thermal bonding machine was equilibrated for 30 minutes prior to bonding, and bonding
was performed at 125 °C, with 22 kN of pressure per chip, for 15 minutes total.
A.3

Setting up a chip for making measurements

A.3.1 Custom parts and connectors
To interface with the microchips we fabricated some custom connectors. The
first is to make electrical connection to the gold electrodes. Making a metal-to-metal
connection with this gold was accomplished by using a “pogo pin”. This pin has a small
spring inside which ensures tension is always kept on the interface where the tip of the
pin meets the gold electrical contact. To hold the pin in place in this chip it was epoxied
into a luer connector (Figure A-3). This allows the pin to connect with the injection
molded luer fittings on the microchip.
Another connector that we fabricated was a silver/silver chloride reference
electrode embedded into a luer connector so that both electrical and fluidic connection
could be made in the main channel. To do this, a small hole was drilled in the top of a
luer elbow and a 50 µm diameter silver wire was inserted into this hole. The opening
was covered with epoxy to seal the luer elbow so that it could be connected to a fluid

213

Figure A-3: Custom connector made to make electrical contact with PEDOT electrodes.
A pogo pin was used to make contact via the gold pads in the luer wells. This was held
in place by epoxying the pin in a male luer fitting.
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line. The final connector has a silver wire coming out of the bottom of the connector and
a section of this wire protruding out of the top to make electrical contact. The elbow is
then connected to tubing for fluid flow (Figure A-4).
The final custom piece that is needed is a modified microscope stage. To hold
these chips in place during measurements, a microscope stage was made that fits the
chips in a recess and uses tension clips to hold the chips in place. This stage showing
the recess and the clips and the stage with a chip in place are shown in Figure A-5.
A.3.2 Priming the chip
When performing an experiment the device needs to be primed. This means that
the fluid channels need to be filled with solution and any air bubbles removed. To
accomplish this, the cell capture and stimulation channels must be filled first. The small
dimension features at the end of these channels will not fill from the main channel. A
syringe filled with buffer is connected to one of the two channel inlets and solution is
pushed through the cell capture channel until it can be seen in the main channel. This
same process is the repeated with the stimulating solution and the stimulating channel.
The main channel can only be primed after these other fluidic channels have been filled.
After the chip has been primed, cells can be introduced and measurements can be
made.
A.3.3 Making fluidic and electrical connections
Once primed, the chip can be set up for making measurements. The syringes
used to prime the cell capture and stimulation channels are left in place. The second
luer connection for each of these channels is plugged with a sealed luer elbow. The
elbows are sealed by filling them entirely with epoxy. The last fluidic connection is made
to the main channel. Doing this step last ensures that there are no air bubbles anywhere
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Figure A-4: Custom connector made to insert reference electrode into the main channel.
The reference electrode needs to be placed into the main fluidic channel of the device.
To do this without disrupting fluid flow a 50 µm diameter silver wire was inserted into a
luer elbow connected to a fluid line. This was held in place by drilling a hole and then
epoxying the wire in a male luer elbow fitting. The fluid line can be seen on the left.
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Figure A-5: Custom made microscope stage for the microchips. (Left) This stage was
made to have a recess to hold the chips in place and tension clips to secure it in place.
(Right) Showing a microchip secured in place on the microscope stage.
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in the system.

When attaching this connector the silver wire is inserted into main

channel through the outlet. Electrical connection to this wire, the reference electrode, is
then made with a simple alligator clip.

The other electrical connection is made by

inserting the pogo pin connector into the luer well containing the gold contact pad for the
PEDOT working electrode. Once in place, connection to this pin can be made with a
wire which also has a gold pin on the end. Once all of these connections have been
made the device is ready for use. The fully assembled experimental setup is shown in
Figure A-6. Once it is primed and connections are made, the device is placed in the
microscope stage and connected to the pressure controller and the potentiostat. A block
diagram of the fully assembled setup is shown in Figure A-7.
A.3.4 Using the device
PC12 cells are introduced into the main channel inlet and moved toward the
capture site via application of suction to the outlet (Figure A-8A and B). The cell capture
region, containing the suction channel and the PEDOT:Tosylate electrode, is monitored
using an optical microscope. When an approaching cell comes within 100 µm of the
capture site, a pressure of approximately -20 mbar is applied to the suction channel,
drawing the cell towards the electrode (Figure A-8C). Once the cell is in place on the
PEDOT:Toslyate electrode, this pressure was reduced to maintain the position of the cell
without drawing it further into the channel.

While the cell is captured, a chemical

stimulation is performed by introducing High-K+ HEPES to an upstream channel (Figure
A-8D).

The constant flow in the main channel creates a laminar flow profile which

carries this stimulation to the cell located downstream. The vesicle release events are
measured by the PEDOT electrode. The connection to this electrode is shown in Figure
A-8E. Once the cell has been measured, a small positive pressure is applied to release
the cell. This same process is then repeated to capture and measure subsequent cells.
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Figure A-6: Fully connected microchip device. This shows a device that is ready for
making measurements. Once primed the cell capture syringe (Right) and the stimulation
syringe (Left) are left in place. The main channel fluid line (Lower Right) is inserted.
Electrical connections are then made by inserting the pogo pin connector to contact the
working electrode (Center) and using an alligator clip to the silver wire connector in main
channel (Bottom Right).

219

Figure A-7: Block diagram of cell capture chip setup. This arrangement was used to
make measurements of exocytosis events at single cells using the microchip described
here.
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Figure A-8: Zoomed-in diagram of chip showing flow, electrical contacts, and suction
application steps of cell capture process. The direction of flow in indicated with an
arrow. (A) Cells are introduced at this end of the main fluidic channel where they are
individuated in the serpentine segment of the channel. (B) Suction is applied at this
point to generate flow in the main channel. This is also the location where the 50 µm
diameter wire Ag/AgCl QRE is inserted. (C) Suction is applied to this channel to direct
the cell to the cell capture site. (D) Chemical stimulation is introduced by filling this
channel with stimulating solution and applying positive pressure to this channel. (E)
Electrical contact for PEDOT working electrode at cell capture site.
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