ABSTRACT
SOTORY, PETER ZSOLT. Carbon Pyrolized Photoresist Film and Platinum Microelectrode
Chronoamperometry Using a Single and Double Potential Step Approach for Dopamine
Detection and Electrode Interaction with Cottrell Equation Relations. (Under the direction of
Dr. Gregory S. McCarty).
Dopamine is an important molecule as part of the synaptic language governing the
neuronal communications through the trillions of axonal and dendritic interconnections
between nerves found in the human brain and body. It has been linked to major functions
such as movement, behavior, pain perception, learning, motivation, cognition, emotions and
memory. The catecholamine is also implicated with the cardiovascular, metabolic, renal,
hormonal and immune systems. As a hydrochloride salt, dopamine can additionally be
administered as a pharmaceutical. With such an extensive set of roles, there is a need to have
sensors capable of detecting dopamine concentrations.
The focus of this work was the chronoamperometric study of both microscale
platinum and carbon pyrolized photoresist film sensors of similar design to electrochemically
detect dopamine in solution. Previously the design had been used with Fast Scan Cyclic
Voltammetry (FSCV) as a prospective method to record the extracellular volume
transmission of dopamine in brains. In this current work, single and double potentiometric
step approaches were utilized to characterize both sensor type oxidative response linearity
and analyze the competitive shielding interaction between dual potential electrodes. The
redox cycling capacity, mass transport flux, electrical current flux, and Cottrell equation
relation of these sensors were additionally investigated.
Initially the sensors quickly fouled and had non-linear responses. A technique was
developed to electronically clean the sensors to reliably restore their sensitivity. Following
this discovery, the oxidative dopamine testing response became linear and dependable,
enabling the chronoamperometric study of the devices.
The findings showed there was evidence for electrode competition or shielding and
that redox cycling was more successful with the carbon PPF design than the platinum type of
sensor. The mass transport and electrical current flux per unit area were dependent on the
surface area of the electrodes. The measured oxidative current was not directly predictable
by the Cottrell equation. For some of the platinum sensor testing cases the difference was

merely a constant multiplier. But for the remaining platinum testing scenarios, and in all of
the carbon PPF cases, the multiplier was a function inversely proportional to the square root
of the concentration. The same data trend could also be successfully matched to an
exponential equation. Both function forms are of a type used to characterize the potential
decay from an electrode surface into an ionic solution. The Debye-like modulation of the
Cottrell equation suggests the observed current is an outcome of the electrode interacting
with a zone or volume of solution on a length scale influenced by the size of the electric
double layer from the electrode surface. Electron tunneling, moderated by the electric double
layer Debye length scale, is a candidate for the method of action. There are several favorable
influences for it explored in the discussion, including dopamine’s chemical nature, sterically
constrained water near the electrode surface, as well as other additional factors.
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Chapter 1 Introduction and Background
“Equipped with his five senses, man explores the universe around him and calls the adventure Science” – Edwin Hubble

1.1 Research Objectives and Goals
The focus of this work was the chronoamperometric study of both microscale
platinum and carbon pyrolized photoresist film sensors of similar design to electrochemically
detect dopamine in solution. Single and double potentiometric step approaches were utilized
to characterize both sensor type oxidative response linearity and analyze the competitive
shielding interaction between dual potential electrodes. The redox cycling capacity, mass
transport flux, electrical current flux, and Cottrell equation relation of these sensors were also
investigated.
In order to attain these objectives, it was necessary to include several additional goals
in this project. This involved the successful microfabrication of the carbon pyrolized
photoresist film and platinum sensors. Also the physical electronics hardware was
constructed which was needed to set voltage potentials on the sensors, amplify and measure
the nanoamp sized currents. In addition, the software for controlling the hardware, data
acquisition, equilibrating the sensors, automating the testing protocols and data processing
was programmed.
1.2 Importance and Background of Dopamine
Dopamine is studied because it has significant functions in both the brain and body.
It is a catecholamine perhaps best known for its role as a neurotransmitter in the central
nervous system, used for communication between nerve cells [91]. The brain is where most
of this dopamine messaging takes place. As the most complex organ known, the brain has
tens of billions of nerve cells, each with its own thousands of axonal and dendritic
connections to other neurons, making for hundreds of trillions of interconnections where
dopamine is part of the inter-nerve cell synaptic language [35][94]-[97][127]. With such a
ubiquitous presence, it is not surprising that dopamine has been linked to many important
functions and systems including movement, pain perception, behavior, learning, reward,
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motivation, cognition, emotions and memory [81][82][88][90][128]. The neuronal
communication network activity behind these roles can be characterized as taking place with
fast moving, fleeting “phasic” components and slower, ebbing “tonic” elements [78]. These
two terms refer both to the rate of nerve firing and resulting waves of dopamine
concentration that wash through the extracellular fluid of brain tissue as a result of the nerve
firing [78]. Together the dopamine communication and dopamine volume transmission are
of interest to brain researchers [5][6][35][77][78][92].
Dopamine also has important roles in other crucial body systems such as human
metabolism, cardiovascular, renal and hormonal systems [83][85]. Low levels of dopamine
can cause illnesses such as schizophrenia, Huntington’s disease, and Parkinson’s disease
[83]-[85]. High levels of dopamine can cause negative health issues as well, such as
vomiting, nausea and cardiac arrhythmias [84].
Dopamine, as a hydrochloride salt, can also be used as an injectable drug for treating
symptoms of shock including bronchial asthma, hypertension, heart failure, endotoxic
septicemia and renal failure [81][84][86]. In addition, the pharmaceutical version of
dopamine has found use in the parallel problems of circulatory collapse originating from
myocardial infarction, trauma, kidney failure, cardiac surgery or congestive cardiac failure
[87].
Dopamine also plays a role in the immune system. It is synthesized by lymphocytes
and these immune cells are also influenced by dopamine as they have dopamine receptors on
their cell membranes [88]-[90]. Due to those receptors, T cells, dendritic cells, B Cells,
Natural Killer (NK) cells, neutrophils, eosinophils and monocytes have been shown to be
regulated by dopamine [88][93]. Furthermore, the existence of these receptors indicates that
dopamine has a role in the control and regulation of the immune response [93]. When this
regulation system is decoupled or disrupted, cancer or autoimmune problems may develop
[93].
For these reasons and others, dopamine and its roles are being actively studied in
laboratories around the globe as evidenced by the many published papers related to the
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catecholamine. The diverse areas of dopamine function and investigation explain why there
is a compelling need to create sensors and systems capable of detecting dopamine in vitro, in
vivo or for pharmaceutical implementation.
1.3 Sensor Technique Overview and Literature
The ever expanding universe of sensors has enabled the study and further
understanding of chemical and biological processes for medical, research and
biotechnological pursuits and applications. Individual cells, tissues, bacteria, bodily fluids,
the environment as well as other kinds of samples can be examined with sensors tailored
made to evaluate specific properties of interest [1]-[4].
Despite the diverse categories of samples and seemingly infinite number of properties
that can be chosen to be measured, there is a fundamental underlying theme common to any
kind of sensor. All sensors recognize a biological, chemical or physical change and generate
a quantifiable and processable signal proportional to that change [1]-[3][15].
Sensor devices can be thought of as having three components. First is the recognition
part, made of a selective receptor. This portion will identify a specific analyte or family of
analytes with a design that diminishes the chance of interference from other compounds
present in the sample [1][2]. The creation of a signal from the interaction with the analyte is
considered the transducer characteristic of the sensor [1]-[3]. The transducer signal is
converted to an electronic signal and sent to signal processor and displayed [1][2]. Figure 1
illustrates these principle components of a sensor.
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Transducer

Analyte
in
Sample

Selective
Receptor

Output
Signal

Signal
Processing

Figure 1: An illustration of the principle components of a sensor [1]-[3][36].

The general concepts in Figure 1 can be implemented in a myriad of ways for the
design and construction of sensors. To show how these ideas apply, Figure 2 supplies some
examples for Figure 1 components. As discussed earlier, the origin of the samples can vary,
as would the analytes of interest. The selective receptor element examples in Figure 2 are
shown as nucleic acids, cells, antibodies and enzymes. The electrical interface element
examples are illustrated as (field effect transistors) FET devices, nanowire arrays,
nanoparticles, or electrodes. Together the receptors and the electrical interfaces function as
the transducer. The transducer signal is amplified by an electronic circuit, processed and
collected by computer software to be presented in a meaningful representation to the
experimenter [1][2].

4z

Sensor Component Examples

Software

Receptor(s)

Signal Processing

Figure 2: Examples of sensor components for Figure 1 [1][2][16][17]. Figure is derived from
[2]. (Open Access).

As indicated by Figure 2, the transducer mechanisms for detection can be used to
classify the sensors into different categories. Some of the sensor categories represented
include biocatalytic activity, affinity, field effect transistor nanowires and electrode
electrochemical sensors categories. These will be briefly discussed to show the variety that
is possible in the operating principles for these devices.
Biocatalytic sensors use tissues, entire cells, or enzymes to target a specific analyte
[1]. These recognition elements can interact with the analyte to produce a detectable product,
such as an electroactive species [1][7]. The most compact designs use enzymes for their
selectiveness and ability to enhance reaction rates considerably [1]. The best known
biocatalytic sensors are personal blood glucose measuring devices [1].

5z

b)

a)
Analyte
Immobilized
Enzyme

Product(s)
Glucose
Oxidase

Electrode

Figure 3: Examples of a biocatalytic sensor. a) A model biocatalytic sensor, where a bound,
immobilized enzyme catalyzes a reaction and creates products where at least one can be
detected with an electrode due to the molecule’s electroactive nature [1][2][37]. Some ways
of immobilizing enzymes include polymer/gel entrapment, covalent binding, electrostatic
attraction and surface adsorption [1]. b) A covalently and electrostatically immobilized
glucose oxidase is used on a graphene sensor to detect glucose [37]. Glucose enzymatically
reacts with glucose oxidase, to make β-gluconolactone and hydrogen peroxide (H2O2). The
β-gluconolactone undergoes immediate hydrolysis, creating gluconic acid and lowering the
pH, which is detectable amperometrically. Most other glucose sensors detect the produced
H2O2 from glucose oxidase. Figure 3b is derived from [37]. (Open Access)

Affinity sensors use the specificity and robust binding properties between certain
receptor element molecular species with their ligand analyte species [1][15]. The receptor
elements include such molecules as antibodies, cell receptors, peptide aptamers, nucleic acid
aptamers, and phages [1][15][16]. The resulting linkage can be detected via an electrical
response [1][15][16].
Figure 4 shows an aptamer based affinity sensor. An aptamer is an artificial
nucleotide sequence. The benefit of using an aptamer is that they can be designed to be
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smaller than the Debye length [48]. This feature allows them to be very specific because the
protein-aptamer reactions take place within the electric double layer where the charge
screening influence of the bulk solution is reduced [43][48].

c)

-

e
IFN γ

Current (µA)

b)

a)

No IFN γ
Added
IFN γ

ePotential (V)

Gold substrate

Methylene Blue

Interferon
Gamma
( IFN γ )

Aptamer

Figure 4: An example of an affinity sensor. Here the sensor can detect the cytokine
Interferon Gamma ( IFN γ ). a) The receptor element of the sensor is a nucleic acid hairpin
aptamer. The hairpin aptamer is attached in a self-assembly process, with a thiolated 5’ end,
to a gold substrate/electrode. In the absence of the target IFN γ , the aptamer loop holds a
redox label, methylene blue, close to the gold substrate [16][17]. b) When the target IFN γ is
present, the hairpin undergoes a conformational change. The distance of the redox label from
the gold substrate is then increased, decreasing the electron-transfer efficiency of the gold
electrode [16][17]. c) The before and after faradaic current shows a decreased current with
the presence IFN γ when using square wave voltammetry [16][17]. Adapted with
permission from [17]. Copyright (2010) American Chemical Society.

The nanowire reference in Figure 2 refers to a category of sensors that includes
nanotubes, nanorods, nanobelts, thin films as well as others nanostructures [2][9]. The
feature that unites them as a family is a large length to diameter aspect ratio of the structure
[9]. The lengths are generally magnitudes larger than the diameters of the wire which are
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usually in the nanometer range [2][9]. Since the nanowires have a large surface area to
volume ratio, their conductance is sensitive to slight variations in charges on the nanowire
surface [2][18].
Nanowires can be grown in a well understood and controlled fashion with an
assortment of chemical compositions [9]. This has allowed nanowires to be incorporated
into field-effect transistors (FET) to detect protein, pH, cancer and viral markers, single
viruses, DNA at the femto molar range, RNA, metal ions and a wide range of other
biological species [2][10][11][18]. Also the union of nanowires and FETs illustrate that
sensor elements, such as those in Figure 2, can sometimes be combined to create new
devices. In this case, that is the silicon wire nanowire FET (SiNW-FET) as shown in Figure
5.
The SiNW-FET is made of drain, source, and semiconductor channel usually on a
silicon substrate with an insulating/dielectric layer such as silicon dioxide [2][18]. The
semiconductor channel is functionalized with immobilized receptors made of DNA, RNA,
proteins or antibodies to target charged molecules [18]. The proximity of the charges to the
narrow pathway allowed for the electron flow alter the nanowire’s conductivity, modifying
the electrical current between the drain and source in a detectable manner [2][13][14].
Interestingly, there are a number of reversible surface modification approaches that
have been developed for SiNW-FETs [18]. These techniques enable a replacement of the
target-receptor complex with a fresh layer of receptors while also maintaining the same
number of receptors on the surface for the tested device [18]. This is a useful feature during
the repeated cycles of testing and calibrating the devices for analysis [18]. The reusable
surface is made possible by methods adopted from protein purification procedures that
anchor a base molecule to a substrate which can be made to attach or release an attached
compound. In this case, the attachment is of the unbounded receptor and release would be
for the target-receptor complex [18]. The system relies on a glutathione (GSH)/glutathione
S-transferase (GST)-tag and Ni2+/hexahistidine (His6)-tag systems and a cleavable disulfide
bond (S–S) [18].
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a)

Functionalized Silicon Nanowire FET
semiconductor nanowire channel

Target
Receptor

b)

Figure 5: Combining both nanowire and FET ideas, this is an example of a silicon wire fieldeffect transistor (SiNW-FET) [2][12][18]. a) The nanowire channel is specifically coated
(functionalized) with receptor molecules that bind to charged target molecules, securing the
charged molecules close to the surface of the nanowire [2][13][14]. The proximity of the
charges to the narrow pathway allowed for the electron flow alter the nanowire’s
conductivity, modifying the electrical current in a detectable manner [2][13][14]. b) An
illustration of how charged molecules become increasingly influential on conductors of
nanowire dimensions [2]. Figure is derived from [2]. (Open Access)
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One final aspect of Figure 2 to be quickly reviewed is the use of electrodes for
sensing, more routinely referred to as electrochemical detection. For this technique, electric
potentials and currents are applied to the electrode from a selection of patterns to detect the
presence of an analyte. These methods are generally described as either voltammetry or
amperometry. Microscale and nanoscale electrochemical electrodes have good measuring
abilities on a short time scale, can be used for molecular flux analysis of cells and skin, and if
spaced nanometers apart, can detect a single molecule [5][6]. The functional advantages of
electrochemical detection with electrodes is portability and an affordable cost [1]. The work
of this thesis focuses on electrochemical detection and will be discussed in greater detail in
the upcoming section.
There are a great many other sensor technologies beyond what is described here. Just
a short listing would include those based on carbon nanotubes, surface plasmon resonance
(SPR), branched intracellular nanotube FET (BIT-FET), conductometry, electrochemical
impedance spectroscopy (EIS), electrochemical quartz crystal microbalance with dissipation
monitoring (EC-QCM-D), photometry, thermometry, scanning electrochemical microscopy
(SECM) and graphene [1]-[3][18][19][24].
Regardless of the technology involved, effective sensor design will address the
following criteria [2][3]:


Maximize selectivity and avoid “crosstalk” from other analytes.



Have an appropriate sensitivity range and resolution for measurements.



Have an implementation that is unaffected by physical conditions such as pH,
stirring, and temperature. If these conditions cannot be avoided, then the
implementation design must compensate for the conditions.



Have a precise, duplicatable and predictable linear response over the expected
operating conditions.



Have minimized internal system noise from the electronics or transducer.



Have an acceptable response and recovery time.
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The dimensions of any implantable sensor should be as minimally invasive as
possible without toxic effects nor provoking an immune response.



Have a reliable construction, ensuring an acceptable working lifetime.

1.4 Electrochemical Detection Background
The concentration of work in this thesis is the electrochemical detection of dopamine.
Electrochemical detection has its foundation in electrochemistry. Electrochemistry relates
the connection between chemical and electrical change [21]. The study of electrochemistry
spans back over two centuries. It was heavily influenced by the experiments and theories set
forth by Alessandro Volta, Sir Humphrey Davy and Michael Faraday [21]. Their work
established the basis for electrolysis and chemical reactions that produce electrical current,
the pillars of modern electrochemical detection [21].

Figure 6: Volta and electrochemistry. Volta observed the electricity produced between
dissimilar metals in moist settings, leading him to grade metal and other substances based on
the intensity of their effect [23]. This classification became the “electrochemical series”,
well known to students and scientists of today [23][25]. Volta also explained
electrochemical chemistry to Napoleon and his court. Napoleon was so captivated by the
scientific discoveries, he insisted to be an assistant for the next talk Volta gave on the subject
[21]. The picture is courtesy of Library and Artifacts of the Bakken Museum [32]. The
museum was established by Earl Bakken who co-founded Medtronic, the 4th largest
biomedical device company in the world.
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Up till the middle of the 20th century, the body of electrochemical work focused on
expanding the knowledge of reactions and how current or voltage affected electrode reactions
[22]. By the 1950s and 60s there was an accelerated growth to the field with the advent of
the operational amplifier and other solid-state technology proliferating the types of
experiments that could be done with carefully modulated potentials and currents [21][22].
With the start of the 1970s, electroactive species were beginning to be studied in animals
[35].

Over time, electrodes became smaller and reduced in size for finer testing. By the

1980s, they could be useful for neuronal measurements [22]. There were still issues with
fabrication at micrometer scale, but the continued work since then has overcome the
obstacles [5]. Now in the 21st century, the methods to construct the electrodes for different
microscopic geometries are well developed [5]. The options possible for microfabrication
have become encyclopedic in volume, with the pantheon of processes including several
forms of lithography (e.g. e-beam, UV), material removal techniques (e.g. patterning, lift-off,
etching), and additive technologies (e.g. chemical and physical vapor deposition, thermal
oxidation) ultimately allowing for the construction of microelectrodes within MEMs, BIOMEMs and BIO-NEMs [26]-[28]. In fact, it is rare today to find published articles that do
not utilize microelectrodes in electrochemical detection [22]. Their small size minimizes the
disturbance to the microdomains being measured, the chemistry probing can be done in
contact with tissues or cells, and they are useful in monitoring molecular fluxes across
tissues, cells or skin [5]. In terms of operating parameters they are beneficial as well because
their dimensions have high levels of steady-state mass transport, lessened ohmic drop
distortion in contrast to large electrodes, and reduced double layer charging noise compared
to macro dimensions as well [24].
A typical electrochemical system is comprised of three electrodes. These are a
working electrode, a counter electrode and a reference electrode, to which all potentials are
referenced [2]. Examples of a three electrode detection system can be seen in Figure 7.
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Figure 7: Examples of a three electrode electrochemical detection apparatus. a) Schematic
showing the working, counter and reference electrodes, demonstrating how potential is set
relative to the reference electrode and how the electrical current flow of the system can be
monitored [2][29]. For the work represented in this paper, current was measured on both the
working and counter electrode, and the scale of both these electrode was on the micron level.
b) A commercial version of three electrode electrochemical cell used to test and characterize
sensors [30]. For the work represented in this paper, the necessary electronic apparatus was
locally constructed and the software was custom programmed for this experiment. Figure 7b
is reprinted by permission from Macmillan Publishers Ltd: [Nature Protocols] Ref. [30],
copyright (2007).

When a potential is applied to a working electrode, there is a current that results from
the oxidation or reduction of the analyte in solution along the surface of the electrode [1].
When the potential is varied over a range, the technique is referred to as cyclic voltammetry.
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Since potential can be applied in different ways, there
are many of forms of cyclic voltammetry. The patterns
include square wave voltammetry, linear sweep,
stripping voltammetry, differential staircase,
differential pulse, ac voltammetry, polarography
analysis as well as others [2][3]. When the potential is
maintained on the working electrode and the current is
monitored over time, it is referred to as amperometry
or chronoamperometry [1]-[3].
The current measured in chronoamperometry is
Figure 8: Frederick Gardner Cottrell,
the namesake of the Cottrell
Equation. Cottrell created a number
of inventions, including the
electrostatic precipitator to scrub
factory exhaust of pollutants. He
used his patents to make a research
foundation to help fund research in
many scientific fields (Robert
Goddard's rocketry and Ernest
Lawrence's particle accelerator, the
cyclotron, are just 2 instances). The
institution founded in 1912 still
exists today. Image courtesy of the
Research Corporation for Scientific
Advancement (RCSA) [38]-[40].

limited to the diffusion rate of the analyte, also referred
to as a diffusion limited current [2][3]. In other words,
the current flux is proportional to how quickly the
analyte diffuses toward and away from the electrodes.
The Cottrell equation, (6), brings together the variables
of diffusion rate, time, Faraday’s constant, the
electrode area, the analyte concentration, the number
of transferred electrons per analyte molecule and
predicts the expected electrical current values, making
it an important tool for chronoamperometry [2].

1.5 Chronoamperometry Background
The chronoamperometry approach is used to detect electroactive species like
dopamine by applying a square wave potential and monitoring the current response over
time. The voltage values of the square wave are selected where at least one of the potentials
corresponds to analyte oxidation or reduction. The experimental arrangement keeps the set
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electrode voltage by providing enough current to maintain that chosen potential [20]. From
the physical standpoint, it is the diffusion of the analyte to the electrodes that determines the
current via the electrochemical reaction at the electrode surface [20][24]. For oxidation,
electrons are being transferred from the analyte to the electrode, while for reduction,
electrons are being transferred from the electrode to the analyte. In either case, the flow of
electrons can be measured analytically as electrical current. In these situations, the current
can be referred to as diffusion limited or more generally as mass transfer limited current
[20][24].
The effects of diffusion become apparent when the concentration of analyte and
product are directly examined. For example, when the potential is stepped to the oxidation or
reduction voltage of an electroactive species, all of the analyte near the electrode will be
converted to the oxidized or reduced species respectively [20][24]. This happens
instantaneously, drawing a high current at the same moment and making a concentration of
product close to the electrode [20]. In the case of an electrode at oxidation potential, the
supply of proximal analyte will be quickly oxidized. Only newly incoming analyte, arriving
via diffusion and subsequently oxidizing at the electrode, will drive the flow of electrons to
be measured as electrical current at the electrodes [20][24]. The oxidation current starts off
large, but then will then decay rapidly. Given adequate time, the system settles into an
equilibrium, with a steady-state current proportional to the electroactive species
concentration in solution [3][20][24].
During these events, the concentration profile of product created adjacent to the
electrode begins to expand [3][20][24]. At first the oxidized product is only found near the
electrode. As time proceeds, more product is produced and diffused away into the medium,
expanding the concentration profile of the oxidized product.
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Figure 9: Aspects of single step chronoamperometry [20][24]. a) A step function input
signal for an electroactive species that is unresponsive at the potential Ei, but at Ef becomes
electrochemically reduced at a diffusion-limited rate [24]. b) A characteristic
chronoamperometric response for the input step function [20][24]. The current will be high
at first, but will begin to drop immediately. The transient current response is referred to as a
non-faradaic current. When the response reaches steady state, it is a faradaic current. Both
non-faradaic and steady-state faradaic current labels have been added to the figure. c) The
concentration profile of the electrochemically reduced species product adjacent the electrode
[20]. This example shows an electrochemically reduction. If it had been an oxidation event,
a) and b) would have been very similar, and c) unchanged. For the same experimental
configuration with an oxidation event, a) would have had the step function stepping positive,
and the current response of would be a mirror image of the above b) below the horizontal
axis. Conceptually the oxidative current response should have the opposite polarity of the
reduction current response. The same relation should be true for the step function. Figure 9a
and Figure 9b are derived from [24], reprinted from “Handbook of Electrochemistry”, by C.
Zoski, pg 432, Copyright © 2007, with permission from Elsevier. Figure 9c derived from
[20] in Bard & Faulkner, “Electrochemical Methods. Fundamentals and applications”, 2nd
Edition. Copyright © 2000 by John Wiley & Sons, Inc. Reprinted by permission of John
Wiley & Sons, Inc.

As mentioned in Figure 9(a), there are applied potentials where an electroactive
species is inactive. These conditions will not generate any electroactive related currents from
the analyte [20].
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There are also a range of potentials where an electroactive species is responsive, but
may not produce a smaller current than what is possible. By increasing the potential to an
optimal level, a higher current can be produced that oxidizes or reduces the analyte at the rate
equal to the rate that diffusion brings it to the surface of the electrode [20]. The difference
between using an inactive potential, a non-ideal potential and an optimal potential can be
seen in Figure 10.

a)

b)

Figure 10: Varying step potential in chronoamperometry [20]. a) Examples of step
waveforms that can be applied. b) Current measurements for each step potential, compared
at the same time, τ. Step 1 is considered an inactive potential for the electroactive species
and does not generate a current response in b). Step 2 and 3 are potentials where the
electroactive species is being affected, and is either being oxidized or reduced, but not fully
and are still not optimal potentials. Step 4 and 5 are potentials where the electroactive
species is being oxidized or reduced. Increasing the potential beyond the value for Step 4 to
Step 5 does not increase the current because the current is limited by the rate of speed the
analyte can reach the electrode via diffusion. At the Step 4 potential, the optimal
electrochemical conversion of analyte had been reached. In this case the concentration of
analyte along the electrode is zero due to immediate electrochemical conversion into product.
In Steps 2 and 3 the concentration of the analyte adjacent to the electrode was non-zero [20].
Figure derived from [20], from Bard & Faulkner, “Electrochemical Methods. Fundamentals
and applications”, 2nd Edition. Copyright © 2000 by John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.
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Up till now only single step chronoamperometry has been mentioned. However, in
chronoamperometry, a square wave can be designed to have one potential of the waveform at
the oxidizing potential of the electroactive species and the other at the reducing potential.
When the potentials cycle are made to cycle this way, it is called double step
chronoamperometry [20][24]. The resulting current response is similar in shape to the single
step chronoamperometric response, but has both a positive and negative polarity waveform
components as shown in Figure 11.

(a)

(b)

Figure 11: Aspects of double step chronoamperometry [33]. a) Step function with potentials
levels set at oxidizing and reduction potentials for the electroactive species. b) Current
response for the oxidative and reductive step functions. Figure derived from [33]. (Open Ac

Lastly, the chronoamperometric technique for this study was applicable because the
carbon pyrolized photoresist and platinum microelectrodes both operate in the so-called
“small A/V conditions” [20]. They have small electrode area, A, compared to a large volume
of solution, V, creating the situation where the device’s operation produces inconsequential
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amounts of oxidized or reduced product species and does not alter the bulk concentration of
the solution [20].
1.6 Dopamine as an Electroactive Species
Dopamine is an electroactive species that can be oxidized with an electrode at a
+0.7V potential, converting it to dopamine-ortho-quinone (dopamine-o-quinone). An
electrode at a -0.4V potential can reduce the dopamine-o-quinone back to dopamine. Either
surface reaction on an electrode can be registered as a measureable electrical current. Figure
12 shows the reversible nature of these events.
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Figure 12: Dopamine’s reversible electroactive nature. a) The chemical structure of
dopamine is shown in equation illustrating how it changes in oxidation to dopamine-orthoquinone. The dopamine-ortho-quinone can be made to undergo a reduction and return to
dopamine. b) An illustration showing how electrodes at positive and negative potential can
manipulate the reaction seen in a). When the electrode is held at a positive potential,
dopamine is oxidized to dopamine-ortho-quinone [34]. When a molecule of dopamine is
oxidized, it loses 2 electrons to the electrode which is measureable as a current. The reaction
is reversed when the potential is changed to a negative potential. The dopamine-orthoquinone is then reduced and converted back to dopamine. Here the electrode gives two
electrons to the dopamine-ortho-quinone molecule to make dopamine. This reducing reaction
is also measureable as a current, but will be in the opposite direction as the current detected
in the oxidizing reaction. The experiment of this paper used +0.7V for the oxidizing
potential and -0.4V for the reducing potential.
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By spatially arranging electrodes close together in a parallel manner, it is possible to
have the product species of one electrode diffuse to the second electrode, be
electrochemically converted back to the original analyte species, return to the first electrode
via diffusion, and have the process repeat. In this way the events are electrically detected on
both electrodes. Since one electrode is generating the product and the other is collecting it,
the arrangement has been referred to as a sensor operating in “generator-collector mode”
[20]. The situation is also known as redox cycling, because the molecules are actively
cycling though reduction and oxidation [1][41][42][47]. With either nomenclature, the
concept is based on increasing signal strength and sensor sensitivity with the positive
feedback arising from the flux of electrode produced species adding to the incoming flux
from the bulk solution [20][41][42]. The more flux, the greater the measurable current.
Additional gains can come from decreasing the gap between electrodes allowing for more
redox cycles to occur, and again, with that creating more flux. [41][42].
Signal strength improvement also occurs when the number of electrodes are increased
and closely interlaced into a design pattern that is called an interdigitated array [20][41][42].
The work of this paper is a small interdigitated sensor with three bands. A schematic of it
and its conceptual redox cycling ability and overall functioning is shown below in Figure 13.
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Figure 13: The electrochemical dopamine detection operation of this paper’s device design
and how redox cycling in a collector-generator arrangement can aid the detection. One of the
several modes of operation for the device is shown here. See Section 2 & 3 for the other
modes of operation. The other modes change the polarity of the electrodes. In the illustrated
situation above, dopamine from the bulk solution is oxidized on the positive potential outer
electrodes into dopamine-ortho-quinone, with the oxidation causing a measurable electrical
current. The dopamine-ortho-quinone diffuses into the bulk solution, with some of it
reaching the negative potential inner electrode. Here it is electrochemically reduced,
becoming dopamine again, with the reduction reaction being detected as an electrical current.
The newly produced dopamine also diffuses into the bulk solution and some of it moves to
the outer electrode, where it reacts with the electrode and adding to the baseline measured
current produced from the electrode interacting with the dopamine concentration of the bulk
solution.

Redox cycling also offers the advantage that it improves sensor selection abilities
when signal interfering molecules are present. An example of an interfering molecule with
dopamine is ascorbic acid, more commonly known as Vitamin C. Ascorbic acid exhibits a
similar oxidation potential as dopamine and as a result interferes with dopamine detection
[78][80]. The problem becomes even more significant in tissue measurements, where
concentration levels of ascorbic acid can exceed the concentration of dopamine by a factor of
a thousand [78][83][87]. A developed method shown to prevent this interference is to use an
anionic (negatively) charged polymer film such as Nafion that repels the negatively charged
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ascorbic acid molecules, but allows dopamine passage through the film [80]. However, this
introduces its own difficulties because within the polymer layer the diffusion rate of
dopamine molecules are slowed [80]. With the dopamine molecular diffusion progress
slowed across the film, the sensor’s rate of detection in turn is also slowed [80].
Fortunately by using a redox cycling arrangement, the slowed response time and the
interfering effects of ascorbic acid can both be avoided [80]. Dopamine can experience
reversible oxidation like other catechols, but ascorbic acid does not share in this range of
electroactive capability [80]. Instead when ascorbic acid is electroactively oxidized, the
subsequent chemical product undergoes a quick, irreversible hydration reaction [80]. The
resulting molecule cannot be reduced and it no longer interferes with the system [80].
This makes the redox cycling approach a useful alternative to electrode surface
modification such polymer coatings, self-assembled monolayers, or enzymatic pretreatment
[80].
1.7 Electrode Surface Chemistry and Physics Background
In ionic solutions, the charge of the ions screen the electrode potential with their own
electric fields, negating the electrode’s field at a distance known as the Debye length. The
masking effect of the Debye length for electrolytes is measured on the order of nanometers
and is inversely proportional to the ionic strength (concentration) of the solution. For
instance, in a PBS (phosphate buffered saline) solution with 10nM of the negatively charged
protein streptavidin, the Debye length is approximately 0.7 nanometers [43]. Decreasing the
ionic strength of the solution by reducing its PBS concentration by ten times solution
increases the Debye length to ~2.3 nm [43]. With another tenfold reduction of PBS
concentration, the Debye length grows again and is approximately 7.3 nm [43]. The growth
of the Debye length continues as the ion concentration for shielding becomes sparser.
The interaction between the electrode charge and the electrolyte’s ionic components
is also responsible for the order that develops at the electrode’s surface in the form of an
electric double layer. This first to conceive of this concept was Helmholtz [49][50]. He
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suggested that when a potential is applied to an electrode in an electrolyte, the counter, or
opposing, charged ions in solution will be attracted to the electrode surface [49]. This
assembly of the positive and negative counterbalanced charges from the electrode and
electrolyte at the electrode surface became known as the electric double layer [49]. The
counter ions were considered to be adsorbed to the surface of the electrode in the Helmholtz
model [49].
Later, Gouy and Chapman created another version of the electric double layer,
emphasizing that ions can move in solution from the influences of diffusion, thermal motion
and electrostatic fields [49][51]. In contrast to Helmholtz’s model with compacted layers of
adsorbed immobilized ions on the electrode surface, the Gouy-Chapman theory refers to
“diffuse layer” as where the ions are roaming [49]-[51].
Stern joined the ideas of Helmholtz with the Gouy-Chapman concepts, into what has
become called the Gouy-Chapman-Stern model [49]. It described a compacted, immobilized
layer of ions with the opposite charge as the electrode at the surface of the electrode as the
Inner Helmholtz Plane [49][51][52]. The ions here are defined as being specifically adsorbed
[51]. Some model versions express that regardless of the charge on the electrode, anions
(negative charge) with their weakly bound solvation shells can be found here chemically
bonded with the electrode surface [51][53]. Others accounts indicate that it is the counter
ions that strongly make up this adsorbed ion population along the electrode [49][50].
Slightly further from the surface is the Outer Helmholtz Plane where the ions are solvated
[24]. When entirely solvated, these ions are referred to as nonspecifically adsorbed [24]. The
closest approach these nonspecifically adsorbed ions can make to the electrode surface is
limited by the width of their solvation shell plus the monolayer of adsorbed atoms on the
electrode [24][53]. Together, the Inner Helmholtz Plane and Outer Helmholtz Plane are
termed the Stern layer [51][52]. Beyond the Stern layer is the region where the ions are
mobile, as previously defined by the Gouy-Chapman model as the diffuse layer [49]. The
diffuse layer can also be described as having a shear plane close to the Outer Helmholtz
Plane, as the molecules can move along this delineation [50][54].
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Figure 14: Electric double layer theories and illustrations. The potential is indicated by the
black line. a) The Helmholtz model with the potential linear through the electrode surface
monolayer of atoms and ions. b) The Gouy-Chapman model with mobile ions and curved
potential drop (Poisson-Boltzmann equation). c) The combination of a) and b) yielding the
Gouy-Chapman-Stern model where there is a compacted layer of atoms and ions along the
electrode surface and a diffuse region. Subdividing the regions there is the Inner Helmhotz
Plane, Outer Helmholtz Plane and Shear Plane [49]-[53]. The diffuse layer width is
characterized by the Debye length [54]. Figure 14a-b reprinted with permission from [49].
Copyright 2011 American Chemical Society.
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1.8 Microfabrication Background
Microfabrication techniques include additive, subtractive and photolithography
patterning methods to build miniaturized structures. Many techniques for building
biomedical sensors have been borrowed or adapted from the semiconductor industry to
constructs MEMs, BIO-MEMs and BIO-NEMs [26]-[28][53][55][79].
Additive methods are also known as deposition techniques and they use physical or
chemical reactions to introduce a layer onto a substrate with good adherence to that substrate
[55]. The most straightforward example is spin-on deposition procedures where a liquid is
administered to the substrate’s surface [55][56]. The substrate, such as a silicon wafer, is
then rotated quickly, spreading out the solution on the surface. The rate of speed will
determine the thickness of the film. Heating the wafer will drive off the volatile components
of the film, leaving behind a solidified film layer. Spin-on deposition methods are used to
apply photoresists, polymer layers and some types of glass layers [55][56]. The photoresist
can then be made into a pattern and/or pyrolized to become an electrode [58].
Physical vapor deposition (PVD) is another kind of additive technique [55][56]. Both
the material to be layered and substrate are put into a high vacuum environment (~10-6
mTorr) [55]. The deposition material is heated until it evaporates. When the vapor strikes
the substrate, which is at a cooler temperature, the vapor condenses on the substrate, forming
a thin layer [55]. The heat needed to vaporize the substance can come from contact heating,
electron beam heating, positively charged ion bombardment heating (sputtering), or a laser
beam [55]. Electron beam (e-beam) is the most efficient at heating the material for
deposition and creating vaporized atoms with higher energy levels, to make better quality
layers [56].
Chemical vapor deposition (CVD) is another way to deposit material onto a substrate
by putting into an atmosphere, or flow, of one or more volatile precursor gas species, under
controlled pressure and temperature [55][56]. The reagents at the surface chemically react to
deposit a film onto the substrate. The unwanted byproducts or unused gas species are
removed, usually with the gas flow [55][56]. There are variations on the CVD technique
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theme. When low pressure and high temperature are utilized, then the process is referred to
as low pressure chemical vapor deposition, otherwise known as LPCVD [55]. This method
can create good quality silicon dioxide and silicon nitride layers under a range of pressures
and temperatures upwards of 500 ˚C [55][60][63][64]. Another variation of CVD is the use
of plasma to encourage the production of reactive chemical compounds, referred to as plasma
enhanced CVD (PECVD) [55]. By using plasma, the temperature of the reaction chamber
can be lower than in LPCVD [55][59][60]. Generally this means below 500 ˚C, but in
practice 300 to 350 ˚C can produce a high quality silicon dioxide film [59][60]. Unlike in
LPCVD where the entire chamber is heated, the RF generator provides the energy for the
reaction by exciting (heating and ionization) the gas directly in the PECVD method [55][58].
PECVD is also recognized as a good process to create silicon dioxide (SiO2), silicon nitride
films (Si3N4), silicon oxynitride (SiOxNy), poly silicon (poly-Si), amorphous silicon (A-Si),
amorphous hydrogenated silicon nitride (A-SiNxHy) and diamond-like carbon (DLC)
[55][59][60][61][62].
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Figure 15: Illustration of the PECVD process [55]-[62][74]. a) Reactant gas species are
delivered to the chamber where they are excited by b) RF energy. The excited plasma gas
species diffuse to the substrate, react with each other and the surface, and create a deposition
of a desired layer on top of the substrate. d) Spent or unused gas is vented out. PECVD can
come in a variety of configurations and modalities. These including low to high radio
frequency systems, as a parallel plate plasma reactor, downstream (remote) RF inductively
couple plasma reactor, linear applicator excitation, plasma impulse CVD (PICVD) excitation,
dual-mode Microwave/RF excitation, atmospheric pressure plasma, atomic layer deposition,
cascade operation, hybrid PECVD/PVD combining parallel plate RF electrode and
magnetron sputtering and other configurations as well [74].

There can also be additive depositions that are not permanent, but temporary, to serve
as sacrificial layers. These layers can be transitory protective structures during multi-stage
construction steps, be used to create overhangs or gaps, or provide a way to pattern a wafer
with lift-off steps [55][56][69]. In a way, they are similar to subtractive techniques since
material is removed.
A true subtractive technique, also referred to as a micromachining process, is the use
of an etchant to remove substrate material either on the surface or in bulk [55][69][70]. The
area to be selectively etched is defined by the use of a mask, which limits the removal of
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material to regions in direct contact with the etchant. The zones covered by the mask will not
be eroded because the mask physically restricts those areas from contact with the etchant
[55][69]. The mask is chosen as having a composition little affected or completely
unaffected by the etchant’s chemistry with a photoresist being favored [55][69]. The etch
rate is an important factor as well, defining how quickly material is removed per unit time
(e.g. µm/min, µm/sec, nm/min, etc.) [55][69]. Also critical in etching is the directionality of
the etch process. When the etchant consumes material in all directions equally, it is
considered an isotropic etchant [69]. The substrate removal can also occur unequally in
different directions. This anisotropic etching usually occurs along the crystalline planes of
the substrate [69][70].
Mask

Substrate

a)

b)

c)

Figure 16: A cross section of etching processes showing removed substrate and a mask
unaffected by the etchant [26][55][56][69][70][72][73]. a) In isotropic etching the etchant
removes substrate material in all directions equally from the mask window. b) With
anisotropic etching, substrate consumption is a function of direction and could be governed
by crystalline planes as happens in silicon wet etching. In both a) and b) some underetching
of the mask is also illustrated. c) Another example of anisotropic etching as would be
expected from reactive gas or plasma (reactive ion etching (RIE)) in dry etching.

When such a fluid based etchant is used, it is referred wet chemical etching [69].
Mixtures based on acids or bases have been developed that predictably and selectively erode
substrates isotropically and anisotropically [55][69]. Most etchants have historically been
liquids [69].
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Dry etching methods are also possible as a subtractive technique. Instead of using a
liquid, a reactive gas species or plasma is delivered to the substrate’s surface [55][69]. Dry
etching is known for its ability to provide a directionality to the material removal, providing a
way to make features with near vertical sidewalls [69][72]. The resulting structures can also
be large in height compared to their horizontal length scale, or in other words, have a high
aspect ratio [56][69][73]. An example of a reactive gas for dry etching is xenon difluoride
(XeF2) which selectively etches silicon or polysilicon, while leaving metals and silicon
dioxide untouched [56][69][71]. Plasma for dry etching is produced by exciting a gas with
radio frequency (RF) energy [55][69]. The ions then bombard the surface and erode it in one
of two ways. If the ion is an inert gas ion, such as Ar+, it is the momentum of the ion that
knocks away the substrate’s atoms in a process called ion milling or the sputter effect [56].
The second way the ion can remove some of the surface is when the ion is not inert, as with
oxygen ions, O2+ [56]. In these cases the ion interacts with the surface and produces a
volatile product that evaporates away in the vacuum [55][56]. This process is called reactive
ion etching (RIE) [55][56] [69]. Related to it, is the successive etching process of deep
reactive ion etching (DRIE) [55][56] [72][73].
The procedure in microfabrication that brings together the aforementioned additive
and subtractive processes is photolithography. Photolithography incorporates these
techniques as individual steps which are implemented in a sequentially and controlled by the
use of patterned masks. These masks define what areas of the substrate will be affected by
the additive or subtractive methods at any particular step in a series of steps referred to as
patterning.
The patterns are made with light sensitive polymers called photoresists. They are
applied to the substrate after the substrate has been mounted on a specially designed vertical
spindle (spinner) with a horizontal platform (chuck) [56]. The chuck provides a vacuum to
secure the substrate as it is spun. With the rotation the photoresist spreads across the
substrate’s surface. The thickness of the photoresist polymer is determined by how quickly
the substrate is rotated [56]. The substrate is then put on a hot surface to drive off any
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remaining solvent from the photoresist [56]. The substrate, with its newly acquired layer of
photoresist, is then exposed to ultraviolet (UV) light through a mask that can be made of
chrome on glass. The chrome covered regions of the mask prevent the light from passing
through, while the clear parts of the mask’s glass allow the transmission of the UV.
Whatever pattern that is on the mask, then becomes transferred to the photoresist.
For this procedure to properly work, the mask has to be paired with the appropriate
kind of photoresist for its chrome pattern. If a positive photoresist is used with the mask, the
photoresist polymer regions exposed to light will be soluble at the development stage, letting
those light exposed regions be washed away [69][75][76]. The regions that were not exposed
to light will remain behind [69][75][76].
Negative photoresist behaves just the opposite. If a negative photoresist is used with
the mask, the photoresist polymer regions exposed to light will be insoluble at the
development stage [69] [75][76]. The light exposed features will remain on the substrate,
while unexposed regions will be washed away [69][75][76].
An overview of photolithography with additive and subtractive methods can be seen
in Figure 17.
The future direction of microfabrication will include shorter light wavelengths, as in
extreme ultraviolet lithography, to improve photolithography resolution [75]. Other
techniques will also try to use technologies that avoid using light. These methods include
proximity x-ray, electron-beam direct write, electron projection, ion-projection lithography,
nanoimprint lithography and directed self-assembly [75].
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Figure 17: An overview of photolithography with additive and subtractive methods, resulting
in carbon pyrolized film and metal deposition examples [26][55][56][58][69][75]-[78].
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1.9 Organization of this Thesis


Chapter 1 presents a brief description of the project and the necessary background
information for the thesis. This background information includes sensor technique
overview and current literature, electrochemical detection, chronoamperometry,
dopamine as an electroactive species, electrode surface chemistry and physics,
microfabrication and the importance of dopamine.



Chapter 2 explains the sensor fabrication and experimental design of the project.



Chapter 3 shows the results of the experiments with discussion.



Chapter 4 summarizes the conclusions.



Chapter 5 presents possibilities for future work.

Chapter 2 Sensor Fabrication and Testing Protocols
“There is a way to do it better – find it.” – Thomas Edison
2.1 Platinum Microelectrode Sensor Fabrication
The platinum sensors were microfabricated using a multiple step approach outlined in
Figure 18 and Figure 19. The sensors were made on a 200 µm silicon wafer and insulated
with a 3250 Å thick layer of LPCVD silicon nitride (Si3N4). The wafer was then cleaned
with JT Baker solution and coated with 2 µm layer of JSR NFR photoresist. The photoresist
was patterned and then developed with MF-319. The pattern was then RIE etched to a depth
of 65 nm. The patterned channels were first filled with a 5 nm titanium adhesion layer
followed by a 60 nm deposition of platinum. A liftoff was then done in a bath of acetone
with sonication. Measurements have shown the newly deposited metal is flush with the
LPCVD nitride layer’s surface and a profilometer is unable to distinguish where the nitride
ends and the platinum begins.
Next, another layer of insulating silicon nitride was deposited with plasma enhanced
chemical vapor deposition (PECVD). With S1813 photoresist a pattern was made. Reactive
ion etching (RIE) with CHF3 was then used to selectively to etch the PECVD nitride to open
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a small window in the nitride. This allowed the platinum electrodes to interact with the
dopamine solution in those etched areas. The wafer was then coated with AZ4620
photoresist to help strengthen the wafer from during the dicing step and prevent fracturing.
The devices were then individually diced out of the silicon wafer using a dicing saw. Lastly,
the sensors were cleaned with acetone and deionized water prior to use. The fully fabricated
platinum sensor can be seen in Figure 20.
Once completed, the sensor was adhered to a glass slide. A sheet metal mold was
placed on top of the sensor, and hot wax was poured into it. When the wax cooled, the metal
was removed and the wax formed a solution reservoir as seen in Figure 23. At this stage, the
sensor was ready to be tested and could be mounted in the probe testing station as shown in
Figure 24.

35z

Platinum Sensor Microfabrication Process

a) Silicon Wafer Substrate

i) Lift-off in sonicated acetone bath
b) 3250 Å LPCVD Silicon Nitride deposited

c) 2 µm layer of JSR NFR photoresist added

d) UV Pattern the Photoresist

j) PECVD Silicon Nitride deposited

k) S1813 photoresist deposited

UV Light
Mask
l) UV Pattern the Photoresist
UV Light
e) Develop pattern with MF 319

Mask

f) RIE with CHF3 etch 65 nm
m) Develop pattern with MF 319

g) Deposit 5nm Titanium Adhesion Layer

h) Deposit 60nm Platinum
Layer

n) RIE with CHF3 etch through PECVD
silicon nitride to make window where
electrodes can contact the solution

*) Continued in Figure 19
Figure 18: The platinum sensor microfabrication process.
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*) Continued from Figure 18
o) Coat wafer with AZ4620
photoresist to strengthen the wafer
prior to dicing from wafer

p) Clean diced sensor with
acetone and deionized water

Figure 19: Continuation of the platinum sensor microfabrication process.
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Figure 20: Platinum microelectrode sensor design. (a) A schematic showing the layout of the
sensor. (b) A picture of a used platinum microelectrode sensor. Crystallized, white salt
crystals from dried PBS solution are visible. (c) A cross-sectional schematic of the platinum
sensor. The inner electrode was always 10 μm wide and 100 μm long with the gap between
the inner and outer electrodes being 2 μm. The outer electrode of the tested population of
sensors was either 10 μm or 20 μm wide and 100 μm long.

2.2 Carbon Pyrolized Photoresist Film (PPF) Microelectrode Sensor
The carbon PPF (Pyrolized Photoresist Film) sensors were microfabricated on a 200
µm silicon wafer substrate. First the wafers were JT Baker cleaned. Then an insulating layer
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of silicon nitride (Si3N4) was deposited with LPCVD to a 3000 Å thickness on the wafers. A
dehydration bake was then performed followed by an HMDS application to remove any
remaining water. Photoresist AZ1518 was then applied at 2750 rpm resulting in a 2 µm thick
coating. This photoresist was then soft baked and patterned, and subsequently developed
with CD-26. After a rinse with deionized water rinse and drying via N2 gun, the wafer is
hard baked for 5 minutes at 115 ˚C. The wafer was then air plasma (descum) treated for 20
minutes. Next, the photoresist was pyrolized by having the wafer placed in a quartz tube
furnace. The temperature was gradually ramped to 1000 ˚C and held for an hour in an inert
atmosphere of 95% N2 and 5% H2, and then temperature was then ramped down over a period
of hours.
An additional layer of nitride is then deposited with PECVD to a thickness of 5000 Å.
The wafer is then treated with MCC Primer at 3000 rpm for 30 seconds. This treatment was
followed by an S1813 photoresist patterning and soft bake at 115 ˚C for 1 minute. The
S1813 photoresist was developed with MF319 for approximately 1 minute. A hard bake was
next done at 115 ˚C for 5 minutes. The PECVD nitride was then RIE etched with CHF3 to
make windows in the insulating layer that allow the electrodes to interact with the dopamine
solution. A Nanostrip treatment was then performed with Nanostrip 1 for 20 minutes and
Nanostrip 2X for 10 minutes to remove resist and other organic materials. The wafers were
then rinsed off with deionized water.
Another photoresist coating with AZ4620 was applied in preparation of dicing. The
photoresist was spun on at 1800 rpm for 1 minute. The AZ4620 gave some structural support
to prevent the wafer from fracturing during the dicing process. UV release tape was also put
on the wafer to give additional strength to the wafer. The carbon PPF devices were then
individually diced out of the wafer with a dicing saw. A UV light oven released the tape from
the devices. The AZ4620 is then rinsed off with two baths of acetone and a deionized water
bath. The carbon PPF sensor fabrication process is diagrammed in Figure 21.
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Stainless steel wires were silver epoxied to the carbon pads of the devices and then
secured with clear epoxy. The completed fabrication of a carbon PPF sensor can be seen in
Figure 22.
Once fabricated, the sensor was adhered to a glass slide. A sheet metal mold was
placed on top of the sensor, and hot, liquid wax was poured into it. When the wax cooled and
solidified, the metal mold was removed and the wax formed a dopamine solution reservoir as
seen in Figure 23. At this stage, the sensor was ready to be tested and could be mounted in
the probe testing station as shown in Figure 24.
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Carbon Pyrolized Photoresist Film (PPF)
Sensor Fabrication Process
a) Silicon Wafer
Substrate

Mask

i) UV Pattern the Photoresist
UV Light

b) 3000 Å LPCVD Silicon Nitride Deposited
j) Develop with MF 319
c) 2 µm layer of AZ1518 photoresist added

d) UV Pattern the Photoresist
UV Light
Mask

k) RIE Etch with CHF3 to make
window in PECVD silicon nitride layer
to allow electrodes to contact the
solution

e) Develop with CD26
l) Use Nanostrip product to remove
resist and clean surface
f) Pyrolize the photoresist

g) 5000 Å Silicon Nitride deposited
with PECVD

h) S1813 photoresist deposited

m) Coat wafer with AZ4620 photoresist
(top) and apply UV sensitive tape (bottom),
both to strengthen the wafer prior to dicing

n) Treat diced sensor with UV to release tape and
remove the AZ4620 resist with acetones baths and
deionized water

Figure 21: Carbon pyrolized photoresist film (PPF) sensor microfabrication process.
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Figure 22: Carbon PPF microelectrode sensor design. (a) A schematic showing the layout of
the sensor. A noticeable difference between the carbon PPF sensors and the platinum sensors
is that the PPF electrodes sit atop of the LPCVD nitride rather than being embedded in it as
for the platinum sensor. (b) A picture of a used carbon PPF microelectrode sensor. The
lighter area in the vertical center of the electrode bands is due to a light reflection from the
PPF surface. (c) A cross-sectional schematic of the platinum sensor. The inner electrode
was always 10 μm wide and 100 μm long with the gap between the inner and outer electrodes
being 2 or 5 μm in this population of sensors.
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2.3 Platinum and Carbon PPF Sensor Mounting for Testing

The mounting of the platinum and carbon PPF sensor to a glass slide and dopamine
reservoir can be seen in Figure 23.

Electrical Probe Contact Pads

Sensor’s Dimensions
and Tracking Number

Dopamine Sensing Region

Wax Mold Reservoir
for the Dopamine
Solution

Glass Lab Slide

1 cm

Figure 23: The mounted dopamine sensor, ready for testing on the probe station. Platinum
and carbon PPF sensors looked nearly identical at this stage. The only difference was that
for the carbon PPF sensors stainless steel wires were attached to the contact pads with
conductive epoxy.
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The platinum and carbon PPF sensor mounted and on the probe station can be seen in
Figure 24.

1 cm
Dopamine
Solution

Ag/AgCl Reference
Electrode

Dopamine Sensing
Region

Inner Electrode Connection

Outer Electrode Connection

Figure 24: The dopamine sensor mounted on probe station for testing. Platinum and carbon
PPF sensors looked nearly identical at this stage. The only difference was that for the carbon
PPF sensors stainless steel wires were attached to the contact pads with conductive epoxy.
The inner and outer electrode connectors were placed in contact with those wires.

2.4 Circuit Design and Experimental Setup
Two trans-impedance amplifiers, also called current to voltage amplifiers, were
used in the chronoamperometry experiments. Both amplifiers were constructed with low
noise Op-Amps. One trans-impedance amplifier was connected to the inner electrode and the
other trans-impedance amplifier connected to the outer electrode of the sensor. A data
acquisition (DAQ) board controlled the voltage applied to the non-inverting terminals of the
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two Op-Amps of the trans-impedance amplifiers. This application of voltage then controlled
the voltage at the inverting terminal which controlled the voltage on the sensor’s electrodes.
The resulting current could be detected on the output of the amplifier and recorded via the
DAQ. This circuit can be seen in Figure 25.

Figure 25: The transimpedance amplifier circuit. The feedback resistor governed the gain of
the amplifiers. A higher gain was used on the inner electrode of the sensor. The capacitor
helped stabilize the response and did not reduce the signal in the used frequency range.
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Some more circuit detail is offered in Figure 26. A low ripple, 15 V power supply
was used. In practice it was found that the signal to noise ratio was better when the grounds
between the 1 µF capacitors were wired to each other before connecting to ground.

Figure 26: More detail on the amplifier circuit. The schematic represents half the circuit from
Figure 25. A 15V low ripple power supply was used and connecting the pair of 1 µF
capacitors between amplifier circuits improved the signal to noise ratio.

The amplifiers and their surface mount capacitors were cocooned in 2 part epoxy
resin. The epoxy protected the surface mount components and prevented any accidental
shorts. The quantity of epoxy used was not much more than what was required to minimally
cover the components. Experience proved that using too much epoxy could generate enough
heat during the exothermic curing process to destroy the amplifiers.
To give further protection, the epoxy was tightly covered in heat shrink wrap tubing.
Placement of the amplifier close to the sensor lessened environmental electrical noise. The
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amplifiers were connected via a shielded flexible cable to the multi-pin adaptor that supplied
power and connection to the DAQ. Completed amplifiers can be seen in Figure 27.

Figure 27: The completed construction of the amplifiers and their connectors. The amplifiers
are entombed in epoxy resin and surrounded by the black shrink wrap tubing as seen on the
left side in the picture. Of the pair of wires protruding from each amplifier, one was for
sending the voltage signal to the inner or outer electrodes and the other wire was for ground.
The right side of the picture shows the interface to power and DAQ connections.

2.5 Experimental Protocol
2.5a Reagents, Instrumentation and Software
Dopamine was purchased from Sigma-Aldrich (St. Louis, MO). Phosphate Buffered
Solution (PBS) 10X was obtained from Fisher Scientific (Hampton, New Hampshire). It was
diluted to 1X (1.37 mM Sodium Chloride, 2.7mM Potassium Chloride, and 11.9mM
Phosphates) with distilled water and to have a final pH of 7.4. The paraffin wax used to
mold the dopamine solution reservoir around a sensor was from Gulf Wax (Roswell, GA).
The S1813 photoresist came from Shipley (Marlborough, MA), the JTB-100 Baker
cleaning solution came from Avantor Performance Materials (Center Valley, PA), the
AZ4620 and AZ1518 photoresists came from AZ Electronic Materials (Branchburg, NJ), the
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MF319 and CD26 developers were from Rohm & Hass (Philadelphia, PA), the JSR NFR
photoresist was from JSR Microelectronics (Sunnyvale, California), the MCC Primer was
made by Microchem (Newton, MA), and the Nanostrip and Nanostrip 2X were from Cyantek
(Fremont, CA).
Cleanroom fabrication was performed at the University of North Carolina at Chapel
Hill Analytical and Nanofabrication Laboratory (CHANL), North Carolina State University
Biomedical Department Cleanroom and the North Carolina State University Nanofabrication
Facility (NNF). Adam Dengler, a PhD candidate for Dr. McCarty, was responsible for the
carbon PPF sensor fabrication. Lindsay Walton, a PhD candidate for Dr. Wightman and Dr.
McCarty, was responsible for the platinum sensor fabrication.
The trans-impedance amplifiers, also called current to voltage amplifiers, were
constructed from low noise, precision AD795 operational amplifiers (Analog Devices)
purchased from DigiKey (Thief River Falls, MN). The surface mount capacitors and
resistors, BNC connectors, as well as cables and interface ports were also acquisitioned from
DigiKey. The coaxial cable leading from the amplifier to the probe station coaxial wire was
bought from Cooner Wire (Chatsworth, CA).
The analytical probe station was made by Cascade Microtech (Beaverton, OR) and
used both Cascade Microtech probe holders and Cascade Microtech 5 µm probes.
Measurements were recorded with a National Instruments NI PXI-6229 data
acquisition board interfaced through a Windows based PC. A custom made program created
in LabVIEW was used as the software controlling the data acquisition. Data processing was
then done with Excel and several programs created in Excel. Automation of testing and
processing was also accomplished.
For both types of sensors, an Agilent technologies DSO6032A oscilloscope was used
concurrently with the testing to display the sensor responses in real time. Also an Ag/AgCL
electrode was used as the reference electrode. All measurements were carried out at room
temperature and the dopamine solution was exposed to the ambient atmosphere.
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2.5b Testing Protocol and Amperometry responses
Each platinum and carbon sensor was tested for at least 5 concentrations of dopamine
solution. Both types of sensors underwent the same testing protocol. The testing protocol
consisted of a series of waveforms and constant voltage application to the outer and inner
electrodes. These tests were based on the electrochemical properties of dopamine. These
included dopamine oxidizing at 0.7 V into dopamine-ortho-quinone (dopamine-o-quinone)
and dopamine-o-quinone being chemically reduced to dopamine at -0.4V. Below is a table
showing the performed tests.

Table 1: Applied Waveforms and Potentials to Outer and Inner Electrodes
Scenario

Outer Electrode

Inner Electrode

1

Square Wave -0.4V to +0.7V,
10 sec cycle
Square Wave -0.4V to +0.7V,
10 sec cycle
Constant 0V

Constant -0.4V

2
3
4

Square Wave -0.4V to +0.7V,
10 sec cycle

Constant +0.7V
Square Wave -0.4V to +0.7V, 10 sec
cycle
Constant 0V

A typical sensor response curve for the Scenario 1 test can be seen in Figure 28. The
other testing scenarios would have similar current attenuation responses, though at different
starting points depending on the polarity of the waveform input.
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Figure 28: A typical looking sensor response. This was for a Scenario 1 test with the outer
electrode going from -0.4V to +0.7V in a double potential step. The other testing scenarios
would have similar current attenuations, but with different starting points depending on the
polarity of the input. The variation in current in the current comes from electronic noise in
the system and possibly from the extension/contraction of the electrode diffusion layer [2].

For each dopamine concentration, testing scenarios 1 through 4 (Table 1) were
automatically tested in sequence for every sensor, with each test lasting approximately 60
seconds. When a square wave was applied, its period was 10 seconds. By having a test last a
few times longer than the period, several full repetitions of sensor responses could be
collected. This allowed to verify response repeatability and to examine if any trends that
occurred while testing. For all tests, the data sampling rate was 400 Hz.
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With the full square wave being 10 seconds, half the period is spent at either the
oxidizing or reducing potential. This is also the time that the oxidizing or reduced product is
diffusing toward the opposite electrode. Reaching the opposing electrode is done very
quickly. The actual time to shuttle from one electrode to the other can be estimated from (1),
the general solution of the one-dimensional diffusion equation [102].

∆𝑥 2 = 2D ∆t

(1)

In the equation, the distance between electrodes is represented by x, the diffusion
constant is D, and t, is time, measured in seconds. By adjusting the terms, an expression for
the average shuttling time between electrodes is achieved in (2).

∆t =

𝑥2
2D

(2)

With a D for dopamine of 5.4x10-6 cm2/sec [101], there is a range of the shuttling
time from one electrode to the other, dependent on the gap between electrodes. The
predicted shuttling time for the 2 μm gap electrodes is 0.0037 seconds, while the anticipated
time for the 5 μm gap is naturally longer at 0.0231 seconds.
Another time interval that was part of the experimental setup had nothing to do with
testing but should be mentioned for completeness. Between tests 1, 2, 3 and 4, there was
approximately 15 seconds wait time where the sensor was not oxidizing dopamine or
reducing dopamine-o-quinone. This was the amount of time the automation program took to
reset the system for the next test. Data for each test was recorded via the DAQ at 400 Hz in a
text file to be processed later.
The data collected was the output of the transimpedance amplifiers which converted
the electrolytic surface interaction current to voltage. The electrolytic current recorded
indicates interaction between the sensor surface and the dopamine molecules in the solution
as indicated in Figure 12 and Figure 13. As a quick review, the dopamine molecules on a
positive 0.7V potential electrode surface can donate electrons and oxidize into dopamine-o-
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quinone. The newly formed dopamine-o-quinone can absorb electrons at a -0.4V potential
electrode. In either case, the interaction will register as a current.
This type of surface chemistry means that recordings of electrical current in
electrochemistry has to be thought of differently in contrast to the more traditionally defined
circuit-confined motion of electrons (or holes) of electrical engineering. In the context of
this experiment, this means there is direct correlation between the electrolytic current
recorded from the electrodes and the number of molecules interacting with the electrodes.
Scenario 1 of Table 1 had the outer electrode cycling between dopamine’s oxidation
and dopamine-o-quinone’s reducing potential. This test’s purpose was to evaluate the outer
electrode’s current increase with dopamine concentration. Also with the inner electrode at 0.4V, the test could show if dopamine-o-quinone produced at the outer electrode could be
reduced back to dopamine by the inner electrode. If increasing dopamine concentration
would show increasing current on the inner electrode, then there would be evidence for redox
cycling. These sensors could then be characterized as a collector-generator system and the
efficiency could also be examined. Scenario 1 was a double potential step
chronoamperometric test for the outer electrode and a holding potential chronoamperometric
test for the inner electrode.
Scenario 2 of Table 1 also had the outer electrode cycling between dopamine’s
oxidation potential and dopamine-o-quinone’s reducing potential. In this case, however, the
inner electrode’s potential was changed and held at +0.7V. This scenario was meant to
examine if the outer electrode could screen or reduce the amount of dopamine that could be
oxidized by the inner electrode when both the inner and outer electrodes were at +0.7V. In
other words, this test probed how much one electrode influences in the other. Scenario 2 was
a double potential step chronoamperometric test for the inner electrode and a holding
potential chronoamperometric test for the inner electrode.
Scenario 3 of Table 1 examined a different area of interest by keeping the outer
electrode at 0 volts while the square wave from -0.4V to +0.7V was applied to the inner
electrode. This could show if the inner electrode influenced the outer electrode while held at
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a potential. If so, this would mean that the value would be a candidate for baseline
subtraction. Scenario 3 was a single potential step chronoamperometric test for the inner
electrode (with a -0.4V holding potential between oxidation potentials) and a zero voltage
holding potential test for the inner electrode.
Scenario 4 of Table 1 also probed the interaction between the electrodes. In this case
this was accomplished by holding the inner electrode at 0 Volts while applying a square
wave to the outer electrode. As with Test 3, if there was an influence on the electrode being
held at 0V, this could be a candidate for later baseline subtraction. Scenario 4 was a single
potential step chronoamperometric test for the outer electrode (with a -0.4V holding potential
between oxidation potentials) and a zero voltage holding potential test for the inner electrode.
Initially it was noticed that the sensors were not giving linear response in very
straightforward situations, such as when one electrode was stepped up to +0.7V and the other
held at 0V. Various solvents and combinations of them were used on the sensors between
test runs to try to clean any debris or chemical fouling which could be occurring. These
attempts included utilizing acetone, methanol, isopropyl alcohol, distilled water and xylene.
Even the use of sulfuric acid was attempted as a cleaning agent. Utilizing the solvents or the
acid as a cleaner did not result in permanently improved sensor performance. Initially the
sensors would regain their responsiveness to the solution, but after about 3 test runs of 4
Scenarios (3 repetitions of Table 1), the sensors would inevitably lose their responsiveness.
The eventual loss of sensor performance can be seen in Figure 29 for both platinum and
carbon PPF sensors. As can be seen, platinum also fouls before the carbon PPF sensor.
Dopamine is known to foul electrodes by polymerizing on the surface when the
solution concentration is large. Experimentally it was noticed in this work that all
concentrations of dopamine eventually darkened and left a film on beakers. It was
hypothesized that such a deposition on sensors might be occurring and would need to be
cleaned off to restore sensor performance.
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Platinum and Carbon PPF Sensors Fouling in Scenario 4a
Outer I when Vouter = +0.7V, Vinner = 0.0V
(Inner Constant 0.0V, Outer Square Wave -0.4V to +0.7V)
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Platinum Sensors Fouling 1 - tested after cleaning with various solvents ( n = 3 )
Carbon PPF Sensors Fouling 1 - tested after cleaning with various solvents ( n = 3 )
Platinum Sensors Fouling 2 - tested after Sulfuric Acid (H2SO4) cleaning ( n = 3 )
Carbon PPF Sensors Fouling 2 - tested after Sulfuric Acid (H2SO4) cleaning ( n = 3 )
Carbon PPF Sensors Fouling 3 - tested after Sulfuric Acid (H2SO4) cleaning ( n = 2 )

Figure 29: The graph shows the loss of sensor performance with the number of trials
performed due to fouling. In this case, the trial also correlates to an increase in dopamine
concentration after the sensors had been cleaned. It is not the concentration increase here
that is solely responsible for the reduced response of the sensors. The repeat usage of the
sensors played a significant role in encouraging fouling. The 2 different starting points (50
µm and 100 µm) and other observations helped elucidate this deduction. The fouling of
platinum and carbon PPF sensors following solvent and acid cleaning was a repeatable issue.
The cleaning solvents attempted were acetone, methanol, isopropyl alcohol, distilled water
and xylene. The acid tried was sulfuric acid. Generally the sensors would initially have a
good response following cleaning. However, they would begin to exhibit a weakened
response from fouling after a few repetitions of testing (about 3 repetitions of the Table 1
tests). The line showing ‘Carbon PPF Sensors Fouling 3’ is the same population of sensors,
as in ‘Carbon PPF Sensors Fouling 2’ except with 1 sensor’s data removed from the dataset.
That sensor would foul too, but it would take an additional round of testing for its response to
decline. The difference with that sensor is that it had a 2 µm gap instead of the 5 µm of the
other two. This could indicate a smaller electrode gap may delay fouling.
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A way to prevent sensor fouling was eventually discovered through experimentation.
By applying a -1.5V, 0 to +1.5V potential signal at 10Hz for approximately 7 seconds
simultaneously to both inner and outer electrodes, the electrodes were electronically cleaned.
Following this treatment the sensors response became a linear output which was used for the
rest of this work. Prior to every dopamine concentration measurement, an automated autocleaning program would be initiated that applied this electronic cleaning methodology. The
cleaning’s placement in the sequence of events can be seen in the flowchart of Figure 30.
The mechanism of cleaning is hypothesized to be a brief moment of electrolysis that
produces oxygen to break down any adhered films and possibly some electrophoresis effects
as well to cause movement of the fouling layer away from the electrode surfaces.
2.5c Processing Data
The data was processed in several steps via different programs run in succession.
Complete automation was employed where possible. To begin with, the known applied
voltage of the square wave or constant potential was subtracted out from every measured
voltage at every data point. The resulting voltage difference could then be used to determine
the current by dividing the voltage difference with the value of the feedback resistor in the
Op Amp. A nine point moving average was then applied to initially smooth the current data.
A secondary smoothing was then done with a plus and minus 60 point moving average.
Another program would then retrieve the smoothened value of the currents. The
values retrieved were from the second cycle on the outer electrode when the square wave was
at the high and low potential. The same sampling would be done for the inner electrode. The
values of the first period was skipped because it was observed that sensors would often need
at least one cycle to equilibrate their response following a cleaning. The process flow of
events and automation programs can be seen in Figure 30.
Being able to create programs for the sensor testing and data collection was crucial in
producing enough measurements to evaluate if batches of sensors were correctly working,
fouling (Figure 29), or if there was success in electronically cleaning the sensors. To
manually collect the data initially was a slow process. It would take several hours to collect
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about 8 or 9 tests and this might represent 1 or 2 sensors being tested. As a result of the
length of time, the dopamine solution would need to be changed and remade due to its
oxidation tendency when exposed to air. Each new batch of solution would be slightly
different than the previous one due to measurement variations, introducing undesired
deviations in the sensor response too. With programming automation, approximately 80 tests
could be done in about the same time amounting to about a 10 fold improvement. A day’s
work with automation then represented what would take almost a week to do previously.
And a few days’ work utilizing the automation represented what had taken close to a month
to do beforehand. The process flow of events and automation programs can be seen in
Figure 30.
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New Concentration of
Dopamine for Testing
Run Sensor
Auto-Clean
Routine

Program Automatically Runs
Scenarios 1 through 4 and
Records Data

Last Sensor?

Next Sensor

No

Yes
Program automatically converts
voltage values to current readings
and generates a voltage and current
graph for every scenario and sensor

Program Smoothes
Current Data and Plots
Smoothened Values

Program collects current
values for specific times in
response (Figure 31) and
assembles the data into list

List is imported into graph
template for analysis
Figure 30: The process flow for data acquisition and processing programs. Automation
greatly improved the testing and analysis of sensors.

57z

The result of smoothing the current data can be seen in Figure 31 . The black circles
represent where the current data values were sampled. As can be seen, each cycle had 4
places where the data was measured. These were where the response attenuated and leveled
off in different portions of the cycle.

Table 2 details the polarity of the applied

waveforms on the outer and inner electrodes.
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Figure 31: The graphs show the effect of smoothing the data and where the samples of
current response values (black circles) were taken to be used for analysis. The top graph
shows the inner and outer electrode current response pre-smoothing and with some noise. At
a larger magnification, the noise on the smaller electrode is visible as well. The bottom graph
shows the same data with a plus and minus 60 point moving average for both inner and outer
electrode currents. The current values for sensor response and analysis come from the
approximate location of the black circles and represent the four values used for each testing
scenario (Table 1).
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The following table, Table 2, documents what the electrode potentials are when the
four current values are collected for each testing scenario.

Table 2: Recorded Data Points for each Applied Waveform
Scenario 1:
Description

Outer Electrode: Square Wave -0.4V to +0.7V, 10 second cycle
Inner Electrode: Constant -0.4V
Measuring

Outer Electrode Potential

Inner Electrode
Potential

Scenario 1a

Outer Electrode Current

+0.7V

-0.4V

Scenario 1b

Inner Electrode Current

+0.7V

-0.4V

Scenario 1c

Outer Electrode Current

-0.4V

-0.4V

Scenario 1d

Inner Electrode Current

-0.4V

-0.4V

Scenario 2:
Description

Outer Electrode: Square Wave -0.4V to +0.7V, 10 second cycle
Inner Electrode: Constant +0.7V
Measuring

Outer Electrode Potential

Inner Electrode
Potential

Scenario 2a

Outer Electrode Current

+0.7V

+0.7V

Scenario 2b

Inner Electrode Current

+0.7V

+0.7V

Scenario 2c

Outer Electrode Current

-0.4V

+0.7V

Scenario 2d

Inner Electrode Current

-0.4V

+0.7V

Scenario 3:
Description

Outer Electrode: Constant 0V
Inner Electrode: Square Wave -0.4V to +0.7V, 10 second cycle
Measuring

Outer Electrode Potential

Inner Electrode
Potential

Scenario 3a

Outer Electrode Current

0V

+0.7V

Scenario 3b

Inner Electrode Current

0V

+0.7V

Scenario 3c

Outer Electrode Current

0V

-0.4V

Scenario 3d

Inner Electrode Current

0V

-0.4V

Scenario 4:
Description

Outer Electrode: Square Wave -0.4V to +0.7V, 10 second cycle
Inner Electrode: Constant 0V
Measuring

Outer Electrode Potential

Inner Electrode
Potential

Scenario 4a

Outer Electrode Current

+0.7V

0V

Scenario 4b

Inner Electrode Current

+0.7V

0V

Scenario 4c

Outer Electrode Current

-0.4V

0V

Scenario 4d

Inner Electrode Current

-0.4V

0V
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As mentioned earlier, the data points for the testing scenarios were all taken in the
second cycle after the applied waveforms were started. This was primarily done because it
took at least one cycle for the sensor to equillibrate. There was, however, a second reason to
be consistent in when the measurement took place. This was because there was a gradual
shift in the response of the sensors over time as seen in Figure 32.
The shifting can possibly come from three mechanisms. It can be the pH of the local
electrode environment changing from the hydrogen release of the dopamine oxidation as
indicated by Figure 12 [98][99]. The second mechanism could be gradual adsorption of
species on the sensor [100]. Third could be fouling of with time. A fourth option for the
shifting is that it could be a combination of these effects. Based upon the experimental data
from this work and comparisons to other work, the putative causes of shifting are shown by
dashed lines in Figure 32.
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Figure 32: Shifting in sensor response over time. Both electrode responses can be seen and
their trending shifts can be seen by the dashed lines. Here the outer electrode was a square
wave from -0.4 V to 0.7 V with the inner electrode an inner constant of -0.4V in a 20µM
dopamine solution. Similar shifting was seen with other testing scenarios. The shifting can
possibly come from different effects. It could be the pH of the local environment changing
from the hydrogen release or absorption at the electrode surface (Figure 12). The second
mechanism could be adsorption. Third could be gradual fouling of the sensor with time. The
shifting could also be a combination of these effects. Adsorption of to the surface maybe
also be spurred by the intrinsic cationic and zwitterionic forms dopamine has in solution as
shown in Figure 45.
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These collected nanoamp values would then be automatically assembled into a data
table spreadsheet with references to the originating data file. Within this data was also the
background current that is present from the motion of ions within PBS. Identical tests (1, 2,
3, and 4), were done on the sensors with PBS alone and the current values from these tests
were recorded and subtracted from the values obtained of PBS and dopamine together. With
the background current removed, the offset was removed in all cases for the platinum
sensors. For the carbon PPF sensors the background current subtraction was not always
possible and a partial offset remained due to unidentified reasons.
In post-experiment analysis, it was observed that it was only the lower concentrations
where the background subtraction did not work and that as the series of four scenarios were
tested, there was an increasing likelihood background subtraction would be applicable to the
carbon PPF sensors as the number of sequential tests increased. Perhaps the smaller sample
size of carbon PPF sensors vs platinum sensors, the electrode gap differences in the carbon
PPF sensors, the topographical height difference between sensor types, metal vs carbon
interaction differences with dopamine and the different rate of fouling of platinum sensors
compared to carbon PPF sensors, may all play a role in why the background subtraction
worked differently for carbon PPF sensors than in platinum sensors. These could all be
investigations of future work.

Chapter 3 Results and Discussion for the Electrochemical Sensing of Dopamine
“There is no substitute for hard work.” - Thomas A. Edison
3.1 Platinum Sensor Electrode Oxidative and Reduction Results
The platinum sensors were tested at several concentrations of dopamine with the four
testing scenarios described in Table 1. The measured current for both the outer and inner
electrodes was gathered during the application of the square wave. The background PBS
currents were subtracted and the resulting graphs were created as detailed in the previous
section.
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Testing Scenario 1 was the application of a square wave from -0.4 V to +0.7 V with
10 second cycle time, applied to the outer electrode and a constant -0.4 V applied to the inner
electrode. To improve clarity of the information collected during this test, it was sub divided
into four states, Scenarios 1a-d. The potential of the electrodes for these states are
summarized in Table 3.

Table 3: Platinum Scenario 1,Outer Electrode: Square Wave -0.4V to+0.7V,
10 sec cycle, Inner Electrode: Constant -0.4V
Description

Measuring

Outer Electrode
Potential

Inner Electrode
Potential

Response Results

Scenario 1a

Outer Electrode
Current

+0.7V

-0.4V

Linear, oxidative,
concentration
dependent curve
(See Figure 33)

Scenario 1b

Inner Electrode
Current

+0.7V

-0.4V

Non-informative
(not shown)

Scenario 1c

Outer Electrode
Current

-0.4V

-0.4V

Non-informative
(not shown)

Scenario 1d

Inner Electrode
Current

-0.4V

-0.4V

Non-informative
(not shown)

Scenarios 1b, 1c and 1d had response results that were either entirely constant or
mostly constant. Collectively they did not indicate a clear dependency on the dopamine
concentration. This result was expected for Scenarios 1c and 1d because both electrodes
were at -0.4V, the potential required to reduce dopamine-o-quinone to dopamine. However,
for 1c and 1d there was not an electrode at +0.7V driving the production of dopamine-oquinone for the negative potential electrodes to reduce and detect as a current.
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Scenarios 1a and 1b were performed in the same dopamine reservoir as 1c and 1d.
Any residual quantity of dopamine-o-quinone present from 1a’s and 1b’s previous +0.7V
electrode activity would have been extremely miniscule and was not measured in this test.
Not seeing a clear response for Scenario 1b was unexpected because in this situation
the outer electrode with the positive potential was oxidizing dopamine into dopamine-oquinone and the inner electrode at the negative potential should have been reducing the just
produced dopamine-o-quinone back to dopamine. An adsorption current response was only
seen with the outer electrode indicating it was interacting with the solution. Apparently the
dopamine-o-quinone did not make it to the inner electrode in any appreciable quantity. This
can be explained by considering that the electrodes are planar with the substrate surface. In
this configuration, diffusion away from the plane of the outer electrode is also diffusion away
from the plane of the inner electrode. To reach the inner electrode, the dopamine-o-quinone
molecules would have to random walk in the same plane as the sensor and then, at the right
moment, travel with an orthogonal component to have a trajectory that brings it back to the
inner electrode. Stochastically speaking this route probably does occur, but it is not in any
appreciable volume as seen by the lack of a distinctive reduction current at the electrode.
The most compelling result from this first round of testing in Table 1 was where the
outer electrode showed a linear, oxidative response curve as seen in Figure 33.
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Platinum Scenario 1a: Outer I when Vouter = +0.7V, Vinner = -0.4V
(Outer Square Wave -0.4V to +0.7V, Inner Constant -0.4V)
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Figure 33: Platinum sensors have a linear, oxidative concentration dependent curve for the
outer electrode current in Scenario 1a where the outer electrode was at +0.7V and the inner
electrode at -0.4V. Error bars are one standard deviation.

Ostensibly the linear response of Figure 33 indicates that the outer electrode was
interacting with the bulk solution and oxidizing dopamine into dopamine-o-quinone. The
larger the concentration of dopamine, the greater the collected current.
In the next test, Scenario 2, the outer electrode had a square wave cycling between an
oxidation potential (+0.7V) for dopamine and reducing potential (-0.4V) for dopamine-oquinone’s while the inner electrode was at a dopamine oxidation potential of +0.7V. With
both electrodes at a voltage that would cause dopamine’s oxidation, and the outer electrode
being approximately twice the surface are of the inner electrode, this scenario was meant to
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examine if the outer electrode could screen or reduce the amount of dopamine that could be
oxidized by the inner electrode. This would characterize the influence of the outer electrode
on the inner electrode for dopamine oxidation. As with Scenario 1, the results were divided
into four sub-scenarios depending on the applied potentials.
Table 4 summarizes the findings for Scenario 2.

Table 4: Platinum Scenario 2, Outer Electrode: Square Wave -0.4V to+0.7V, 10 sec
cycle, Inner Electrode: Constant +0.7V
Description

Measuring

Outer
Electrode
Potential

Inner
Electrode
Potential

Response Results

Scenario 2a

Outer Electrode
Current

+0.7V

+0.7V

Linear, oxidative,
concentration
dependent curve
(See Figure 34)

Scenario 2b

Inner Electrode
Current

+0.7V

+0.7V

Linear, oxidative,
concentration
dependent curve,
screening of inner
electrode seen
(See Figure 35)

Scenario 2c

Outer Electrode
Current

-0.4V

+0.7V

Non-linear reduction
curve, cycling partially
present
(See Figure 36)

Scenario 2d

Inner Electrode
Current

-0.4V

+0.7V

Linear, oxidative,
concentration
dependent curve, little
effect from outer
electrode
(See Figure 37)
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Three out of four response results in Scenario 2, 2a, 2b and 2d, produced linear,
oxidative, concentration dependent curve responses.
Figure 34 shows the response of the platinum sensors for Scenario 2a.

Platinum Scenario 2a: Outer I when Vouter=+0.7V,Vinner=+0.7V
(Outer Square Wave -0.4V to +0.7V, Inner Constant +0.7V)
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Figure 34: Platinum sensors have a linear, oxidative concentration dependent curve for the
outer electrode current in Scenario 2a. Error bars are one standard deviation.

Scenario 2b examined a screening effect of the inner electrode and the linearity of the
nanoamp current response for the test can be seen in Figure 35. The influence of the outer
electrode can be seen in Figure 40 when by comparing Scenario 2b to Scenario 3b which had
the inner electrode at +0.7V and the outer at 0V.
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Platinum Scenario 2b:Inner I when Vinner = +0.7V, Vouter = +0.7V
(Outer Square Wave -0.4V to +0.7V, Inner Constant +0.7V)
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Figure 35: Platinum sensors have a linear, oxidative concentration dependent curve for the
inner electrode current in Scenario 2b. Error bars are one standard deviation.

Scenario 2c was reduction current test and was similar to Scenario 1b, but with
opposite polarities on the electrodes. However unlike in Scenario 1b, in 2c a reduction
current was observed. The response nearly plateaus at 20 µM as seen in Figure 36. Here the
current relies on the dopamine-o-quinone being produced at the inner electrode, and then it
diffusing to the outer electrode. The diffusion of the dopamine-o-quinone toward the outer
electrode causes the outer electrode current to noticeably increase till approximately 20 µM.
Afterwards the response is close to constant or slightly increasing. There does not seem to
indicate that there is a limit on the maximum amount the inner electrode can produce because
in the case where the inner electrode is oxidizing dopamine the response is linear as seen in
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Figure 38. Instead this appears to indicate the dopamine-o-quinone produced maybe
diffusing more into the bulk solution than toward the outer electrode.

Platinum Scenario 2c: Outer I when Vouter = -0.4V, Vinner = +0.7V
(Outer Square Wave -0.4V to +0.7V, Inner Constant +0.7V)
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Figure 36: A reduction current was measured in Scenario 2c and it leveled off at
approximately 20 µM. This indicates that the inner electrode reached a maximum in the
amount of dopamine-o-quinone it could produce. Error bars are one standard deviation.

Scenario 2d examined the oxidation of dopamine at the inner electrode when its potential was
set at +0.7V and the outer potential was -0.4V. A linear response was seen as seen in Figure
37. There was a slight effect of the outer electrode which is shown in Figure 40 when
compared to testing Scenario 3b.
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Platinum Scenario 2d Inner I when Vinner = +0.7, Vouter = -0.4V
(Outer Square Wave -0.4V to 0.7V, Inner Constant +0.7V)
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Figure 37: Scenario 2d for the platinum sensors produced a linear, oxidative concentration
dependent curve for the inner electrode current. Error bars are one standard deviation.

Scenario 3 changed the conditions by putting the square wave on the inner electrode
and holding the outer electrode at a constant 0V potential, to evaluate the interaction between
electrodes. Table 5 summarizes the response results of Scenario 3.
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Table 5: Platinum Scenario 3, Outer Electrode: Constant 0V
Inner Electrode: Square Wave -0.4V to +0.7V, 10 sec cycle
Description

Measuring

Outer
Electrode
Potential

Inner
Electrode
Potential

Response Results

Scenario 3a

Outer Electrode
Current

0V

+0.7V

Scenario 3b

Inner Electrode
Current

0V

+0.7V

Scenario 3c

Outer Electrode
Current

0V

-0.4V

Non-informative
(not shown)

Scenario 3d

Inner Electrode
Current

0V

-0.4V

Non-informative
(not shown)

Non-informative
(not shown)
Linear, oxidative,
concentration
dependent curve
(See Figure 38)

Scenario 3b produced a linear, oxidative, concentration dependent curve for the inner
electrode as seen in Figure 38. Testing Scenarios 3b, 3c and 3d were initially thought to
possibly offer some information on the background current for subtraction from the
dopamine and dopamine-o-quinone signal. Research showed that it was better to subtract
PBS background currents to produce data isolating the dopamine dependent response.
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Platinum Scenario 3b: Inner I when Vinner = +0.7V, Vouter = 0.0V
(Outer Constant 0.0V, Inner Square Wave -0.4V to +0.7V)
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Figure 38: Scenario 3b for the platinum sensors produced a linear, oxidative concentration
dependent response curve for the inner electrode current. Error bars are one standard
deviation.

Scenario 4’s results are shown in Table 6. In this situation the square wave of
oxidation and reduction potentials was placed on the outer electrode, while the inner
electrode was held at 0V.
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Table 6: Platinum Scenario 4,Outer Electrode: Square Wave -0.4V to +0.7V,
10 sec cycle, Inner Electrode: Constant 0V
Description

Measuring

Outer
Electrode
Potential

Inner
Electrode
Potential

Response Results

Scenario 4a

Outer Electrode
Current

+0.7V

0V

Scenario 4b

Inner Electrode
Current

+0.7V

0V

Non-informative
(not shown)

Scenario 4c

Outer Electrode
Current

-0.4V

0V

Non-informative
(not shown)

Scenario 4d

Inner Electrode
Current

-0.4V

0V

Non-informative
(not shown)

Linear, oxidative,
concentration
dependent curve
(See Figure 39)

Testing Scenarios 4b, 4c and 4d were initially thought to possibly offer some
information on the background current for subtraction from the dopamine and dopamine-oquinone signal. As with the findings from 3a, 3c and 3d, it was better to subtract PBS
background currents to produce a graph isolating the dopamine related response.
Scenario 4a produced a linear, oxidative, concentration dependent curve for the outer
electrode as seen in Figure 39.
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Platinum Scenario 4a: Outer I when Vouter = +0.7V, Vinner=0.0V
(Inner Constant 0.0V, Outer Square Wave -0.4V to +0.7V)
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Figure 39: Platinum sensors have a linear, oxidative concentration dependent response curve
for the inner electrode current in testing Scenario 4a. Error bars are one standard deviation.

The individual graphs of the electrode currents can be compared to each other to
evaluate the electrode amperometric responsivity in their respective scenarios. There are
some similarities and differences in the responses.
To make the electrode response comparison more apparent, the oxidative graph
slopes (nA/µM) were measured and plotted together on the same graph in Figure 40. This
responsivity graph shows how the oxidative rate on the outer electrode is not affected by the
potential of the inner electrode if the inner electrode is at -0.4V (Scenario 1a) or at 0V
(Scenario 4a). However, if the outer electrode is oxidizing dopamine, it is affected by the
inner electrode, if the inner potential is also at an oxidizing potential (Scenario 2a). The
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competition between outer and inner electrode to oxidize dopamine reduces the rate of
oxidation on the outer electrode from 5.2x10-2 nA/µM to 3.4x10-2 nA/µM, a 35% decline.
A similar trend can be seen on the inner electrode oxidative graph slopes. When the
inner electrode is oxidizing dopamine with a +0.7V potential, there is slight difference for the
inner electrode oxidation rate if the outer electrode is -0.4V or 0V (Scenarios 2d and 3b).
However when the inner electrode is at the oxidizing potential and the outer electrode is
made to compete with it (Scenario 2b), then there is electrode shielding and competition for
dopamine, reducing the oxidation rate at the inner electrode from 2.3x10-2 nA/µM to 7.5x10-3
nA/µM, a 67% diminishment. Since the competing electrode in this case is the outer
electrode, it is a reasonable result since the oxidation rate is proportional to the area, and the
outer electrode has approximately twice the area of the inner electrode.
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Figure 40: Platinum sensor oxidation rates per testing scenario in nA/µM. The electrode
oxidation rate is highest for the outer electrodes when the inner electrode is not set to oxidize
dopamine.

3.2 Platinum Electrode Mass Transport

The mass transport flux of the platinum sensors was also examined by using
Faraday’s Law of Electrolysis. This relation is written as:
Q=It

(3)

Where Q is the charge in coulumbs, I is current (coulumbs/second) and t is time
(seconds). This expression can be expanded to be:
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Q=It=nNF

(4)

Where n is the number of electrons per reaction, N is the amount of moles, and F is
Faraday’s constant, the electric charge per mole of electrons (96,485 Coulombs/mole).
Rearranging terms in (4), the following relation can be attained:
N
I
=
t
nF

(5)

The units of (5) are moles/second. Dividing (5) by the area of an electrode will give
the moles/second per unit area, or in other words, the mass transport per unit area, which is
the mass transport flux. In this case the units used were nanomole per second per square
micrometer, (nM/t)/µm2. The results for the different Scenario tests can be seen in Figure
41.
Figure 41 shows the inner electrode had maximum flux values across all
concentrations in Scenarios 3b and 2d when there wasn’t competition with the outer
electrode for dopamine oxidation. In 3b and 2d the inner electrode had very similar rates of
mass transport across the different concentrations.
The outer electrode had the following highest mass transport flux when the outer
electrode was not competing with the inner electrode for dopamine in Scenarios 1a and 4a.
In these two cases, the outer electrode had almost identical values for mass transport flux.
The higher flux per unit area for the the inner electrode (Scenarios 3b, 2d) is probably
due to the smaller surface area of the inner electrode compared to the outer electrode.
The lowest mass transport flux area was in Scenarios 2a and 2b where the outer and
inner electrodes competed for dopamine, effectively shielding one another from the
dopamine reservoir. The competition resulted in less oxidation occuring at both electrodes.
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Mass Transport Flux for Platinum Sensors in Nanomoles per Second per Square Micrometer
((nM/t)/µm2)
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Figure 41: Mass Transport Flux for Platinum Sensors in Nanomoles per Second per Square Micrometer ((nM/t)/µm2) with linear
regression lines. “Outer” and “inner” refer to the outer and inner electrodes respectively.
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Another way to examine the mass transport flux is to look at the rates, or slopes, of
flux from Figure 41 above. These flux rates were plotted in Figure 42. Not surprisingly, the
relative positions of the rates per graph out in the same relative position as one would expect
from seeing Figure 41. This rate graph information provides a way to compare platinum
sensor results with the carbon PPF results. Unlike the platinum sensor readings, the carbon
PPF sensors have an offset that could not be removed. The offset would give the carbon PPF
sensors higher readings in a direct comparison with platinum. By examining the rates of
change, the offset can be ignored and the sensors can be quantitatively compared in terms of
responsiveness. The comparison between platinum and carbon PPF sensor mass transport
flux rate is made in Table 13.
As for comparing the mass transport flux results for the platinum sensor different
modes of operation, Scenarios 2d and 3b were nearly identical. This was when the inner
electrode was not competing for dopamine with the outer electrode. As soon as there was
competition, as in Scenario 2b, the mass transport rate fell from approximately 1.2x10-10
((nM/t)/µm2)/µM to 3.7x10-11 ((nM/t)/µm2)/µM, a 69% decline.
For the outer electrodes, the mass transport rates were also similar when only the
outer electrode was actively oxidizing dopamine as in Scenario 1a and 4a. When the inner
electrode also was oxidizing dopamine, the mass transport fell from approximately
8.9x10-11 ((nM/t)/µm2)/µM to 6.6x10-11 ((nM/t)/µm2)/µM, a -26% change as seen with
Scenario 2a.
Shielding, or competition, between electrodes is apparently greater when the inner
electrode is being affected by the outer electrode. This is most likely because the outer
electrode is bigger with approximately double the surface area of the smaller, inner electrode
and flanks the smaller electrode on 2 sides.
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Mass Transport Flux Slope (nM/µm2)/uM
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Figure 42: Platinum sensor mass transport flux rates per scenario. The mass transport flux
rate was greatest for the inner electrode in Scenarios 2d and 3b where there wasn’t
competition between electrodes for dopamine oxidation.

3.3 Platinum Sensor Electrode Current Flux
The current flux per unit area of the platinum sensors was also examined by taking
the measured value of current and dividing per electrode area. The results for this can be
seen in Figure 43.
The inner electrode has the highest electrical current flux in Scenario 3b and 2d in
Figure 43. This maximum occurred when the inner electrode didn’t have competition with
the outer electrode for dopamine oxidation.
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Two scenarios, 4a and 1a, for the outer electrode had the next largest electric current
flux. These were maximum values for the outer electrode and occurred when the outer
electrode was not competing with the inner electrode for dopamine, with the inner electrode
either at 0V or -0.4V.
The lowest flux per unit area was for an outer and inner electrode in Scenarios 2a and
2b, respectively. In both cases the electrode was competing with the second electrode for
dopamine, resulting in a smaller electrical flux at both electrodes.
The higher current flux per unit area for the inner electrode in Figure 43, is most
likely due to the difference in surface areas of the electrodes.
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Current Flux in Nanoamps for Platinum Sensors per square Micrometer (nA/µm2)
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Figure 43: Platinum Sensors Electrical Current Flux per Unit Area (nA/µm2)/µM with linear regression lines. “Outer” and “inner”
refer to the outer and inner electrodes respectively.
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The current flux rates of Figure 43 were plotted in Figure 44. Scenarios 2d and 3b
were a pair of data points with similar values. Scenarios 4a and 1a were also similar to each
other. These four data points were when the second electrodes were not shielding the
recording electrode from dopamine.
When there was competition, as in Scenario 2b, the electric current flux rate of the
inner electrode fell from approximately 2.3x10-5 nA/µm2 (in 2d and 3b) to 7.1x10-6 nA/µm2.
This represented a 69% attenuation.
For the outer electrode, non-competition was for Scenarios 1a and 4a, while
competition occurred in Scenario 2a. For these cases, the electric current flux rate of the
outer electrode went from approximately 1.7x10-5 nA/µm2 to the lower value of 1.3x10-5
nA/µm2, respectively. This signified a 26% reduction in the electrical current flux rate.
A comparison of electrical flux rate between platinum and carbon PPF sensors can be
seen in Table 14.
As for comparing the mass transport flux results for the platinum sensor, Scenarios 2d
and 3b were nearly identical. These scenarios were when the inner electrode was not
competing for dopamine with the outer electrode. As soon as there was competition, as in
Scenario 2b, the mass transport rate fell from approximately 1.2x10-10 (nA/µm2)/µM to
3.7x10-11 (nA/µm2)/µM, a 68.5% decline.
It appears that the relative size difference of the electrodes can be responsible for the
electric current flux rate differences as well as the shielding that occurs. The smaller size of
the inner electrode means it has a higher flux per unit area.
Shielding, or competition, between electrodes is apparently greater when the inner
electrode is being affected by the outer electrode, because the outer is bigger, has double the
surface area and flanks the smaller electrode on 2 sides.
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Figure 44: Platinum Sensor Nanoamps Flux Rates per testing Scenario.

3.4 Platinum Sensor Electrode Cottrell Equation Relation
The correlation to the Cottrell equation for the platinum type sensors was examined.
The Cottrell Equation is typically applied to measuring current over time for
chronoamperometry studies. The Cottrell equation is given in (6).

𝑛𝐹𝐴𝐷1/2 𝐶𝑜
i=
(𝜋 𝑡) 1/2

(6)

Here n is the number of electrons transferred per molecule. For dopamine n is 2
electrons. Surface area is represented by A, measured in cm2. F is Faraday’s constant, the
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electric charge per mole of electrons, given as 96,485 Coulombs/mole. The variable D is the
diffusion coefficient, which for dopamine is 5.4x10-6 cm2/sec [101]. Co is the concentration
of the analyte measured in units of moles/cm3. Time is represented by t in seconds.
In this research, the platinum sensors do not produce a current that can be predicted
from the Cottrell equation as given in (6). Attempts were made to try to match the data to
variations of the Cottrell equation modified to correct for the diffusion geometry of
electrodes [20][24][103]-[105], but none of the options appeared as strong, pertinent
candidates. It was decided to use the Cottrell equation as shown in (6), which is most often
applied for potential step methods [3][20][24] as a basis of comparison and analysis.
The collected currents from the platinum sensor can be approximated by applying a
correction coefficient to the Cottrell equation. For Scenarios 1a, 2a, 2b and 2d, the
multiplying coefficient can be seen in Table 7. The dimensionless coefficient, S, arises from
dividing the measured current value by the predicted Cottrell value as seen in (7) for each
dopamine concentration tested.
S=

𝐼 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
𝐼 (𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐶𝑜𝑡𝑡𝑟𝑒𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡)

(7)

The multiplication factors for Scenarios 1a, 2a, 2b and 2d were close enough across
dopamine concentrations to be averaged into a constant multiplying coefficient. Those
averaged multiplying factors can be seen in Table 7. Since the relationship was not perfectly
linear, and there was some averaging done, the standard deviation of the coefficients was also
included in Table 7. When the standard deviation of the coefficient multiplier is expressed as
a percentage of the multiplying coefficient, it is a small range of 6.3% to 10.9%. In other
words, the predicted value from the coefficient multiplication will give a current value that
should be within 6.27% to 10.85% of the actual value.
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Table 7: Cottrell Equation Multiplying Coefficient for Platinum Sensors
in Scenarios 1a, 2a, 2b, 2d-2d
Current
Being
Measured &
Electrode
Potentials

Cottrell
Equation
Multiplying
Coefficient

Coefficient
Standard
Deviation
(across 5 to 6
dopamine
concentrations)

Standard
deviation /
Coefficient
multiplier

Scenario

Description

1a

Outer oxidizing
potential, inner
reducing
potential

Outer I
(Vo = 0.7V,
Vi = -0.4V)

14.71

1.27

8.63%

Outer electrode
competing with
inner electrode

Outer I
(Vo = 0.7V,
Vi = 0.7V)

9.66

0.911

9.43%

Inner electrode
competing with
outer electrode

Inner I
(Vo = 0.7V,
Vi =0.7V)

6.92

0.752

10.85%

Inner oxidizing
potential, outer
reducing
potential

Inner I
(Vo = -0.4V,
Vi = 0.7V)

18.2

1.143

6.27%

2a

2b

2d

The measured current was compared to the predicted current as seen in (7) for testing
Scenarios 3b and 4a as well, however, the current characterization was different in these
situations. The measured current in these cases are not described by multiplying the Cottrell
equation with a constant coefficient across all the tested concentrations like in Table 7 above.
For 3b and 4a the current measured was larger than the predicted Cottrell equation, but was
not larger due to a constant coefficient. Instead the coefficient was greater at lower
concentrations and became smaller at higher concentrations in a smooth transition. They can
be seen in Figure 47 and Figure 48. Possible mechanisms at work will be discussed below.
The resulting shape of the curve for the varying multiplying coefficient, S, resembled
an inverse of a square root function. For this reason the data was fit to a function
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proportional to the inverse square root of the concentration, C, multiplied by a constant, a,
and added to a constant displacement value, b, as shown in (8).
𝑎
S=
+b
√𝐶

(8)

Since there appeared a relationship to the inverse square root of the concentration, it
would be appropriate to look for a characteristic or principle of microelectrode sensors that
can modulate a response based on the inverse square root of the concentration. Fortunately
such a feature exists and more importantly, is relevant to changing concentrations at
electrode surfaces. It is the Debye length, λD, and is given in (9) from [54].
√𝜀𝑂 𝜀𝑏 𝑘𝐵 𝑇

λD =

(9)

√2𝑒 2 𝐼

In (9), εo is the permittivity free space, εb is the dielectric constant of the medium, e is
the elementary charge (charge of a single electron), kb is Boltzmann’s constant, T is
temperature in Kelvin, and I is related to the concentration since it is ionic strength of the
fluid. I is defined in (10).

I=

1
∑ 𝑧𝑖2 𝑐𝑖
2

(10)

𝑖

For (10), the variables in the summation are the valence of the ion, zi,, and the
concentration of ion i, ci.
A simplified expression of (10) is given for water at 25 ˚C in (11) where the Debye
length in water can be estimated [54].
λD =

0.30
𝑧√𝐶(𝑀)

nm

(11)

In this approximation, z is the charge of a symmetrical electrolyte, with equal positive
and negative charges for its constituent disassociated species. The concentration, C, is in
units of moles.
Whether using the formal definition of (9) or the approximation of (11), the
significant concept is that the Debye distance is proportional to the inverse of the square root
of the concentration. With the steady-state nanoamp current being modulated by this Debye

88a

or Debye-like influence, it seems to indicate that the electrode is interacting not just with
dopamine in contact with it, but the electrode is also interacting with additional dopamine
within a distance of the electrode. In other words, it is not a two-dimensional interaction
along the electrode surface, but a three dimensional interaction with a volume of fluid in
proximity to the electrode surface where the dopamine is being oxidized. The volume
expands and contracts with the modulation of the Debye or Debye-like length. What the
actual volume dimensions of this influence and subsequent volume will have to be evaluated
in future work.
A further interpretation of the data is that when the dopamine concentration is less,
the Debye length is greater because there is less screening of the electrode’s influence into
the solution. With a greater length, there is a correspondingly greater volume of dopamine
being interacted with, which produces a higher current and a larger multiplier for the Cottrell
equation. The opposite effect is seen when the dopamine concentration increases. As this
the concentration increase occurs, the electrical current multiplier of the predicted Cottrell
equation becomes smaller. This would be due to the smaller Debye length arising from more
charged analyte in solution, increasingly screening the electrode’s influence.
As the equations (9) and (11) indicate, the charges in the solution impact the Debye
length. Experimentally such Debye length changes based upon concentration have been
observed [43]. In the context of the work in this paper, the PBS solution used had dissolved
ions, but for all tests the PBS was consistent. Therefore its influence was a constant and any
variation seen in the current or Cottrell equation coefficient couldn’t be attributed to it. The
only part that was changed from a round of testing to the next was the concentration of
dopamine. This links the noticed changes to the variation in dopamine concentration.
If dopamine were a neutral molecule in solution, the proportionality to the inverse
square root of the concentration results would have been confounding. However, at
physiological pH 7.4 of this work, dopamine mostly exists as a positively charged cation due
to the protonation of its amine group [100][106][107][119] [121]. This protonation is
significant because increasing the concentration of dopamine in the PBS increased the charge
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of the bulk solution. According to (9) and (11), the Debye length should be reduced as more
charge is added. From the decrease in the multiplier of the Cottrell equation as more
dopamine is added, this is what appears to be occurring in accordance to the equations. The
positive charge on dopamine’s amine group at pH 7.4 can be seen in Figure 45 along with the
other forms of dopamine.
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Figure 45: a) The acid-base equilibria of dopamine leads to several forms for the molecule
depending on pH [106][107]. The work represented in this paper was done at pH 7.4 where
the forms are present in different quantities. Having a zwitterionic and cationic form at the
same time is intriguing because the dual charges may contribute to the change in signal
response in Figure 32 due to fouling, especially on the negatively biased electrode. There are
5 conformational states that the dopamine cation can possess [107]. Experiments and
calculations show the molecular population has almost equally numbers of trans and folded
gauche conformations as defined in References [119] & [121] for a neutral aqueous pH of 7.
Calculations for isolated protonated dopamine and isolated neutral dopamine at pH 7 have a
gauche conformation tendency [119]. b) The most stable trans and gauche structure variants
[119]. Figure 45b adapted from Ref [119]- Reproduced by permission of the PCCP (Physical
Chemistry Chemical Physics) Owner Societies.
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As the current is being modulated by a Debye or Debye-like influence, and the
molecules in that volume are thought to be exchanging electrons with the electrode, the
electrons must have a way of reaching them. A mechanism which is known to operate at the
Debye length-scales of nanometers and be involved with current, is electron tunneling.
Electron tunneling from electrode to electrode through a nanometer scaled gap has been
experimentally studied [111][112]. Electron tunneling works by applying a potential
between the nanometer-scale-gap-separated electrodes, causing electrons to flow from the
more negatively biased electrode, across the gap barrier, toward the more positively biased
electrode [111]. The detected current is referred to as the ‘tunneling current’ and it changes
exponentially as a function of the gap width [111]. These electrode-solution-electrode kinds
of arrangements physically differ from this paper’s work, but conceptually the same elements
are present. In both systems there is a flow of electrons over small distances. Both systems
also have a potential drop across tiny lengths.
In the electrode to solution situations that potential drop has been be gauged up to
approximately 108 to 109 V/m [113]. However, this probably depends on the experimental
parameters. Just as a comparison, the dielectric breakdown of dry air at sea level between
parallel electrodes, to produce a spark, is 3 x106 V/m, while airborne measurements have
shown thunderstorm electric fields measuring between 5x104 to 8x105 V/m [114]. Clearly
the electrical field gradient at an electrode’s surface is impressive when juxtaposed with
these better known, more familiar situations.
Electron transfer via tunneling has been described as being exponentially distance
dependent following an equation of the type given in (12), where β is a tunneling decay
constant for aqueous fluids with units of 1/Å [115][116].
𝑒 −𝛽𝑥

(12)

The electron transfer may then occur into a zone some length away from the outer
Helmholtz plane via tunneling [113][116]. This would be consistent with the proposed
method of action mentioned in this paper.
The conditions for this work may have been favorable to see these results because of
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the usage of dopamine. Water by itself permits only a 10Å electron tunneling distance by
when supporting a 103/sec electron transfer rate between an electron donor and electron
acceptor site [115]. For the same electron-transfer-rate, proteins allow an electron donor to
acceptor center distance of about 20Å and on other biologically relevant time scales up to 25
Å [115][118][120]. Though dopamine is not a protein, it shares some characteristic with
proteins. First, like most proteins, dopamine has a carbon backbone and is adorned with
hydrogens. Dopamine has double bonded oxygens which are part of the peptide bond
construction of all proteins. The catecholamine shares a trait with the amino acid lysine in
that they both have a protonated terminus amine group.
But perhaps the most fortuitous factor with the usage of dopamine in this work could
be correlated to its partial similar structure to ammonia. Ammonia has a small β, meaning it
has a better electron conducting capacity [118]. This allows ammonia to have a much larger
operative electron transfer length of upwards 100 Å between an electron donor and electron
acceptor site [118]. This relates to dopamine, because it has an amine group, which is
ammonia-like in structure. For both ammonia and the amine group, there is nitrogen and
hydrogens present and likewise, both ammonia and amine can become protonated and have
similar tetrahedral conformations [119]. These resemblances may help confer the electron
tunneling characteristics seen in ammonia to a dopamine solution, if not in full, perhaps to
some degree.
Another concept which maybe assisting the Debye-like signature in the comparative
Cottrell current response, is structured water on the electrodes when a potential is applied.
The Bockris-Devanathan-Muller (BDM) model was developed in 1963 as an extension of the
Gouy-Chapman-Stern model (Figure 14). The BDM model takes into the account how a
polar solvent, like water, will interact with the electrode, aligning itself on the basis of its
dipole in relation to the electrode’s surface charge as seen in Figure 46 [53][108]-[110]. The
alignment restricts the movement of the water molecules and imparts a structure to the layers
of water molecules [53][108]-[110]. This includes the presence of specifically and nonspecifically absorbed ions. The resulting structure limits the degrees of freedom of the
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molecules and as an outcome, the BDM model adjusts the dielectric, ε, values of the layers
[53][108]-[110]. This modification helped to address some differences in experimental
capacitance measurements [53]. The dipoles of subsequent layers are aligned to lesser
extent, until they are completely random in the bulk water [126]. The reason BDM model is
interesting is because structured water has also been studied in biological systems, where it
has been shown in simulation and experiment to aid electron tunneling associated with
ordered orientations of water [122][124][125]. By analogy, similar processes could be
occurring in the electrode’s vicinity, except instead of being points of redox activity as it is in
biological systems, it is more like a zone or volume. Indeed, terminology by Compton et al
refers to it as a “plane of electron transfer”, or PET for short.
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Figure 46: The Bockris-Devanathan-Muller (BDM) model. The BDM model adds further
detail to the Gouy-Chapman-Stern model by taking into account the polar nature of water,
describing how the dipoles align on the electrode surface and elsewhere, giving a structure to
the water molecules [53][108]-[110]. This limits the degrees of freedom of the molecules
and adjusts the dielectric, ε, values of the electric double layer as shown above. The surface
potential decreases in the Inner Helmholtz and Gouy planes as before, and beyond that
declines as in the Gouy-Chapman model [108].

96a

Specifically
Adsorbed Anions

Electrode

Primary Water
Layer, ε = 6

Solvated Cations

Normal Bulk Water
Structure, ε = 78.5

Secondary Water
Layer, ε = 32

Inner Helmholtz
Plane

Gouy Plane (Outer Helmholtz
Plane of

97a

To quickly discuss the aspects learned from biological systems, in proteins this
“structured water” pertains to protein residues momentarily holding water molecules
sterically constrained with an alignment dictated by the attraction/repulsion between the
charge on the residue and water’s dipoles [124][125]. This can create a pathway for electron
transfer referred to as “water-mediated electron tunneling” or “water bridge” between redox
donor and acceptor sites [122][123][124][125]. The structured water provides strong
electron tunneling routes between cofactors that would be unlikely to interact otherwise due
to van der Waals gaps [122]. Simulations and experimental data indicate electron transfer
can occur between two sites along a pathway composed of hydrogen bonds and covalent
bonds [123]. Lin, Balabin and Beratan have described the structured regime as occurring
between 9 and 12 Å and also conclude that a small amount of structured water molecules can
enhance electron transfer between donor and acceptor cofactors [123]-[125]. More
specifically they hypothesize that “water may be a particularly strong tunneling mediator
when it occupies a sterically confined space between redox cofactors with strong organizing
forces that favor constructively interfering coupling pathways” [123][125]. Though the 9 to
12 Å from structured water is a small value, along with the other influences of a large V/m
field near the electrode, tunneling seen in protein and dopamine’s similarities to protein,
tunneling seen in ammonia and dopamine’s similarities to ammonia, there could be a
cumulative effect which may allow the electrode interact with a volume of solution around of
it to cause the Debye-like signature in the Cottrell comparison.
With the background about the possible mechanisms at work, it is possible to fully
explain how it was reasonable to fit the Cottrell equation multiplier to different equation
types for the remaining platinum testing scenarios of 3b (Figure 47) and 4a (Figure 48).
The first fitting was to equation of the form (8) because the compared response of
measured current divided by expected current yielded a curve resembling an inverse
concentration correlation. For convenience, it is listed here again, with a and b as constants
and C, the concentration.

S=

𝑎

√𝐶

+b

(8)

98a

An exponential function can be used to describe the profile of the potential drop off
from the electrode surface into the double layer [53]. Also as seen in (12), an exponential
can be used to describe electron tunneling. For these reasons, the curve fitting introduced an
exponential function element with a constant, m, to the form seen in (8) to generate a
function of the type seen in (13) below.

S=

𝑎𝑒 𝑚𝐶

√𝐶

+b

(13)

The last equation fitting was done to an expression with just an exponential and an
offset, b, removing the inverse square root of the concentration relation to create an equation
of the form given in (14).

S = 𝑎𝑒 𝑚𝐶 + b

(14)

These selections of equation fitting show that the Cottrell equation multiplier, S,
behaves in a way that is consistent with ways used to of describe the electric double layer
width. This suggests the current is being modulated by an aspect of the double layer size
based upon the concentration of the dopamine solution.
Figure 47 shows for Scenario 3b how the function, (9), is fitted with a and b to
approximate the times larger the electrical current measurement is compared to that predicted
by the Cottrell equation. Also given are exponential forms from equations (13) and (14).
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Coefficient Multiplier for Cottrell Equation

Platinum Scenario 3b) Coefficent Multiplier of Cottrell
Equation for Inner I when Vouter = 0.0V , Vinner = 0.7V
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3b) Coefficient for Cottrell Equation
F1(C) = 0.017718*(1/SQRT(C)) + 19.6011
F2(C)=(0.0173974/SQRT(C))*EXP(-19983.5*C))+20.0882
F3(C)=11.0612*EXP(-294683*C)+12.5043

Figure 47: Platinum Scenario 3b) Coefficient Multiplier of Cottrell Equation for Inner I when
Vouter = 0.0V, Vinner = 0.7V. The blue diamond markers are the measured multiplier
coefficient for the Cottrell equation derived from dividing the measured current by the
expected Cottrell equation prediction. The red box line for F1(C) is an equation matching the
blue line of the form given by (8). F2(C) is an equation of form (13), while F3(C) is an
exponential based expression of the type seen in equation (14). The R-squared value for
F1(C) is 0.9109, F2(C) is 0.9365 and F3(C) is 0.991.

Below, in Figure 48, the same multiplier function from (108) and the exponential
forms, (13) and (14) are applied and as shown, approximate the Scenario 4a test results.
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Coefficient Multiplier for Cottrell Equation

Platinum Scenario 4a) Coefficent Multiplier of Cottrell
Equation for Outer I when Vouter = 0.7V, Vinner = 0.0V
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F1(C) = 0.00996647*(1/SQRT (C)) + 10.5861
F2(C)=(0.0122142/SQRT(C))*EXP(19636.7*C))+8.29072
F3(C)=11.0612*EXP(-294683*C)+12.5043

Figure 48: Platinum Scenario 4a) Coefficient Multiplier of Cottrell Equation for Outer I
when Vouter = 0.7V, Vinner = 0.0V. The blue diamond markers are the measured multiplier
coefficient for the Cottrell equation derived from dividing the measured current by the
expected Cottrell equation prediction. The red box line, F1(C), is an equation matching the
blue line of the form given by (8). F2(C) is an equation of form (13), while F3(C) is an
exponential based expression of the type seen in equation (14). The R-squared value for
F1(C) is 0.9626, F2(C) is 0.9942 and F3(C) is 0.991.
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A difference between the Scenarios that are only a constant multiplier of the Cottrell
equation, Table 7, and those that require a function, 3b and 4a, are the potentials of the
electrodes. In Table 7 test, both electrodes have either a positive or negative potential on
them, neither is every at a 0V potential.
However for Scenarios 3b and 4a, there is only one electrode at a time that has a
potential on it. That potential is a positive oxidizing potential on it and the opposite electrode
was held at 0 volts. These voltages conditions were necessary to generate a multiplying
coefficient to the Cottrell equation that followed the function shown in (8).
For comparison, the testing Scenarios 3b and 4a measured multipliers are plotted
together in Figure 49. As the graph shows, the inner and outer electrode curves are close to
parallel and separate from one another.
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Coefficient Multiplier for Cottrell Equation

Platinum Testing Scenario 3b and 4a Coefficient Multiplier from
Measured Data
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Figure 49: Plot of the measured platinum coefficient multipliers. These are the blue
diamond lines from the previous 2 graphs, (Figure 47 and Figure 48) derived from taking the
measured current value and dividing by the Cottrell equation prediction. The inner and outer
electrode results are nearly parallel but are separate.

3.5 Carbon PPF Sensor Electrode Oxidative and Reduction Results
The carbon PPF sensors were tested in a manner identical to the testing done on the
platinum sensors (Table 1 and

Table 2). The dopamine concentrations for the

carbon PPF sensors were the same as the ones used for the platinum sensors. In fact the
dopamine solutions used for both platinum and carbon PPF came from the same source
solution in
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order to aid the comparison of the two kinds of devices. The only difference between
platinum and carbon PPF sensors came with the data processing. The offset could not be
adjusted utilizing the method done for the platinum sensors where the PBS-only background
currents were subtracted. Other offset removal techniques were attempted, but did not
produce suitable results. Consequently the data was analyzed without an offset subtraction.
Table 8, below, shows the findings and interpretation of results for Scenario 1 for the
outer and inner carbon PPF electrodes.

Table 8: Carbon Scenario 1, Outer Electrode: Square Wave -0.4V to+0.7V, 10 sec
cycle, Inner Electrode: Constant -0.4V
Description

Measuring

Outer Electrode
Potential

Inner
Electrode
Potential

Response Results

Scenario 1a

Outer Electrode
Current

+0.7V

-0.4V

Linear, oxidative,
concentration
dependent curve
(See Figure 50)

Scenario 1b

Inner Electrode
Current

+0.7V

-0.4V

Linear, reduction,
concentration
dependent curve
(See Figure 51)

Scenario 1c

Outer Electrode
Current

-0.4V

-0.4V

Non-informative
(not shown)

Scenario 1d

Inner Electrode
Current

-0.4V

-0.4V

Non-informative
(not shown)

Both scenarios 1a and 1b produced linear responses. Scenario 1a was an oxidative
response current where the outer electrode was converting the dopamine to dopamine-o-

104a

quinone with its positive 0.7V potential show in Figure 50. The earlier test of the platinum
sensor also showed a linear, oxidative curve for Scenario 1a. The carbon PPF 1b response
curve was a linear, reduction response curve as shown in Figure 51. In contrast, the platinum
Scenario 1a curve was non-informative.
As expected, the carbon PPF scenarios 1c and 1d had response results that were not
informative.

Carbon PPF Scenario 1a: Outer I when Vouter = +0.7V, Vinner = -0.4V
(Outer Square Wave -0.4V to +0.7V, Inner Constant -0.4V)
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Figure 50: The carbon PPF sensors have a linear, oxidative concentration dependent curve
for the outer electrode current in Scenario 1a where the outer electrode was at +0.7V and the
inner electrode was at -0.4V. Error bars are one standard deviation.

105a

Scenario 1b was a reduction response current that occurred because the inner
electrode was at -0.4V, reducing the outer electrode produced dopamine-o-quinone to
dopamine. The results can be seen below in Figure 51. Unlike the platinum sensor, the 1b
carbon PPF test showed an inner electrode that was sensitive to the dopamine-o-quinone
being produced by the outer electrode. It is expected that this difference is due to the
platinum sensors not having a vertical component to the sensor above the substrate as the
carbon PPF sensors possess. The electrodes protruding from the surface creates a channel
where electrode surfaces are parallel to one another as can be seen in Figure 22. The two
electrode surfaces facing each other directly could give the dopamine-o-quinone a higher
probability of interacting with the inner electrode for two reasons. First, the diffusive
random walk path the molecule starts on is a perpendicular path to the surface of the outer
electrode. Second, the substrate lining the bottom of the channel acts like a reflector,
redirecting dopamine-o-quinone molecules, giving them an additional chance to interact with
the inner electrode. In contrast, for the platinum electrode there isn’t a channel since the
electrodes are flush with the surface. Also for the platinum sensors, the substrate does not
reflect any molecules in a way that helps them interact with the opposing electrode because
the substrate is planar with the electrodes.
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Carbon PPF Scenario 1b: Inner I when Vinner = -0.4V, Vouter =
+0.7V (Outer Square Wave -0.4V to +0.7V, Inner Constant -0.4V)
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Figure 51: The carbon PPF sensors have a linear, reduction concentration dependent curve
for the inner electrode current in scenario 1b where the inner electrode is at -0.4V and the
outer electrode is at +0.7V. Such a reduction curve for Scenario 1b was not seen in the
platinum sensors. This could be due to the platinum sensors not having a vertical component
to the sensor above the substrate as the carbon PPF sensors have. The vertical component of
the carbon PPF sensor resulting channel may give the dopamine-o-quinone a higher
probability of interacting with the inner electrode. Error bars are one standard deviation.

In the next test, Scenario 2, the inner electrode was held at dopamine’s oxidation
potential, 0.7V, and the outer electrode had a square wave cycling between an oxidation
potential (0.7V) for dopamine and a reducing potential (-0.4V) for dopamine-o-quinone. As
with the platinum sensors, this scenario explored the shielding effect between electrodes and
characterized the influence of the outer electrode on the inner electrode for dopamine
oxidation.
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Table 9 summarizes the results of testing Scenario 2 for the carbon PPF electrodes.

Table 9: Carbon Scenario 2,Outer Electrode: Square Wave -0.4V to +0.7V, 10 sec
cycle, Inner Electrode: Constant +0.7V
Description

Measuring

Outer
Electrode
Potential

Inner
Electrode
Potential

Response Results

Scenario 2a

Outer Electrode
Current

+0.7V

+0.7V

Linear, oxidative,
concentration
dependent curve
(See Figure 52)

Scenario 2b

Inner Electrode
Current

+0.7V

+0.7V

Linear, oxidative,
concentration
dependent curve,
screening of inner
electrode
(See Figure 53)

Scenario 2c

Outer Electrode
Current

-0.4V

+0.7V

Linear, reduction,
concentration
dependent curve
(See Figure 54)

Scenario 2d

Inner Electrode
Current

-0.4V

+0.7V

Linear, oxidative,
concentration
dependent curve, no
effect from outer
electrode
(See Figure 55)

In Scenario 2, three out of four response results, 2a, 2b and 2d, produced linear,
oxidative, concentration dependent curve responses. Scenario 2c produced a linear,
reduction concentration dependent curve response.
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Figure 52 shows the response of the carbon PPF sensors for Scenario 2a.

Carbon PPF Scenario 2a: Outer I when Vouter = +0.7V, Vinner = +0.7V
(Outer Square Wave -0.4V to +0.7V, Inner Constant +0.7V)
6

Current (nA)

5
4
3
2
1
0
0

10

20

30

40

50

Concentration (µM)
Current, n=3

Linear (Current, n=3)

Figure 52: Carbon PPF sensors have a linear, oxidative concentration dependent curve for the
outer electrode current in Scenario 2a. Error bars are one standard deviation.

Scenario 2b examined a screening effect of the inner electrode and the results for the
test can be seen below in Figure 53. Later, in Figure 58, a comparison can be seen between
the tests and how the shielding reduces the electrode oxidation rate.
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Carbon PPF Scenario 2b: Inner I when Vinner = +0.7V, Vouter = +0.7V
(Outer Square Wave -0.4V to +0.7V, Inner Constant +0.7V)
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Figure 53: Carbon PPF sensors have a linear, oxidative concentration dependent curve for the
inner electrode current in Scenario 2b. The error bars are one standard deviation.

Scenario 2c investigated if a reduction current could be measured on the outer
electrode from the dopamine-o-quinone produced at the inner electrode. A linear and
concentration dependent reduction current response was seen as shown in Figure 54. Unlike
the platinum sensor, which had a response that plateaued, the carbon PPF had a reduction
current which grew with increasing concentration. As with the carbon PPF scenario 1b, the
2c results may have been attainable because the carbon PPF sensors have electrodes with
sides facing one another and the substrate acting as a reflecting surface that restricts
dopamine-o-quinone molecules from completely diffusing away. Again these are two
benefits the platinum sensors do not have.
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Carbon PPF Scenario 2c: Outer I when Vouter = -0.4V, Vinner = +0.7V
(Outer Square Wave -0.4V to +0.7V, Inner Constant +0.7V)
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Figure 54: A reduction current was measured on the outer electrode in Scenario 2c for the
carbon PPF sensors unlike the platinum sensors. The error bars are one standard deviation.

Scenario 2d examined how the inner electrode oxidation current when the outer
electrode potential was -0.4V. A linear response was seen as seen in Figure 55. A
comparison to other oxidation rates of the carbon PPF electrodes can be seen in Figure 58.
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Carbon PPF Scenario 2d: Inner I when Vinner = +0.7, Vouter = -0.4V
(Outer Square Wave -0.4V to 0.7V, Inner Constant +0.7V)
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Figure 55: Scenario 2d for the carbon PPF sensors produce a linear, oxidative concentration
dependent curve for the inner electrode current. Error bars are one standard deviation.

Scenario 3 put the square wave on the inner electrode and held the outer electrode at a
constant 0V potential. The results for scenario 3 are summarized in Table 10.
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Table 10: Carbon PPF Scenario 3, Outer Electrode: Constant 0V
Inner Electrode: Square Wave -0.4V to +0.7V, 10 sec cycle
Description

Measuring

Outer
Electrode
Potential

Inner
Electrode
Potential

Response Results

Scenario 3a

Outer Electrode
Current

0V

+0.7V

Non-informative
(not shown)

Scenario 3b

Inner Electrode
Current

0V

+0.7V

Linear, oxidative,
concentration
dependent curve
(See Figure 56)

Scenario 3c

Outer Electrode
Current

0V

-0.4V

Non-informative
(not shown)

Scenario 3d

Inner Electrode
Current

0V

-0.4V

Non-informative
(not shown)

Scenarios 3a, 3c and 3d did not give informative results.
For the carbon PPF sensors, scenario 3b produced a linear, oxidative concentration
dependent curve for the inner electrode as seen in Figure 56.
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Carbon PPF Scenario 3b: Inner I when Vinner = +0.7V, Vouter = 0.0V
(Outer Square Constant 0.0V, Inner Square Wave -0.4V to +0.7V)
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Figure 56: Scenario 3b for the carbon PPF sensors produced a linear, oxidative concentration
dependent curve for the inner electrode current. The error bars are one standard deviation.

Scenario 4’s results are shown in Table 11. For this test, the square wave of oxidation
and reduction potentials was placed on the outer electrode, while the inner electrode was held
at 0V.
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Table 11: Carbon Scenario 4, Outer Electrode: Square Wave -0.4V to +0.7V,
10 sec cycle, Inner Electrode: Constant 0V
Description

Measuring

Outer
Electrode
Potential

Inner Electrode
Potential

Response Results

Scenario 4a

Outer Electrode
Current

+0.7V

0V

Linear, oxidative,
concentration
dependent curve
(See Figure 57)

Scenario 4b

Inner Electrode
Current

+0.7V

0V

Non-informative
(not shown)

Scenario 4c

Outer Electrode
Current

-0.4V

0V

Non-informative
(not shown)

Scenario 4d

Inner Electrode
Current

-0.4V

0V

Non-informative
(not shown)

Scenarios 4b, 4c and 4d did not produce responses that were useful for background
current subtraction.
However, testing Scenario 4a produced a linear, oxidative, concentration dependent
response for the outer electrode as seen in Figure 39.
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Carbon PPF Scenario 4a: Outer I when Vouter = +0.7V, Vinner = 0.0V
(Inner Constant 0.0V, Outer Square Wave -0.4V to +0.7V)
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Figure 57: Carbon PPF sensors have a linear, oxidative concentration dependent curve for the
inner electrode current in Scenario 4a. The error bars are one standard deviation.

As with the platinum sensors, to make the carbon PPF electrode response
comparisons more apparent, all the oxidative graph slopes (nA/µM) were calculated and
plotted together on the same graph as seen in Figure 58.
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Carbon PPF Sensor Oxidation Rates per Scenario
(Slope of Oxidative Graphs)
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Figure 58: Carbon PPF sensor oxidation rates per scenario in nA/µM.

The chart in Figure 58 shows how the oxidative rate on the outer electrode is very
similar whether the inner electrode is at -0.4V (Scenario 1a) or at 0V (Scenario 4a).
However, if the outer electrode is oxidizing dopamine, it can be affected by the inner
electrode if the inner potential is also at an oxidizing potential (Scenario 2a). The shielding,
or competition, between outer and inner electrode to oxidize dopamine reduces the rate of
oxidation on the outer electrode from an average of 5.9x10-2 nA/µM to 2.7x10-2 nA/µM,
approximately a 54% decline.
A similar trend can be seen on the inner electrode oxidative graph slopes. When the
inner electrode is oxidizing dopamine with a +0.7V potential, there is little difference for the
inner electrode oxidation rate if the outer electrode is -0.4V or 0V (Scenarios 2d and 3b).
However, when the inner electrode is at the oxidizing potential as well as the outer electrode,
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as in Scenario 2b, then there is electrode shielding and competition for dopamine, reducing
the inner electrode oxidation rate from an average 2.8x10-2 nA/µM to 4.9x10-3 nA/µM,
approximately an 83% diminishment. The large decline is due to the competing outer
electrode being larger in area than the inner electrode.
3.6 Carbon PPF Sensor Electrode Mass Transport
By using Faraday’s Law of Electrolysis, (1), the mass transport flux of the carbon
PPF sensors were also examined in the same fashion as were the platinum sensors.
Figure 59 shows how the outer electrode for a carbon PPF sensor had the highest
mass transport flux for both electrodes. The outer electrode has maximum flux when there
wasn’t competition with the outer electrode for dopamine oxidation as seen in Scenarios 1a
and 4a. When the outer electrode oxidation competes with the inner electrode for dopamine
oxidation, there was some electrode shielding and the outer electrode mass transport flux
drops as seen with the plot of Scenario 2a.
The next highest mass transport flux is in Scenarios 3b and 2d where the inner
electrode was oxidizing dopamine and the outer electrode was at potentials that did not
compete with the inner electrode, either 0V or -0.4V. When the outer electrode did compete
with the inner electrode, the mass transport flux of the inner electrode dropped to the lowest
level rate as seen in the plot of Scenario 2d.
However, the offsets for these carbon PPF mass transport cases were not removed as
could be done with the platinum sensors. This means there would likely be some adjustment
to the relative location of these flux curves if the proper offset removal could have been
done. Since the platinum sensors were of comparable geometry, proportions, and had the
same operating parameters as the carbon PPF sensors, that there should be similarities in the
flux rates as well. This is also reasonable because related groupings of curves can be seen
within the platinum and carbon PPF sensors. For instance, in both sensor types the curves for
“Outer 1a” and “Outer 4a” are in close proximity to one other due to their similar operating
condition and response. In addition, there is a similar increases in both curves from their
starting point to their ending point. As these are outer electrodes, and larger in area, their
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relative position on the graph should indicate a lower flux per unit area than the inner
electrode. This indicates the carbon PPF background subtracted “Outer 1a” and “Outer 4a”
mass transport response curves would most likely be in the mid-portion of the graph as seen
in the platinum electrode mass transport graph in Figure 41.
A similar pairing can be seen with “Inner 3b” and “Inner 2d”current response curves
for both platinum and carbon PPF response curves because of their similar operating
parameters. As these are responses for the inner electrode, their flux rate should be higher
per unit area than the outer electrodes. This is clearly seen in the platinum sensors of Figure
41. This would point toward the predicted carbon PPF sensors background subtracted “Inner
3b” and “Inner 2d” mass transport response curves to be at higher values above the carbon
PPF “Outer 1a” and “Outer 4a” curves, in a similar relative location as seen with the
platinum sensors, again from Figure 41.
Likewise, there are parallels with the electrode competing Scenarios of “Outer 2a”
and “Inner 2b”between the platinum and carbon PPF sensors that can help place where the
carbon PPF mass transport flux curves should be. As seen earlier, the larger outer electrode
significantly impacts the performance of the inner electrode through shielding via dopamine
competition. This would make it sensible that the carbon PPF “Inner 2b” mass transport flux
response curve would have the smallest values, and be the lowest curve on the graph, as seen
on the corresponsing platinum sensor graph, Figure 41.
The “Outer 2a” carbon PPF mass transport flux was also one of electrode
competition, but in this case the inner electrode would have less of an influence on the outer
electrode than vice versa. As before, this mirrors the conditions of the platinum sensors, and
it would be reasonable to suggests the relative position of the carbon PPF “Outer 2a” mass
transport flux be higher than carbon PPF “Inner 2b” mass transport flux response curve.
Fortunately, the slopes of the carbon PPF sensors will not change no matter what the
offset was and this allows for a direct comparison with platinum sensors in terms of
responsivity, which is done in Table 13.

119a

Mass Transport Flux for Carbon PPF Sensors in Nanomoles per square Micrometer (nM/t)/µm2)
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Figure 59: Mass Transport Flux for carbon PPF Sensors in Nanomoles per Second per Square Micrometer ((nM/t)/µm2) with
linear regression lines. “Outer” and “inner” refer to the outer and inner electrodes respectively and are followed by the testing
scenario.
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A way to examine the responsiveness of the carbon PPF sensors without needing the
background current offset is to look at the rates of the mass transport flux from Figure 59.
This also beneficial because it makes it possible later to compare the carbon PPF sensors to
the platinum sensors with their own responsive slope rates. The carbon PPF flux rates of
Figure 59 were plotted in Figure 60. The comparison between platinum and carbon PPF
sensor mass transport flux rate is made in Table 13.
In comparing the mass transport flux results for the carbon PPF sensor, Scenarios 2d
and 3b for the inner electrode were close in flux rate. This was when the inner electrode was
not competing for dopamine with the outer electrode since the outer electrode was either at
0V or at -0.4V. As soon as there was competition, as in Scenario 2b, the mass transport rate
fell from the approximate Scenario 2d and 3b average of 1.3x10-10 ((nM/t)/µm2)/µM to
Scenario 2b’s rate of 2.5x10-11 ((nM/t)/µm2)/µM, a 81% decline. It is interesting to note that
Scenario 2d has a slighter faster responsiveness than the other non-competing situation of
Scenario 3b. Further study could clarify if this remains in a larger sample pool or is
consistently present under these operating parameters.
For the outer electrodes, the mass transport rates were similar when only the outer
electrode were actively oxidizing dopamine as in Scenario 1a and 4a. When the inner
electrode also was oxidizing dopamine, the mass transport fell from the approximate
Scenario 1a and 4a average of 7.3x10-11 ((nM/t)/µm2)/µM to Scenario 2a’s rate of 3.4x10-11
((nM/t)/µm2)/µM, a 53% decrease.
Shielding, or competition, between electrodes is apparently greater when the inner
electrode is being affected by the outer electrode, because the outer electrode has a larger
surface area and flanks the smaller electrode on 2 sides.
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Mass Transport Flux Rate (((nM/t)/µm2 )/µM)

Carbon PPF Sensor Mass Transport Flux Rates per Scenario
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Figure 60: Carbon PPF sensor mass transport flux rates per scenario. The mass transport
flux rate was greatest for the inner electrode in Scenarios 2d and 3b where there was not
competition between inner and outer electrodes for dopamine oxidation. The next highest
mass transport flux came from the outer electrode in Scenarios 1a and 4a where the outer
electrodes did not have competition with the inner electrode for dopamine oxidation.
Scenarios 2d and 3b were about twice the rate of 1a and 4a because the surface area of the
larger electrode is larger than the inner electrode. The lowest mass transport flux was when
the outer and inner electrode competed with one another as represented in Scenarios 2a and
2b. In these competitive shielding scenarios, the flux rate was nearly the same per unit area
for both inner and outer electrode.
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3.7 Carbon PPF Sensor Electrode Current Flux
The current flux per unit area of the carbon PPF sensors were also examined by
taking the measured value of current and dividing per electrode area. The results for the
analysis can be seen in Figure 61.
In comparing the electrical current flux rate, testing Scenarios 3b and 2d had similar
values for the inner electrode. As seen with other trends, these were both where the inner
electrode was not competing for the outer electrode for dopamine.
The two testing situations where there wasn’t electrode competition or shielding for
the outer were Scenarios 1a and 4a. They have a small difference between them, but run
parallel to each other.
The Outer 2a and Inner 2b electrical current flux curves also run parallel to each
another. However since the inner electrode in Scenario 2b is being competed against the
larger electrode, the effect against it is more profound, giving it a lowered response rate than
for the outer electrode in Outer 2a.
These 3 groupings of Figure 61 responses are similar as to what was seen in Figure 59
and Figure 41 for the platinum sensor current flux. The alignments of Figure 61 also
mirror what was seen Figure 43 with the platinum type sensors for their electrical current
flux in the various testing scenarios. Together this indicates the electrical current flux for the
carbon PPF sensors relative positions would also have been adjusted if the offset could have
been accurately defined. The order of carbon PPF electrical flux curves from top to bottom
on the graph would most likely match the order the platinum sensors electrical flux curves of
Figure 43 for reasons discussed in the previous section due to comparable geometry,
proportions, and the same operating parameters shared between platinum and carbon PPF
sensor types.
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Current Flux for Carbon PPF Sensors in Nanoamps per square Micrometer (nA/µm2)
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Figure 61: Carbon PPF electrical current per unit area (nA/µm2) with linear regression lines. “Outer” and “inner” refer to the
outer and inner electrodes respectively and followed by the testing scenario.
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The current flux rates of Figure 61 were plotted in Figure 62. Inner electrode
Scenarios 2d and 3b had similar electric current flux rates, and were overall the highest rate
of current flux. This is most likely due to the outer electrode not competing with the inner
electrode for dopamine.
The outer electrode Scenarios 4a and 1a were also similar to each other and were the
next highest rates of current flux. Here the outer electrode was not competing with the inner
electrode for local dopamine.
When the inner electrode had competition from the outer electrode was, as in
Scenario 2b, the current flux rate of the inner electrode fell from Scenario 2d and 3b’s
approximate rate of 2.5x10-5 nA/µm2 to Scenario 2b’s rate of 4.3x10-6 (nA/µm2)/ µM, an 83%
decrease.
For the outer electrode, non-competition was for Scenarios 1a and 4a, while
competition occurred in Scenario 2a. For these cases, the electric current flux rate of the
outer electrode went from approximately 1.4x10-5 nA/µm2 to the lower value of 6.6x10-6
(nA/µm2)/ µM, respectively. This signified a 53% reduction in the electrical current flux
rate.
A comparison of electrical flux rate between platinum and carbon PPF sensors can be
seen in Table 14.
The large size of the outer electrode again reduced the inner electrode’s current flux
more when it competed with the inner electrode than when the inner electrode interfered with
the outer electrode’s dopamine oxidation. The shielding effect remains consistent.
Shielding, or competition, between electrodes is apparently greater when the inner
electrode is being affected by the outer electrode, because the outer is bigger, has double the
surface area and flanks the smaller inner electrode on 2 sides.
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Carbon PPF Sensor Nanoamp Flux Rates
(Slope of Nanoamp Flux Graphs)
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Figure 62: Carbon PPF Sensor Nanoamp Flux Rates per testing Scenario.

3.8 Carbon PPF Sensor Electrode Cottrell Equation Relation
As with the platinum sensors in section 3.4, it was found the carbon PPF sensors do
not produce a current that can be strictly predicted from the Cottrell equation as given in
(11). Instead, the carbon PPF sensor current can be approximated by applying a multiplying
coefficient to the Cottrell equation. This coefficient, S, is proportional to the inverse square
root of the concentration, C, multiplied by a constant, a, and added to a constant
displacement value, b, as show in (12).
Figure 63 shows how the carbon PPF sensor Scenario 1a results are fitted to the
function seen in (13), as well as exponential equations of form (13) and (14), to
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approximate the times larger the current measurement is compared to that predicted by the
Cottrell equation.
Scenario 1a was examining the outer electrode current when the outer electrode was

Coefficient Multiplier for Cottrell Equation

oxidizing dopamine and the inner electrode was held at a reduction potential.

Carbon PPF Scenario 1a Coefficent Multiplier of the Cottrell
Equation for Outer I when Vouter = 0.7V, Vinner = -0.4V
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1a) Coefficient for Cottrell Equation
F1(C) = 0.839158*(1/SQRT(C))-134.711
F2(C)=(0.979086/SQRT(C))*EXP(18522.6*C))-280.417
F3(C)=(930.047)*EXP(-319777*C))+42.5025

Figure 63: The carbon PPF sensor Scenario 1a coefficient multiplier of the Cottrell Equation
for the outer electrode current when Vouter = 0.7V and Vinner = -0.4V. Scenario 1a was
examining the outer electrode current when the outer electrode was oxidizing dopamine and
the inner electrode was held at a reduction potential. The blue diamond markers are the
measured multiplier coefficients for the Cottrell equation derived from dividing the measured
current by the expected Cottrell equation prediction. The red box line, F1(C), is an equation
matching the blue line of the form given by (8). F2(C) is an equation of form (13), while
F3(C) is an exponential based expression of the type seen in equation (14). The R-squared
value for F1(C) is 0.987, F2(C) is 0.9986 and F3(C) is 0.9992.
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Figure 64, shows how the Scenario 2a results were also more than what the Cottrell
equation predicts, and that the measured currents are larger by a multiplier given by equation
(8) and exponential type equations of form (13) and (14). Scenario 2a was examining the
outer electrode current when both the inner and outer electrode were oxidizing dopamine.
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Carbon PPF Scenario 2a Times Cottrell Equation
Outer I when Vouter = 0.7V, Vinner = 0.7V
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F1(C) = 0.79394*(1/SQRT(C)) - 133.32
F2(C)=(0.79394/SQRT(C))*EXP(-0.0000237105*C))-133.32
F3(C)=785825*EXP(-175905*C)

Figure 64: The carbon PPF sensor Scenario 2a coefficient multiplier of the Cottrell Equation
for the outer electrode current when Vouter = 0.7V and Vinner = 0.7V. Scenario 2a was
examining the outer electrode current when both the inner and outer electrode were oxidizing
dopamine. The blue diamond markers are the measured multiplier coefficients for the
Cottrell equation derived from dividing the measured current by the expected Cottrell
equation prediction. The red box line, F1(C), is an equation matching the blue line of the
form given by (8). F2(C) is an equation of form (13), while F3(C) is an exponential based
expression of the type seen in equation (14). The R-squared value for F1(C) is 0.9873, F2(C)
is 1 and F3(C) is 0.9967.

Figure 65, below, shows how the Scenario 2b results followed the trend and were also
more than what the Cottrell equation predicts by itself. The multiplier adjustments of
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the Cottrell equation based upon exponential type equations, as well as the function of type
(14), are shown in Figure 65 as well as exponential type equations of form (13) and (14).
Scenario 2b was examining the inner electrode current when both the inner and outer
electrode were oxidizing dopamine.

Carbon PPF Scenario 2b Coefficent Multiplier of Cottrell
Equation for Inner I when Vouter = 0.7V, Vinner = 0.7V
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2b) Coefficient for Cottrell Equation
F1(C) = 0.242261*(1/SQRT(C)) - 37.5781
F2(C)=(0.284325/SQRT(C))*EXP(19309.8*C))-81.5337
F3(C)=284341*EXP(385163*C)+15.3711

Figure 65: The carbon PPF sensor Scenario 2b coefficient multiplier of the Cottrell Equation
for the inner electrode current when Vouter = 0.7V and Vinner = 0.7V. The blue diamond
markers are the measured multiplier coefficients for the Cottrell equation derived from
dividing the measured current by the expected Cottrell equation prediction. The red box line,
F1(C), is an equation matching the blue line of the form given by (8). F2(C) is an equation
of form (13), while F3(C) is an exponential based expression of the type seen in equation
(14). The R-squared value for F1(C) is 0.9851, F2(C) is 0.9966 and F3(C) is 0.9986.
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The Scenario 2d results are show in Figure 66, and in line with previous results being
larger than the Cottrell equation predictions. As before, the measured current is divided by
the expected Cottrell value to yield the dimensionless multiplier fitted to an equation of the
form found in (8) as well as two exponential variants of form (13) and (14). Scenario 2d was
examining the inner electrode current when both the inner and outer electrode were oxidizing
dopamine.
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Carbon PPF Scenario 2d Coefficent Multiplier of Cottrell
Equation for Inner I when Vouter = -0.4V, Vinner = 0.7V
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2d) Coefficient for Cottrell Equation
F1(C) = 0.210767 * (1/SQRT(C))-18.3201
F2(C)=(0.234424/SQRT(C))*EXP(16214.2*C))-44.4056
F3(C)=224.915*EXP(-308585*C)+28.9695

Figure 66: The carbon PPF sensor Scenario 2d coefficient multiplier of the Cottrell Equation
for the inner electrode current when Vouter = -0.4V and Vinner = 0.7V. The blue diamond
markers are the measured multiplier coefficients for the Cottrell equation derived from
dividing the measured current by the expected Cottrell equation prediction. The red box line,
F1(C), is an equation matching the blue line of the form given by (8). F2(C) is an equation
of form (13), while F3(C) is an exponential based expression of the type seen in equation
(14). The R-squared value for F1(C) is 0.9919, F2(C) is 0.9975 and F3(C) is 0.9973.

Figure 67 shows how the Scenario 3b results were also more than what the Cottrell
equation predicts, and that the measured currents are larger by a multiplier given by equation
(8) and the exponential equations of form (13) and (14). Scenario 3b was examining the
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inner electrode current when the inner electrode was oxidizing dopamine and outer electrode
was set at a 0V potential.

Coefficient Multiplier for Cottrell Equation

Carbon PPF Scenario 3b Coefficent Multiplier of Cottrell
Equation for Inner I when Vouter = 0.0V, Vinner = 0.7V
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3b) Coefficient for Cottrell Equation
F1(C) = 0.199414*(1/SQRT(C)) - 16.1855
F2(C)=(0.222168/SQRT(C))*EXP(16406.3*C)-41.2637
F3(C)=210704*EXP(-296320*C)+28.1475

Figure 67: The carbon PPF sensor Scenario 3b coefficient multiplier of the Cottrell Equation
for the inner electrode current when Vouter = 0.7V and Vinner = 0.0V. The blue diamond
markers are the measured multiplier coefficients for the Cottrell equation derived from
dividing the measured current by the expected Cottrell equation prediction. The red box line,
F1(C), is an equation matching the blue line of the form given by (8). F2(C) is an equation
of form (13), while F3(C) is an exponential based expression of the type seen in equation
(14). The R-squared value for F1(C) is 0.991, F2(C) is 0.9984 and F3(C) is 0.9982.
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With Figure 68 below, the pattern continues of the measured currents being larger
than predicted Cottrell values. As done earlier, the measured currents were divided by the
expected value and the multiplier curve result was matched to equation (8) and two
exponential equation variants of form (13) and (14). Scenario 4a was examining the outer
electrode current when the outer electrode was oxidizing dopamine and inner electrode was
set at a 0V potential.
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Carbon PPF Scenario 4a Coefficent Multiplier of Cottrell
Equation for Outer I when Vouter = 0.7V, Vinner = 0.0V
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4a) Coefficient for Cottrell Equation
F1(C) = 0.239947 * 1/SQRT(C) - 11.863
F2(C)=(0.319937/SQRT(C))*EXP(8232.49*C))-44.2853
F3(C)=104.671*EXP(-90930.9*C)+23.0616

Figure 68: The carbon PPF sensor Scenario 4a coefficient multiplier of the Cottrell Equation
for the outer electrode current when Vouter = 0.7V and Vinner = 0.0V. The blue diamond
markers are the measured multiplier coefficients for the Cottrell equation derived from
dividing the measured current by the expected Cottrell equation prediction. The red box line
is an equation matching the blue line of the form given by (8). F2(C) is an equation of form
(13), while F3(C) is an exponential based expression of the type seen in equation (14). The
R-squared value for F1(C) is 0.9896, F2(C) is 0.9988 and F3(C) is 0.9992.

The next figure takes all the carbon PPF measured multiplier data and puts them
together on a single graph. Two groupings are immediately apparent. These correspond to
the outer and inner electrode of the sensor, showing there is a consistency to the effect.
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All Carbon PPF Scenario Coefficent Multiplier from
Measured Data
Coefficient Multiplier for Cottrell Equation
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Figure 69: All measured carbon PPF sensor measured multiplier values together. These
curves represent the blue lines in the previous 6 graphs where the measured current was
divided by the expected Cottrell equation expectation. The two groupings correspond to the
outer and inner electrode responses. A similar plot was done for the platinum sensors, in
Figure 49.

3.9 Comparison of Platinum versus Carbon PPF Sensors
3.9a Electrode Oxidative Response Comparison
There was a challenge in finding a way to compare the platinum and carbon PPF
sensors because the offset for the carbon PPF could not easily be removed. A way in which
the two different kinds of sensors could be related was to look at the slopes or rates of the
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oxidation for the sensors as these did not depend on the offset. This method compared the
oxidative response sensitivity of the sensors to the dopamine concentrations in units of
nA/µM. Table 12 shows the nanoamps per micromolar (nA/µM) rates for each sensor type
with the right most column indicating the percentage change of carbon PPF versus the
platinum sensor.

Table 12: Comparing Platinum and Carbon PPF Sensor Oxidative Rates
Scenario

1a

2a

2b

2d

3b

4a

Description

Current being
measured &
electrode
potentials

Outer oxidizing Outer I ( Vo = 0.7V,
potential, inner
Vi = -0.4V )
reducing
potential
Outer electrode Outer I ( Vo = 0.7V,
competing with
Vi = 0.7V )
inner electrode
Inner electrode Inner I ( Vo = 0.7V,
competing with
Vi=0.7V )
outer electrode
Inner oxidizing Inner I ( Vo = -0.4V,
potential, outer
Vi=0.7V )
reducing
potential,
no competing
Inner I ( Vo = 0V,
Inner oxidizing
potential, outer
Vi =0.7V )
zero potential,
no reducing,
no competing
Outer oxidizing Outer I ( Vo = 0.7V,
potential, inner
Vi = 0V )
zero potential,
no reducing,
no competing

Platinum
(nA/µM)

Carbon
PPF
(nA/µM)

5.2x10-2

5.8x10-2

Percentage
Change:
Carbon
PPF vs
Platinum
+12%

3.4x10-2

2.7x10-2

-21%

7.5x10-3

4.9x10-3

-35%

2.3x10-2

3x10-2

+30%

2.4x10-2

2.7x10-2

+13%

5.2x10-2

6x10-2

+15%
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In Table 12 it can be seen how the carbon PPF sensors behaved with a greater
responsiveness than the platinum sensor of similar design for oxidizing dopamine (Scenarios
1a, 2d, 3b and 4a) when the opposite electrode was at a reduction potential or when the
opposite electrode was not competing for dopamine. When the two electrodes competed
with one another, there was shielding effect that made the carbon PPF have less response
sensitivity than the platinum sensor. Another interpretation is that the characteristics that
make the carbon PPF sensors respond more vigorously than the platinum sensors, as in
Scenarios 1a, 2d, 3b and 4a, are also responsible for the stronger competition interference
between electrodes than seen in the platinum sensors (Scenarios 2a and 2b).
Evidence for some redox cycling signal strengthening can also be seen in Table 12
when comparing the inner electrode in the carbon PPF 3b test scenario to the 2d test scenario.
The Table 12 comparisons have examined the oxidative current response of the
sensor on an entire electrode basis. Table 13 and Table 14 in the following sections examine
the sensors on a per unit area comparisons.

3.9b Electrode Mass Transport

The mass transport flux characteristics for the platinum and carbon PPF sensor were
compared in a similar way as the oxidative reactivity by examining the rates of mass
transport flux. The slopes of the graphs ( Figure 41 and Figure 59) in this case gave the mass
transport flux responsivity in units of nanomoles per square micrometer per micromolar
((nM/µm2)/µM). Table 13 shows the (nM/µm2)/µM for each sensor type with the right most
column indicating the percentage change of carbon PPF versus the platinum sensor.
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Table 13: Comparing Platinum and Carbon PPF Sensor Mass Transport Flux Rates
Scenario

Description

Current being
Measured &
Electrode
Potentials

Platinum
((nM/µm2)
/µM)

Carbon PPF Percent
((nM/µm2) Change:
/µM)
Carbon
PPF vs
Platinum

1a

Outer oxidizing Outer I (Vo = 0.7V,
potential, inner
Vi = -0.4V)
reducing
potential

8.8x10-11

7.2 x10-11

-18%

2a

Outer electrode Outer I (Vo = 0.7V,
competing with
Vi = 0.7V)
inner electrode

6.7 x10-11

3.4 x10-11

-49%

2b

Inner electrode
competing with
outer electrode

Inner I (Vo= 0.7V,

3.7x10-11

2.5x10-11

-32%

Inner oxidizing
potential, outer
reducing
potential

Inner I (Vo= -0.4V,

1.2 x10-10

1.4 x10-10

+17%

Inner oxidizing
potential, outer
zero potential,
no reducing,
no competing

Inner I (Vo = 0V,

1.2 x10-10

1.3 x10-10

+8%

9.1 x10-11

7.5 x10-11

-18%

2d

3b

4a

Vi =0.7V)

Vi=0.7V)

Vi = 0.7V)

Outer oxidizing Outer I (Vo = 0.7V,
potential, inner
Vi = 0V)
zero potential,
no reducing,
no competing

As Table 13 shows, the per unit area flux examination indicates the carbon PPF
sensor has a lower mass transport flux responsivity than the platinum sensor of similar design
(Scenarios 1a, 2a, 2b and 4a). This result is most likely due to the carbon PPF sensor having
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a slightly larger outer electrode surface area of 4,160 µm2 versus the average outer electrode
surface size of the platinum outer electrode of 3,000 µm2. The larger surface area distributes
the mass transport flux over more surface meaning there is less mass transport per unit area.
The inner electrode of the carbon PPF sensor had a higher mass transport flux than
the platinum inner electrode for Scenario 2d and 3b. For both these cases the inner
electrodes were not competing with the outer electrode. The carbon PPF and platinum inner
electrodes have very similar inner electrode areas of 1,080 µm2 and 1,000 µm2, respectively.
The higher mass transport flux with the carbon PPF inner electrode may be due to the sensor
having a vertical component off the substrate. As mentioned before, this vertical component
helps to form a channel, bolstering the possibility for redox cycling. This can explain why
the carbon PPF Scenario 2d has a higher response than the platinum sensor for the same
testing scenario.

3.9c Electrode Current Flux

The electrode current flux characteristics for the platinum and carbon PPF sensor
were also compared in a similar way as the oxidative response and mass transport flux by
examining the rates of electrode current flux per unit area. The slopes of the graphs in this
case gave the electrode current flux response sensitivity in units of nanoamps per square
micrometer per micromolar ((nA/µm2)/µM). Table 13 shows the (nA/µm2)/µM for each
sensor type with the right most column indicating the percentage change of carbon PPF
versus the platinum sensor.
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Table 14: Comparing Platinum and Carbon PPF Sensor Nanoamp Flux Rates
Scenario

Description

Current being
Measured &
Electrode
Potentials

Platinum
((nA/µm2)
/µM)

Carbon PPF Percent
((nA/µm2) Change:
/µM)
Carbon
PPF vs
Platinum

1a

Outer oxidizing Outer I (Vo = 0.7V,
potential, inner
Vi = -0.4V)
reducing
potential

1.7x10-5

1.4x10-5

-18%

2a

Outer electrode Outer I (Vo = 0.7V,
competing with
Vi = 0.7V)
inner electrode

1.3x10-5

6.6 x10-6

-49%

2b

Inner electrode
competing with
outer electrode

Inner I (Vo = 0.7V,

7.1 x10-6

4.3 x10-6

-39%

Inner oxidizing
potential, outer
reducing
potential

Inner I (Vo = -0.4V,

2.3 x10-5

2.6 x10-5

+13%

Inner oxidizing
potential, outer
zero potential,
no reducing,
no competing

Inner I (Vo = 0V,

2.3 x10-5

2.4 x10-5

+4%

Outer oxidizing
potential, inner
zero potential,
no reducing,
no competing

Outer I (Vo = 0.7V,

1.8 x10-5

1.4 x10-5

-22%

2d

3b

4a

Vi =0.7V)

Vi = 0.7V)

Vi =0.7V)

Vi = 0V)

The results of Table 14 show the current flux rate indicates the carbon PPF sensor has
lower electrode current flux responsivity than the platinum sensor of similar design for most
of the test cases (Scenarios 1a, 2a, 2b and 4a). A similar trend was seen in the previous
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section with mass transport flux. This decrease is likely due to the electrode surface area as
seen in the mass transport section. To be clear, the slightly larger carbon PPF outer electrode
surface area of 4,160 µm2 versus the average 3,000 µm2 outer electrode surface size of the
platinum translates to less current per unit area.
In the noncompeting testing Scenarios 2d and 3b, the inner electrode of the carbon
PPF sensor had a higher flux than the platinum inner electrode. As before with the mass
transport flux, the carbon PPF inner electrode has 1,080 µm2 surface area, while the platinum
inner electrode has 1,000 µm2 surface area. With such similar surface area values, the
explanation of why the carbon PPF inner electrode current flux is higher than the platinum
sensor, could stem from the physical differences between the sensors. The carbon PPF has a
vertical component off the substrate, which helps makes a channel where redox cycling can
enhance the signal as possibly occurring in Scenario 2d.
The vertical dimension also means the sensors interact with the dopamine solution on
3 surfaces instead of 1 surface as with the platinum sensor. The additional two-dimensional
diffusion may provide a greater mass transport of dopamine to the surface, yielding a higher
electrode current flux.

3.9d Carbon PPF and platinum sensor electrode Cottrell Equation relation

In previous sections where the Cottrell equation was applied to the platinum sensor
and carbon PPF, it was observed that the Cottrell equation did not accurately predict the
measured current. Instead the equation needed a modification in terms of a coefficient. The
type of coefficient the formula needed is detailed in the Table 15 below.
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Table 15: Characteristic Platinum and Carbon PPF Cottrell Equation
Multiplier Coefficient, S, Summary
Scenario

1a

Description

Outer oxidizing
potential, inner
reducing potential

Current being
Measured &
Electrode
Potentials

Platinum
Sensor
Coefficient

Carbon PPF
Sensor
Coefficient

Outer I (Vo = 0.7V,

Constant
Coefficient
(see Table 7)

Debye-like
Function
Coefficient
(see Figure 63)

Vi = -0.4V)

2a

Outer electrode
Outer I (Vo = 0.7V,
competing with inner
Vi = 0.7V)
electrode

Constant
Coefficient
(see Table 7)

Debye-like
Function
Coefficient
(see Figure 64)

2b

Inner electrode
Inner I (Vo = 0.7V,
competing with outer
Vi =0.7V)
electrode

Constant
Coefficient
(see Table 7)

Debye-like
Function
Coefficient
(see Figure 65)

Constant
Coefficient
(see Table 7)

Debye-like
Function
Coefficient
(see Figure 66)

Inner oxidizing
potential, outer
reducing potential

Inner I (Vo = -0.4V,

3b

Inner oxidizing
potential, outer zero
potential,
no reducing,
no competing

Inner I (Vo = 0V,

4a

Outer oxidizing
potential, inner zero
potential,
no reducing,
no competing

Outer I (Vo = 0.7V,

2d

Vi = 0.7V)

Debye-like
Function
Vi =0.7V)
Coefficient
(see Figure 47)

Debye-like
Function
Coefficient
(see Figure 67)

Debye-like
Function
Vi = 0V)
Coefficient
(see Figure 48)

Debye-like
Function
Coefficient
(see Figure 68)
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Chapter 4 Conclusions
“Why are things as they are and not otherwise?”- Johannes Kepler
The focus of this work was the chronoamperometric study of microscale platinum and
carbon pyrolized photoresist film sensors of similar design to electrochemically detect
dopamine in solution. Using potentiometric step methods, the inner and outer electrodes of
each sensor types were probed for dopamine detection ability as well as interaction with each
other under different operating parameters.
To start the work, the supporting physical electronics hardware was constructed. This
was needed to set voltage potentials on the sensors, amplify and measure the nanoamp sized
currents. Software for controlling the hardware, data acquisition, equilibrating the sensors,
automating the testing protocols and data processing was then locally programmed.
Together, the electronics hardware and software stepped the sensors through a routine of
testing scenarios.
Fouling issues prevented the initials stages of this work. Solvents and acid cleaning
removed the deposited material, however the sensors would quickly foul again upon usage.
A way to clean the electrodes, in a repeatable and consistent way, was developed by cycling
a series of potentials which restored sensor sensitivity. The method was utilized to clean the
sensors prior to every set of testing.
For oxidative dopamine testing, the platinum and carbon PPF sensors had a current
response that was linearly dependent on the concentration of dopamine. Based on the rate of
dopamine oxidation, the carbon PPF sensors had a higher responsivity than the platinum
sensors for both inner and outer electrodes. Both sensor types had electrode competition and
shielding when the opposing electrode was actively oxidizing dopamine. When the opposite
electrode was either at a zero or reduction potential, competition was not observed. There
was a large interference between the inner and outer electrodes for carbon PPF versus the
platinum sensors. This was most likely due to the higher responsivity of the carbon PPF
sensors also causing larger responses in shielding or competition. The physical difference of
the carbon PPF having a channel between the electrodes probably also contributed because
the channel creates a small volume of solution from which dopamine can get depleted by two
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actively oxidizing potential electrodes. In contrast, the platinum electrodes were planar to
the surface of the silicon substrate and did not have a channel.
In the reduction testing, the platinum sensor did not register any chemical reduction
activity on the smaller inner electrode. On the larger outer electrode, the platinum sensor
showed reduction detection ability to a certain limit. The response was linear until about
20 µM whereupon it plateaued and remained steady for the remaining higher concentrations.
This suggests that the maximum generation of dopamine-o-quinone from the inner electrode,
to be detected on the outer electrode, had been attained. A combination of the diffusion
limited aspect of the reaction and the physical size of the inner electrode is most likely
responsible for this behavior.
As for the carbon PPF sensor, it had chemical reduction detection abilities on both the
inner and outer electrode. This may have been possible for the carbon PPF sensor instead of
the platinum sensor because the carbon PPF sensor had a geometry that created a channel
between the electrodes. Any created dopamine-o-quinone would have a high likelihood of
diffusing from the surface of the channel orthogonally in the direction of the electrode. In
comparing the individual electrodes, the outer electrode exhibited about twice the reduction
response of the inner electrode. This was probably due to its physical characteristics of being
twice as large as the inner electrode. The greater surface area could react with more of the
produced dopamine-o-quinone.
The carbon PPF sensor also exhibited some enhancement with redox cycling when
the inner electrode was set to the oxidizing potential and the outer electrodes were at a
reduction potential.
The mass transport analysis showed that the mass transport flux for the platinum
sensor was higher for the inner electrode at oxidizing potentials than the outer electrode.
With the carbon PPF sensor, there was the issue of the remaining background current
presence which offset the flux values for this kind of sensor. However, the similarity of
construction between the carbon PPF and platinum sensors, as well as the similarity of
responsivity, gave an indication that the carbon PPF electrode followed the same trend as the
platinum sensors. The tendency for both was that the inner electrode experienced a higher
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per unit area mass transport than the large electrode because of the area differences between
the two electrodes.
The electrode current flux analysis for the platinum and carbon PPF sensors were
comparable to the mass transport flux analysis. The inner electrodes experienced a higher
rate of flux than the outer electrode due to the smaller area of the electrode.
The Cottrell analysis of the electrodes showed a response that was not directly
predictable by the Cottrell equation. However, when the measured electrical current
response was compared to the predicted response, a pattern emerged. The recurring result
was a multiplying factor that could be applied to the Cottrell equation to yield the measured
current. The multiplier equation could be characterized by an inverse square root of the
concentration function or an exponential function. Both of these kinds of equations have a
form that has also been used to describe the electric double layer width around an electrode
as a function of concentration. Consequently, the proposed mechanism in action is thought
to be the electrode interacting with a volume or zone of dopamine solution of a Debye or
Debye-like length scale from the electrode by means of an electron tunneling current. Or in
other words, the electron tunneling is moderated by the electric double layer. A number of
elements support this conclusion. The first is that in a 7.4 pH solution, dopamine carries a
positive charge. Adding a charged molecule to a solution is known to change the Debye
length. With each higher concentration of dopamine experiment, more charge was
introduced to the solution. Second, there has been work where tunneling was observed in
proteins and ammonia. Dopamine has the same atom constituents as proteins and has an
amine group at its terminus that resembles ammonia. Third, the electrode surface is known
to have structured water due to the dipole interaction of water with the charge on the
electrode surface and the charge of the specifically and non-specifically adsorbed ions. In
work where water is sterically constrained, electron tunneling has been described. Together,
these factors may contribute to the Debye-like multiplier modulation of the Cottrell predicted
current. A possible explanation for noticing this effect is due to the small areas, small
currents and sparse dopamine concentration used. At larger values for these variables, the
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measured currents probably converge with the Cottrell equation predictions, as the curves
seem to already indicate by beginning to become more horizontal with increasing dopamine
concentrations.
The Debye-like multiplying effect of the Cottrell equation was noticed in 2 of the
testing scenarios for the platinum sensors and all of the testing cases for carbon PPF sensors.
For the remaining four platinum testing scenarios, a constant multiplier could be used to
describe the resulting electrical current. The platinum sensors did function with a Debye-like
modulated current when one electrode was oxidizing dopamine while the other was at a zero
potential. The carbon PPF sensors did not have this limitation based upon voltages.

Chapter 5 Future Work
“Anything one man can imagine, other men can make real.”- Jules Verne
There are several different ways this work can be expanded and furthered. The
following are descriptions of some possibilities.


Increase the number of interdigitated electrode to enhance signal strength.



Increase the height to width ratio between electrodes to enhance steady-state
redox currents as observed in other work [41][129][130].



Bubble nitrogen through the water to reduce any pH change effects.



Give the existing sensor a partial covering over a portion of the sensor
window to improve redox cycling by preventing the dopamine-o-quinone
from diffusing quickly into the bulk solution. The concept is shown in Figure
70.
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Figure 70: A possible future modification to the sensor could include a partial covering over
the sensing region. This would still allow sensor contact with the dopamine solution through
the uncovered areas, but would prevent dopamine-o-quinone from diffusing quickly away
into the bulk solution. It should enhance the signal by strengthening the redox cycling effect.

Continuing with avenues of future development, the following could also be
investigated:


Create a way to directly measure and verify the Debye length changes which
come from increasing concentrations of dopamine. For this the PBS
concentration can be varied, as can the pH or the PBS could be switched for
another buffer solution.



Make a circuit, chemical and physics computer model for the sensors.



Use the measured current to Cottrell equation relation to probe modified
surfaces and compare surfaces where there are attached molecules, ligands,
proteins, antibodies, DNA, aptamers and other substances. The method might
be useful in probing surfaces used for creating capacitors as well.
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Use a scanning electrochemical potential microscope (SECPM) to measure
the profile of the electric double layer and compare it to the differences seen
with the measured and predicted currents.



Develop the system to have wireless capabilities, similar to the WINCS
(Wireless Instantaneous Neurotransmitter Concentration Sensing System)
created at the Mayo Clinic [99][131]. This would free any in vivo study
subjects being studied from being tethered to a cable.



Place the transimpedance amplifier closer to the sensing region, perhaps even
on the same piece of silicon in a miniaturized surface mount component to
minimize external electrical noise.
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