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Multimaterial Fibers for Biosensing Application Using
Electrochemistry

Alabi Oluwademilade
ABSTRACT

The biosensing field has grown in importance and research efforts over the last few years for many
reasons including point of care sensing devices and possible early detection of diseases in the body.
Dopamine sensing is discussed in this paper and development of a dopamine sensing platform would lead
to early detection of diseases linked to its abundance or lack thereof in the brain such as Parkinson’s
disease. This work focuses on the electrochemical methods of biosensing, specifically dopamine sensing,
and this method involves the use of electrodes as its sensing component. Multimaterial electrode-
embedded fibers are used as the sensing electrode and the electrode material presented is platinum (Pt).
Platinum is employed because of its biocompatibility property. The electrodes are placed in the fiber by
method of convergence fiber drawing and the fiber ends are stripped to expose the electrode for
application. To make the proposed sensing platform more cost-effective, the platinum is electrodeposited
onto the multimaterial fiber’s embedded electrode. We discuss the use of a W/Pt modified electrode and a
pure platinum wire in dopamine sensing, and demonstrate that Pt is indeed a good candidate for dopamine
sensing. The results show that the sensitivity of the W/Pt modified electrode to dopamine is higher than
that of a pure Pt wire. This work has shown the promising application of electrodeposition in developing
a cheaper flexible biosensing platform, and opens up the possibility of the development of wearable
flexible smart textile sensors because of the use of flexible multimaterial fibers.



Multimaterial Fibers for Biosensing Application Using
Electrochemistry

Alabi Oluwademilade
GENERAL AUDIENCE ABSTRACT

The idea of sensing is important to our world and various scientific developments in this area have
improved our way of life as humans. Biological sensing, which is what this thesis focuses on, detects the
presence of various substances in the body and developments in the area of biosensing have led to the
creation of devices that can detect diseases or gather general information about a person’s anatomical
state. There has been increased interest in the detection of dopamine as more studies show that some
diseases such as Parkinson’s disease are related to the amounts of dopamine present in the brain. In this
work, we present a potential platform for sensing dopamine in vitro using electrochemistry. Multimaterial
fibers with embedded electrodes capable of measuring dopamine were fabricated using a thermal drawing
technique. The electrode material in this fiber is the most important part of the sensing platform as it is
what determines how sensitive the fiber is to an analyte. The two main topics discussed in this work are
the modification of the electrode material using an electrodeposition technique and the sensing of
dopamine with the modified electrode using the electrochemical methods of cyclic voltammetry and
differential pulse voltammetry. The material involved in the electrodeposition process is Platinum (Pt)
and the results show that platinum is a suitable material for dopamine sensing.
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CHAPTER 1- Introduction

Biosensor related research has grown over the last two decades. Today, about 4500 papers are published
on biosensors each year, and worldwide sales of biosensors are about $13 billion[1]. Figure 1-1, gotten
from the cited paper [1], shows the estimated past, present, and future world market for biosensors. A
biosensor can be defined as a device that converts a biological response inside or outside the body into a
guantifiable and processable signal. Figure 1-3 below shows the components of a biosensor. Biosensors
can be applied to a wide variety of samples such as body fluids, food samples, cell cultures, and have also
been used to analyze environmental samples[2], [3]. It would be remiss talking about biosensors without
reflecting on their origin and founding fathers. The early era of biosensing research was kicked-off by the
late Leyland C. Clark and his invention of the oxygen electrode in 19955/66[4]. This oxygen electrode
was modified and this modification led to another paper in 1962 that reported the development of the first
glucose sensor. Clark’s work and his technology were subsequently transferred to Yellow Spring
Instrument Company, and this led to the successful commercial launch of the first glucose biosensor in
1975[5].

World market for biosensors (USSm)

18 000

16 000

14 000

12 000

10 000

8000

6000 -

4000

2000

1985 1988 1995 1996 2000 2002 2004 2006 2009 2010 2018
TRENDS In Blotechnology

Figure 0-1: Estimated past, present, and future world market for biosensors[1]

An interesting biosensor invention that emerged in the 1980s is the ‘Bananatrode’[6]. The bananatrode is
an electrochemical biosensor that senses dopamine. According to Sidwell et al., the sensor uses a Clark-
type oxygen electrode in conjunction with banana pulp tissue slices that serve as a biocatalyst for the
guantification of dopamine. The principle of the sensor is based on the browning reaction of a banana.
The enzyme polyphenol oxidase catalyzes the oxidation of dopamine to quinone, and this reaction
consumes oxygen. The oxygen consumption in this reaction results in an electrical signal via the oxygen
electrode, and the electrical signal is proportional to the concentration of dopamine present. Figure 1-2
depicts a schematic diagram of the electrode assembly|[6].
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Figure 0-2: Schematic of 'Bananatrode' electrode setup

Biosensors detect the presence of biological analytes such as cells, protein, biomolecules, or a
microorganism [7]. According to nature research, biosensors consist of three parts; a part that recognizes
the analyte and produces a signal (also called bioreceptor), a signal transducer, and a reader device [8].
Bioreceptor examples include enzymes, antibody, DNA, cells, tissues, biomimetics[9]. The bioreceptors
interact with the analyte to produce a signal or response, and the transducer is the biosensor component
that converts a biological response to an electrical signal for reading and processing [10]. A transducer
could be optical[11], electrochemical, magnetic[12], [13], thermometric/thermal[14], [15] or
piezoelectric[16]. The various types of transducers reflect how the material in the transducer converts the
biological response into an electrical signal e.g. an optical transducer would use light in sensing an
analyte or a magnetic transducer would utilize a magnetic field. Each transducer type also corresponds to
a certain type of biosensing method. The sensing properties of a biosensor depends on the transducer
material, where some materials have better sensitivity and/or selectivity for specific analytes or
bioreceptors than others. In most biosensing discoveries or projects today, the surface of the sensing
material is normally modified or functionalized to increase its sensitivity towards the sensed analyte. The
different biosensing methods produce different results, and they have some advantages and disadvantages
over each other. Some biosensing methods can also be combined to increase the effectiveness of the
sensor, combine the advantages of multiple methods and create multifunctional biosensors. For example,
Eltzov et al. reviews the development of biosensors based off of combined optical and electrochemical
transduction methods for molecular diagnostics[17]. When biosensor development is discussed, the
features that are highlighted include sensitivity, specificity, and cost-effectiveness. In the following
paragraphs, we present various biosensing methods and expatiate on them.
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Figure 0-3: Components of a Biosensor (compiled from [18]-[21])

1.1 Biosensing Methods

Electrochemical sensors are a class of sensors where an electrode is the sensing element or transducer.
The electrode surface is where reaction with the analyte or bioreceptor happens, and this reaction results
in an electrical signal output, normally a current output. This current can be used to infer important data
from the analyte such as concentrations. As the name implies, electrochemical sensors are based on the
principle of electrochemistry. Electrochemistry is the study of chemical processes that cause electrons to
move and generate electricity. These movement of electrons can be described by a reaction called redox
reaction, which stands for reduction and oxidation. In electrochemical sensors, this reaction happens at
the electrode surface. There are many electrochemical methods, and each method has a different electrical
signal output. The methods are as follows[22]:

e Potentiometry: measures potential difference in volts

e Conductometry: measures resistance in ohms

e Amperometry or voltammetry: measures current in amps as a function of applied potential
e Coulometry: measures current as a function of time

e Capacitance: measures potential load in farads.

According to Simoes et al (citation above), electrochemical methods can be divided into two groups:
interfacial methods and non-interfacial methods. Interfacial methods respond directly to the presence of
an analyte on the electrode surface. This analyte presence results in an electrical signal disturbance which
is measured. Some interfacial methods include potentiometry, voltammetry, and amperometry. Non-
interfacial methods measure the electrical properties of the solution as a whole. Conductometry is a
typical non-interfacial method because it measures the resistance of a solution using two electrodes that
are equally spaced. Most of these electrochemical sensors are carried out in an electrochemical cell. An
electrochemical cell consists of a working electrode (the electrode where the analyte is sensed), the
analyte, and a set of complimentary electrodes used. These other electrodes are commonly referred to as
reference electrode and counter electrode. A reference electrode is an electrode with a known, constant
potential. An ideal reference electrode should be insensitive to the composition of the solution being



studied[22]. Some examples of widely used reference electrodes include Normal Hydrogen Electrode
(NHE), Standard Hydrogen Electrode (SHE), saturated calomel electrode (SCE) and saturated
silver/silver chloride electrode (Ag/AgCl). The counter electrode establishes a connection to the
electrolytic solution so that current can be applied to the working electrode, hence, they should be
conductive but also stable. Some widely used counter electrode materials include platinum, gold, and
carbon[2]. In addition to these electrodes, electrochemical sensing requires the use of a potentiostat which
maintains the cell at a constant potential or monitors the electric current of the electrochemical system at a
constant or varied potential, as in the cases of amperometry or voltammetry respectively. Figure 1-4
illustrates an ideal electrochemical cell with three electrodes[22].

Potentiostat

[

Working
Electrode

Reference
Electrode

Counter
Electrode

Electrochemical
Cell

N /

Figure 0-4: Conventional three-electrode electrochemical cell setup

Potentiometry, which is an interfacial method measures the accumulation of a charge potential at the
working electrode compared to the reference electrode in an electrochemical cell. It provides information
about the ion activity in an electrochemical reaction. A notable example of potentiometry is a pH meter,
which has a glass membrane electrode and a reference electrode. The meter produces a potential
difference of the solution on both sides of the membrane and converts it to a pH value. Amperometry is
the electrochemical method of measuring the current flowing through a working electrode as a constant
potential is passed to the working electrode. Oxidation or reduction occurs at the surface of the working
electrode, and the measured current correlates to the amount of oxidized or reduced species on the
surface. Figure 1-5 shows a typical amperometry measurement[23].
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Figure 0-5: A typical chronoamperometry experiment showing current-time response of an immobilized enzyme.

The method of voltammetry is also like amperometry with the application of a potential but in its case, a
varied potential is applied between the electrodes and the resulting change in current flow is measured.
The varied potential that is applied to the electrode surface leads to oxidation or reduction of electroactive
species in the solution hence, different species or analytes can eb sensed based on their oxidative or
reductive properties. The different types of voltammetry are linear, pulse, and cyclic sweep or cyclic
voltammetry. This biosensing project was carried out using electrochemical sensing, and more
specifically using the interfacial methods of cyclic and pulse voltammetry, which fall under the
voltammetry category described above. In cyclic voltammetry, the potential is swept in the positive or
negative direction, starting from a set initial potential value, and ending at a final potential value, at a set
sweeping speed with units of mV/s. The potential keeps sweeping back and forth until the number of
desired cycles are met. Cyclic voltammetry has a link between its scan rate and the current measured and
this link tends to affect its sensitivity hence, it is more generally used for exploratory purposes. Pulse
voltammetry on the other hand doesn’t have a sweep/scan rate parameter and is better suited for
quantitative determinations of analytes. A resulting voltammetry plot is called a voltammogram, and the
measurements are plotted as current vs voltage.[2] These two methods are used in this project in sensing
dopamine, and they are compared to each other. More discussion on this sensing topic is presented in
Chapter 4

Electrochemical sensing has many advantages and benefits as it has disadvantages. To compare it to other
biosensing transduction methods however, some of the other sensing methods will be briefly defined.
Optical biosensors are the most common class of biosensors, with a popular example being the glucose
sensor for diabetics. Optical detection utilizes the interaction between an optical field and a
biorecognition element. Biorecognition elements used in optical biosensors include but are not limited to
enzymes, antibodies, nucleic acid, receptors, whole cells, and whole tissues. Some optical biosensing
techniques include Surface Plasmon Resonance (SPR), fluorescence, evanescent wave, optical waveguide
interferometry, colorimetry. SPR, evanescent wave, and fluorescence use the evanescent field close to the
biosensor surface and detect the interaction between the biorecognition element and the analyte[24].



Optical biosensors emit an optical signal which is directly proportional to the concentration of the analyte.
They can also be classified into two groups: label-based or label-free manner. The label-free manner
involves interaction of the analyte with the transducer for signal detection while the label-based labels the
analyte with fluorescent tags such as dyes, and the optical signal is generated by a colorimetric,
fluorescent or luminescent method[25]. Optical biosensors are said to offer fast detection, high sensitivity,
real-time monitoring as some advantages[26]. They don’t require a reference sensor, as the comparative
signal can be generated using the same source of light and the sampling sensor, unlike in electrochemical
sensing. Fiber Optic based sensors (FOBS) are another example of optical biosensing. These FOBS rely
on optical transducers that convert light signal to electrical signal to be displayed on a display. In FOBS, a
light signal propagates down the optical fiber, interacts with the biorecognition element, and is sent back
to the detector for deciphering. An advantage of FOBS is that they are electrically safe and small enough
to reach small areas of the body[27]. Another major advantage is that they are immune to electromagnetic
interference. This helps with clean and accurate sensing signal results.

Thermometric biosensors are formed on the basis of biological reactions that produce heat[28]. The
reaction takes place in a small enzyme packed bed reactor. A substrate enters the bed and gets converted
to a product. During this process, heat is produced and the difference in temperature between the substrate
and the product is measured by thermistors. Currently, thermometric biosensors are used for estimating
serum cholesterol. Cholesterol gets oxidized by the enzyme cholesterol oxidase and heat is generated
which can be measured. The application of thermometric sensors however is limited because not all
biological reactions in the body produce heat. Hence, electrochemical sensors can already be seen as
superior to thermometric sensors[29].

Piezoelectric biosensors are based on the principle of sound vibrations and are also called acoustic
biosensors. Piezoelectric biosensors have crystals, which are the sensor part of the sensors. They work on
the principle of oscillations changing due to a mass bound on the crystals surface. Alternating voltage
given to the surface of a piezoelectric material causes mechanical stress or oscillations. This alternating
voltage when applied to this biosensor cause mechanical oscillations of the crystal and the frequency of
oscillation is measured. If an analyte is bound to the crystals surface, the oscillation frequency changes
and this change in frequency is proportional to the mass that is bound to the surface of the crystal[30].
This is how analytes are detected. Piezoelectric biosensors succeed in label free determination of analytes
as they don’t have to be modified with any type of markers as in some optical biosensors. As seen from
cited papers however, this biosensor is limited in its ability to determine substances in solution because
the crystals may cease to operate in viscous liquid.

All methods of biosensing that have been developed or are currently being researched have their
advantages as well as their disadvantages. However, since this report is about fiber based electrochemical
sensors, here are some of the reasons why this method of sensing was chosen over the others:
electrochemical biosensors do not suffer the drawback of high sensor setup complexity and cost. For in
vitro sensing, the equipment needed for sensing setup are the electrodes mentioned above and a
potentiostat which is widely available. Also, for electrochemical sensing, to achieve better sensing results,
different working electrode materials are explored, and most times, the working electrode is modified
using electrochemical methods which are relatively cheap and do not require additional equipment. When
compared to Surface Plasmon Resonance(SPR) which is an optical biosensing method, electrochemical
sensing shows promise for an easier and cost-friendly setup, as current commercialized SPR instruments
are expensive and bulky[24]. This limits the extent of their application. Another advantage of an
electrochemical sensing system is easy miniaturization and use with small analyte volume. Although a
standard electrochemical cell contains three electrodes, most cells can be shrunk to two-electrode systems



for easy in-vivo sensing. The idea of this project using optical fibers improves the chances for
miniaturization of an electrochemical cell with its working electrode as a fiber electrode, whose diameters
extend down into the nanometer range.

1.2 Motivation for biosensing work

Reviewing the advantages listed above led to the motivation for using an electrochemical method of
sensing and using optical fibers as the sensing element. Optical fibers have various properties which lend
to them being good biosensing candidates. More on optical fibers and their fabrication and properties is
discussed in Chapter 2. One property is them being immune to electromagnetic interference. This
property aids in preventing unwanted noise from nearby electrical sources and making them electrically
safe for in-vivo applications. Optical fibers also tend to be thin as mentioned previously and would be
able to reach hard-to-reach areas of the body. In particular, this project focused on dopamine sensing,
which would mean sensing in the brain. The brain is known to be a very complex human part and also
having areas notoriously known for being hard to reach. Using an optical fiber could help in reaching
areas of the brain that otherwise could not be accessed. Another motivating factor for this project was the
prospect of having flexible and wearable biosensors. Optical fibers are thin and can be woven into
textiles. With sensing capabilities embedded, a wearable and breathable sensor can be created from a
woven or knitted optical fiber design. This would lead to a comfortable point-of-care sensor, and also
increase the user or patient experience.

1.3 Existing electrochemical based sensing technologies

There are numerous biosensing technologies that are in use in the real world, and more technologies that
are still in testing and development phase. A common everyday example would be a pregnancy test stick.
A pregnancy test is a biosensor and operates on an optical biosensing principle. Another example is a
Fitbit watch or patch that monitors heart health, oxygen levels in the body and so on. These sensing
technologies are not invasive and are used outside the body. To give a little more background to the work
done in this report, some existing and developing biosensing technologies, specifically electrochemical
based, will be discussed. This will help put my work on electrochemical sensing in perspective of real-
world applications and help in visualization of a fully realized dopamine biosensor.

Iguchi et al developed a flexible and wearable amperometoric biosensor for tear glucose
measurement[31]. The flexible sensing platform was based on electrochemical sensing methods, and used
a two-electrode system. The sensor was constructed by immobilizing glucose oxidase (GOD) on a
flexible film-like oxygen electrode. This oxygen electrode was fabricated using soft MEMS (Micro
Electro Mechanical Systems) technique. The developed film-type oxygen electrode has four layers: a
flexible gas-permeable membrane made from polypropylene, a 200nm thick Pt electrode and an Ag/AgCl
electrode, a membrane filter that contains the electrolytic solution (0.1mM of KCI), and a non-permeable
membrane with thickness of 50um. No adhesives were used in the fabrication of the electrode. More on
the fabrication process of the individual electrodes and the membrane layers is described in the
article[31]. The electrode was constructed in a sandwich style configuration, with the membrane filter
containing the electrolytic solution sandwiched between the gas-permeable membrane with the electrodes
and the non-permeable membrane layer. This sensor sensed glucose by measuring the oxygen
consumption induced by enzyme reaction of the enzyme immobilized membrane using the two-electrode
electrochemical method. A constant potential of -0.55V vs Ag/AgCl was applied to the working electrode
and the outputs were recorded by a potentiostat. From the experimental results, a relationship between the
glucose concentration and the output current was confirmed in a range of 0.025-1.475mM/L, with a
correlation coefficient of 0.998 which was gotten from regression analysis. More of the results in relation
to pH and temperature are discussed in the cited paper. The paper also reported a 10-minute delay in



increase in tear glucose after blood glucose level increase. Apart from this delay, results were gotten
without significant variation and stability. Because of the flexible nature of this developed sensor,
continuous tear glucose monitoring could be carried out with sufficiently stable and sensitive results. If
commercialized this would be a positive breakthrough to non-invasive continuous glucose monitoring
research.

An emerging class of sensing technology specifically for sensing analytes in human sweat is the
temporary tattoo style sensors. Although these are not fully operable yet, the push in their research shows
that integrating this sensing method with potentiostatic control, wireless data transfer and energy
harvesting will lead to a fully functional ‘electronic skin’ in coming years. ‘Electrochemical sensing
based on printable temporary transfer tattoos’ is an article by Windmiller et al that presents an
electrochemical biosensing method using temporary tattoos[32]. The aim of this group’s research was to
improve upon the concept of flexible screen-printed electrochemical sensors which don’t stick too well to
the skin which is their sensing organ. The electrode design is patterned onto a release agent-coated base
paper using screen printing. An adhesive sheet with a protective coating is then applied to the printed
electrochemical sensor. In the case of physiological sensing, the base paper is removed and the tattoo
pattern is applied to the skin. The electrochemical sensors are then integrated with a handheld 3-electrode
potentiostat via pressure contact with a medical-grade adhesive. A micropotentiostat can also be mated
with the electrode via an adhesive patch and the total system could be worn on the skin for a long time
period. The working electrode material is carbon fiber (CF), and some CF segments were dispersed
within the tattoo ink. The CF dispersed provides mechanical reinforcement for the sensor, and this
resiliency was tested by stretching of the skin, twisting, and pinching[32]. Cyclic voltammetry was also
carried out to test the difference between sensing signal from CF-reinforced sensor and the unreinforced
sensor. The CV results showed increased sensing current for the CF-reinforced sensor. More in depth
discussion on the results form testing can be found in the cited paper. Further work on this idea will
involve functionalization of the tattoo sensor’s electrodes with enzymes for higher recognition and
improved selectivity towards target analytes.

Another sensing technology that is showing a lot of promise is wireless biosensors, and research in this
area has grown rapidly over the past two decades. Wireless biosensors are hybrid devices that collect bio
data from their local environment, and then process and transmit the analytical information to a remote
device by wireless technology[33]. Wireless sensors also have found use in point-of-care diagnostics such
as pregnancy testing, diabetes management, and other physiological monitoring. Point-of-care devices
improve the quality of life of patients as it allows for monitoring of health symptoms from the comfort
one’s home. Electrochemical sensors are prevalent in the wireless chemical sensor field with
potentiometry and amperometry being the dominating sensing methods, and the paper by Koehne et al.
shows an example of this. The paper describes a carbon nanofiber electrode array for electrochemical
detection of dopamine[34]. In the described project, a carbon nanofiber (CNF) electrode array is
integrated with a Wireless Instantaneous Neurotransmitter Concentration Sensor System (WINCS). This
project is a good example of an existing technology to review in regard to the content of the project in this
report because this report is based on electrochemical biosensing of dopamine using fibers.

Carbon Nanotubes and CNFs have shown promise as neurochemical recording electrodes due to their
high sensitivity, rapid electron transfer kinetics, and biocompatibility. The CNF array detects dopamine
using fast scan cyclic voltammetry (FSCV) in a two-electrode electrochemical system. The CNF
nanoelectrode array was prepared on a silicon wafer using vertically aligned CNFs 100um in diameter.
The reference electrodes used in this experiment are Ag/AgCl electrodes. Details on the construction of
the working fiber electrodes and the reference electrodes are discussed in the cited paper[34]. The
wireless part of this proposed sensor, the WINCS, incorporates both the FSCV and digital telemetry to
display the electrochemical measurements on a PC in real time. The hardware components (which consist

8



of analog circuitry for FSCV, a Bluetooth transceiver, and a microcontroller) of the WINCS are printed
on a printed circuit board (PCB). The FSCV for dopamine sensing was carried out over the electrode
range -0.4V to 1.0V at a scan rate of 300V/s. The resulting sensing currents showed correlation between
dopamine concentrations and recorded current value. A major advantage of the CNF platform is detection
of neurochemical analytes over a large area because of the multiple sensing electrode tips present in its
array, but still with high spatial resolution. The cited paper also compares the results of dopamine
detection using a single Carbon Fiber Microelectrode (CFM) and the CNF platform, and found that their
sensing capabilities are comparable.

A similar wireless sensing technology using voltammetry is described in the paper by Jung et al[35]. The
paper presented a disposable cyclic voltammetry (CV) tag that is printed on a plastic film and integrates
wireless power transmitter, electrochemical cell and signage through a gravure printing method. The CV
tag detects the presence of solutes in a solution dropped on it using a two-electrode printed
electrochemical cell, and it displays the solutes on the signage of the tag in about five seconds. Since there
is no technology advanced enough to build a wireless and cost-effective disposable CV system, the
project explores the premise of wireless transmission by studying the basics of wireless power
transmission technology of RF devices. The details on how the power circuit for the tag was produced and
how a wireless waveform that scans the electrochemical cell to stimulate redox reaction was generated are
discussed in the cited paper[35].

The technologies and research work described above are summarized in Table 1-1, along with other
applications of electrochemical methods in biosensing. The table shows the usefulness and advantages of
electrochemical sensing and helps the reader put the biosensing work described in this thesis in
perspective of practical applications.

Table 0-1: Summary of Electrochemical biosensing technologies

Electrochemical | Target Working Device Pros/sensitivity Reference
Method Analyte Electrode form/given
name (if
provided)
Cyclic sweat SWCNT Flexible tag Wireless [21]
Voltammetry electrochemical
sensor
Fast scan Cyclic | Dopamine Carbon High sensitivity due | [34]
Voltammetry Nano-Fiber to CNT and CNF
use, wireless data
transmission
Cyclic Sweat Carbon Electronic This sensor is [32]
Voltammetry Fiber skin/temporary | compatible with the
tattoo irregularities of the
human skin surface
Amperometry Tears Platinum Flexible sensor for [31]
(specifically continuous tear
glucose) glucose
measurement
Cyclic Cancer Graphene Employs dual [36]
Voltammetry biomarker(a- | sheets signal-amplification
fetoprotein) for greater
sensitivity.




Detection limit;
0.02ng/mL?

Potentiometry pH pH electrode | Wireless Has autonomous [37]
sensor tag sensing capabilities
compatible with 10T
and a portable size
Amperometry Saliva platinum Mouthguard Sensor has [38]
(glucose) biosensor continuous wireless
glucose
measurement
function
Amperometry Alcohol Prussian Flexible Developed sensor [39]
oxidase Blue tattoo-based shows promise for
conductive alcohol sensor | real-time detection
carbon of alcohol levels and

wireless data
collection
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2 CHAPTER 2- Fiber Fabrication

Biosensing using electrode-embedded optical fibers shows a lot of promise for biosensor device
miniaturization and less invasive sensing. Having optical fibers fabricated specifically for a sensing
application can improve the sensitivity of that fiber. This chapter discusses the basic structure of optical
fibers, how they are drawn, how electrodes are embedded in these fibers, and how the optical fibers used
in this thesis’s work were fabricated.

2.1 Optical Fibers

Fiber optics refers to the transmission of light through very fine glass or plastic fibers. Optical fibers are
made from glass or plastic, roughly have the diameter of a human hair, and can be drawn to be miles long.
Silica-based fibers are the waveguides of our present and the foreseeable future. They currently have
prominent applications in international and domestic telecommunications. Most homes are already fitted
with optical fibers providing telephone, internet and multiple channel high definition television
services[40]. Recognizable properties of fibers are their small size, light weight, and dielectric property
that protects them from emitting and being affected by electromagnetic radiation. Optical fibers consist of
three basic elements which are the core, the cladding, and the outer coating, as shown in typical optical
fiber setup shown in Figure 2-1[41]. The core and cladding are usually either made from plastic or glass,
with one having a slightly lower refractive index than the other and in most cases, cladding is the
component with the lower refractive index[42].

( A
Core

Cladding

Plastic
jacket

Structure of Optical Fiber

Circuit Globe

Figure 2-1: Structure of Optical Fiber (Ref: https://circuitglobe.com/difference-between-optical-fiber-and-coaxial-cable.html)

Light is transmitted along the core of these fibers by a phenomenon called Total Internal Reflection or
TIR, pictorially described in Figure 2-2. This phenomenon guides the light rays in along the fiber by
keeping them confined in the core and allowing no ray refraction. TIR which is a special refraction case is
described by Snell’s law defined as:

nisinl =ngsin R

11



Where n; and nr are the refraction indices of the cladding and core material that the light is passing
through, and | and R represent the angle of incidence and angle of refraction respectively of the beam of
light[42].

Buffer Coating

Cladding

Cladding
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Figure 2-2: Core, Cladding, and outer coating of an optical fiber (source:
https://www.photonics.com/Articles/Fiber_Optics_Understanding_the Basics/a25151)

There are three basic types of optical fibers: single-mode, multimode step-index, and multimode graded
index fibers. For a single mode fiber, the light beam travels straight through the fiber and there are no
reflections from the core-cladding boundaries. In multimode fibers, the core is wider and allows more
light through, leading to beams reflecting and bouncing off the core-cladding boundary. The refractive
index in the core also changes in a step-like fashion, contributing to the different modes travelling through
the core. The main difference between the multimode step-index and multimode graded index is the
manner in which the refractive index changes in the core. Graded-index fibers have an index of refraction
that changes gradually while the other has a step-like index change. Optical fibers are normally
characterized by their core diameter, core and cladding indices of refraction, numerical aperture
(measures angle at which light rays enter the fiber), modes, and bandwidth.

All these properties lend to the sensing capabilities of fibers as optical fiber sensors (OFS). In OFS, light
is normally propagated down a fiber to the analyte to be sensed and reflected back to a detector. The
analyte is sensed by analyzing the transmitted light and the reflected light, looking at their property
changes. Various ideas and methods regarding fiber-optic sensing have been proposed for various
measurands and applications, but not all these ideas have been commercialized. Optical fiber sensors have
unique advantages such as EMI immunity, small size, light weight, high sensitivity to name a few and
these lend to them being good sensing platforms. Measurands that have been explored with OFS include
pressure, acoustic, temperature, strain, current/voltage, vibration, bending, displacement, and bio
analytes[43]. In this thesis’s work however, the optical fibers are modified with electrodes, giving rise to
multimaterial fibers. This fiber type enables other biosensing methods, such as electrochemical sensing, to
be realized. This method of modifying the fibers will be explained to better understand the project.

2.2 Multimaterial Fiber Fabrication
Electronics are evolving from rigid, bulky structures to more flexible and pliable structures after major
research and breakthroughs in the fields of materials, mechanics and some specific device properties. This
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makes them easier to integrate into our everyday lives. The method used for the fabrication of the fibers
used in this thesis is synthesizing electrodes within thermally drawn fibers. Thermal drawing, is a typical
approach for producing optical fibers in the industry. Hundreds of kilometers of optical fibers are
produced by heating a macrostructured preform in a fiber draw tower[44]. The preform is fed into a
furnace, the furnace softens the material, and a force (gravity or external) pulls the molten blob at the
preform tip and stretches it into a thin strand. The strands diameter is monitored by a gauge to ensure
consistency in size throughout the fiber[45]. Figure 2-3 pictorially depicts the fiber drawing process[46].

Preform block

Furnace
200°Cto
300°C
| —— Measurement Gauge

il

Figure 2-3: Fiber thermal drawing tower schematic

The size of the fiber is controlled by the drawing temperature of the hottest part of the furnace, the feed-in
speed of the preform, and the pull on the fiber[47]. This fabrication process is used for the many miles of
optical fibers used in communications networks across the globe. Over the years, thermally drawn fibers
have evolved from simple translational symmetry, where the fiber material and geometry are similar to
that of its preform, to complex fibers that are co-drawn with different materials and geometries. This area
of multimaterial fibers has led to the emergence of fibers with sophisticated structures and functionalities.
The introduction of different materials however into thermal drawing increases the complexity of the
thermal drawing procedure and imposes constraints on the material combinations that are compatible with
this drawing approach. Materials have to be chosen whose boiling points are below that of the drawing
furnace. The outer cladding or backbone of the fiber should be amorphous so as to resist crystallization
during the drawing[45].

There are various methods of multimaterial preform fabrication. The four general classes are rod-in-tube
approach[48], extrusion[49], stack and draw approach[50], and thin-film rolling approach. The rod-in-
tube approach relies on inserting a rod of one material into a tube of another material. This insertion
creates a preform with a core-cladding structure. This method allows for a wide range of materials to be
inserted into the preforms core, with an interesting example being a powder[45]. Extrusion is a process
where a soft material is pushed through a die under pressure to create a fixed cross-sectional profile. The
material that is pushed down is called a billet, and this billet is heated to the softening temperatures of its
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component materials. To create a multimaterial fiber, the bidet consists of vertically stacked disks of the
materials of interest[49]. In the stack-and-draw method, rods or tubes from single or multiple materials
are assembled into a preform and sealed. The dimensions of the rods are determined by the dimension of
the target fiber. Rods can be stacked in other hollow rods and so on to achieve the required fiber
dimension and to attain complex fiber structures. This approach has been extensively used in making
preforms for micro-constructed fibers[45]. The fourth general class is thin-film rolling. In this unique
process of introducing polymers in preforms, a thin polymer film is rolled and then thermally
consolidated under vacuum. The consolidation continues until the individual films in the polymer fuse.
The rolling can be performed multiple times to realize a more complex cross-section[51]. A void can also
be introduced into the post-consolidated structure such that the void is filled with a conductor material,
the structure is rolled again in additional thin films and then reconsolidated. These preform fabrication
methods described above are the basis for many electronic and photonic thermally drawn multi-material
fiber devices.

In addition to the thermal drawing method of fabricating multi-material fibers, there are some post-
thermal drawing fabrication methods that are described in the paper by Yan et al.[52]. The first technique
is the injection of materials into the capillaries of already thermally drawn fibers. It is more formally
known as pressure-assisted melt filling technique. This technique is used to create metallic nanowires in
hollow channels in microconstructed silica fibers in the work by Lee et al.[53]. A gold wire is inserted
into the capillary of a silica fiber with inner and outer diameter 80um and 200um respectively. The
capillary was then spliced with a silica Photonic Crystal Fiber (PCF) and placed in a furnace to hear up to
the melting temperature of gold. After heating, argon gas pressure was applied at the other end of the
capillary until the gold completely filled the hollow channel of the PCF. A prerequisite of this technique
is that the materials being injected needs to have a melting temperature significantly lower than the
softening temperature of silica[54]. Figure 2-4 shows a spliced-fiber pressure filling technique[53].
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Figure 2-4: Pressure Assisted Melt-Filling Technique. Image (Source: https://www-osapublishing-
org.ezproxy.lib.vt.edu/oe/fulltext.cfm?uri=oe-19-13-12180&id=217393)
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Another method under post thermal drawing fabrications to create a functional multimaterial fiber is
functionalization of small portions of constructed optical fibers, such as the tips or part of the fiber
cladding. Several methods that have been developed for this include patterning directly onto the tip of
optical fibers, transferring metallic or dielectric structures that are locally fabricated onto the optical fibers
as seen in Figure 2-5 [55], and direct deposition of target functional materials on the fiber. The micro
fabrication techniques involved in patterning include photolithography, nanoimprinting, interference
lithography, electron-beam lithography, focused ion-beam milling, two-photon polymerization, and
femtosecond laser ablation[56]. Zhang et al. gives an in depth review on functionalizing Molybdenum
Trioxides nanoflakes onto an optical fiber biosensing platform for detection of bovine serum albumin[57].
Yu et al. also provides a comprehensive review on patterning metasurfaces on optical fibers and discusses
its applications. They give a review on various methods of metasurface fabrications and patterning[58].
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sheath fiber; dry in air

>

3

\ <«——cladding

\\_.a—core {d=50um)

4) Etch epoxy
with plasma

Figure 2-5: Procedure used in fabricating and transferring an array of metastructures on an optical fiber facet. (Source:
https://pubs-acs-org.ezproxy.lib.vt.edu/doi/10.1021/n1103730g)

2.3 Multimaterial Fiber Functionalities

There has been a significant advance in the fabrication and application of thermally drawn multi-material
fibers. A single fiber can be embedded with several materials and functionalities, enabling its use in the
development of compact devices with multiple applications. We will discuss some achieved fiber
architectures and functionalities.

Electronic Fibers: Electronic functionalities in drawn fibers can be divided into three categories that
depend on the conductivity of the embedded electronic material[52]. They include metals or polymers
with high conductivity (normally used as electrodes or resistors), semiconducting materials with the
ability to control their current density via a field effect, and insulating materials which are used for their
dielectric capabilities. A popularly explored application of fibers with integrated electrodes(first category)
is neural probes in bioengineering[52]. Canales et al. demonstrates the use of multifunctional fibers for
simultaneous optical, electrical, and chemical interrogation of neural circuits in vivo[59]. The paper
presents a polymer-based fiber probe for simultaneous optical stimulation, neural recording, and drug
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delivery with high resolution. The experiment was carried out in free moving mice, and the choice of
polymers used in the thermal drawing allowed for production of a flexible device that maintained its
functionality during bending. The multielectrode probes used in this study were thermally drawn with
polyetherimide (PEI) and polyphenylsulfone (PPSU) as the cladding material, and tin as the electrode
material. Detailed fabrication steps are described in the cited paper[59]. The dielectric properties in some
thermally drawn electronic fibers have been exploited and the resulting devices pave the way for
applications in distributed pressure sensing, acoustic sensing and positioning, flow measurement, etc.
[60]. A promising dielectric material is poly(vinylidene fluoride) (PVDF) because of its high dielectric
constant. Lestoquoy et al. [61] demonstrate a fiber capacitor which exhibits low-loss capacitive behavior
of up to 20kHz. The design is realized by sandwiching PVDF thin film between Carbon Paste Electrodes
(CPE). Integrating an array of capacitive fibers into a woven textile can generate a touchpad sensor that
doesn’t exhibit inter-channel crosstalk. Finally for electronic fibers, semiconductor-based electronic fibers
have been exploited, with applications in temperature sensing[62]. Integrating thermally-sensitive
semiconductors whose conductivity varies with small changes in temperature makes these fibers
candidates for high spatial resolution heat sensing[52]. Electronic fibers are excellent for various sensing
operations, and more specifically, are the type of fibers used in the sensing work presented in this thesis.
Electronic fibers with embedded conducting electrodes are used as the working electrode component of
the electrochemical cell used in sensing dopamine. More on their specific sensing application is presented
in Chapter 4.

Optoelectronic Fibers: Interfacing metallic electrodes with semiconducting domains opens the door for
optoelectronic functionalities. Optoelectronic fibers combine the optical properties of the fibers with the
electronic properties of the embedded electrode. The semiconductors used in optoelectronic fibers are
made of chalcogenic glasses, which are glasses formed based on the chalcogen elements(oxygen, sulfur,
selenium, tellurium)[63]. The glasses exhibit special properties such as a large refractive index, range of
transparency in the infrared region, phase change attributes[52]. The first metal semiconductor insulator
optoelectronic fiber was fabricated by thermal drawing in 2004 by Fink et al. The fiber comprised of an
amorphous semiconductor core contacted by metallic nanowires, and surrounded by a cylindrical shell
resonant optical cavity[64]. The core of the fiber produces current when the fiber is struck with light
hence, the tunable fiber was used as a photodetector, and is sensitive to incoming light along its entire
length. To test the optoelectronic properties of this fiber, the paper describes a process of simultaneously
measuring the electrical photocurrent and the optical reflectivity while externally illuminating the fiber.
At the resonant wavelength (the wavelength of the illumination source that corresponds to the optical
cavity resonance), the photocurrent value was enhanced and the back-reflection was diminished, showing
that the light source reached the photo detecting core. Further advancements with this fiber technology
involve creating a functional fabric by weaving the flexible fibers into a grid structure[64].

Multifunctional Fibers (distributed pressure and temperature sensing): To further demonstrate the
functionalities of multimaterial fibers, we will review Yu et al. work that reports the fabrication of a
thermally drawn fiber for distributed pressure sensing and temperature sensing[65]. Pressure and
temperature sensing are of major importance in different industries. Pressure sensors are used in the
medical field to accurately measure blood pressure[66], used in smart homes to ensure safe levels of
various gases, and have various industrial applications to ensure worker safety and efficiency.
Temperature sensors are widely used in personal and environmental sensing. In the present market, the
more prevalent flexible pressure and temperature sensors platforms are often fabricated using thin-film
technology[67]. However, using the polymer fiber pressure and temperature sensors described by Yu et
al. would aid in the development of textile and wearable sensing applications as polymers are breathable
and offer more flexibility. The fabricated fiber in the cited paper consists of thermoplastic materials,
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thermoplastic elastomers, and metal electrodes all drawn in one fiber. The embedded electrodes act as a
parallel wire transmission line in the fiber, and they are separated by a polymer material. The cited paper
details the drawing methods, how the electrode is embedded and how the elastomers interact with the
electrode to produce a sensing signal. Pressure was sensed with the fiber using a Vector Network
Analyzer (VNA) to measure reflection signals resulting from an impedance drop along the fiber’s length.
The impedance drop correlates to applied pressure on the fiber. Temperature changes are detected by the
polymer materials between the electrodes, and materials were chosen that are responsive to temperature.
The test for temperature sensitivity involved heating sections of the fiber using a thermoelectric cooler
and then measuring the reflection signal based on the temperature change using a VNA[68], like in
pressure sensing application. As the fiber fabricated in this paper is said to show promise for
textile/wearable sensing applications, the analysis presented includes weaving the fiber into a 2D grid
structure and demonstrating its measurement capabilities. The results of this measurement is
guantitatively and pictorially represented in the article[65].

This review of electronic and optoelectronic fibers and other multimaterial fiber applications points out
the potential of integrating different complex functionalities in the confined space of a polymer or glass
fiber. It also shows the importance of multimaterial fibers and increasing research on different material
properties, architectures, and achievable fiber sizes will lead to increasingly complex and functional
fibers.

2.4 Convergence Fiber Drawing

The sensing work demonstrated in this thesis is done using electronic fibers, which are optical fibers
embedded with an electronic material e.g., electrodes. The specific fiber used for this work was fabricated
using convergence drawing method. In convergence drawing, which is based on thermal drawing, metal
wires are passed through channels inside a preform as seen in Figure 2-6. As the preform is heated by the
furnace in three separate heat regions (top, middle, bottom) and drawn into a fiber, the channel size
decreases and converges onto the metal wires. This method provides a way to embed high-melting
temperature metal electrodes in the fiber while providing high conductive electrical connection. With
convergence drawing, the temperature constraints on the material used as an electrode reduces leading to
a wider application scope for multifunctional fibers. Tungsten(W) and copper (Cu) electrodes were used
in the two separate fibers utilized in this work. Rein et al. [69] demonstrates this process by incorporating
different electronic materials such as LEDs, photodetectors, and metal wires into a polycarbonate (PC)
preform, producing hundreds of meters of fibers.
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Copper wire

Figure 2-6: Convergence Drawing Method Setup

The multimaterial fiber used in the work described in Chapter 3 and 4 is fabricated by thermal drawing as
discussed in the paper by Feng et al[70]. The paper describes the use of the fiber as a fiber-based
triboelectric nanogenerator (FTENG) which is used as a wearable energy harvester. The fiber consists of a
Polypropylene (PP) cladding and tungsten core. The 50um tungsten wire is fed into the 26mm diameter
preform as it is being heated in the furnace and pulled down. A high draw-down-ratio during the drawing
process is essential for the PP layer to be attached to the tungsten wire. During the drawing process, the
PP cladding was also wrapped in an acrylic layer to produce the preform[70]. This choice was made
because PP drops to low-viscosity when heated, and materials in a low-viscosity state easily flow when
stress is applied, leading to breakage in the drawn fiber. Hence, the acrylic which is an amorphous
material and presents stable diameters during draw procedures is used to contain the semi-crystalline PP
cladding[71, p.]. The custom-built fiber draw tower used to draw the preform had temperatures of 145°C,
245°C, and 100°C for the top, middle, and bottom respectively. The cross-sectional image of the
fabricated fiber and the drawn fiber is shown in Fig 2-7 a and b respectively.

Cross section

(a) (b)

Figure 2-7: (a)Microscope image of the cross-section of the PP/Tungsten fiber, tungsten wire diameter:50um
(b)flexible fiber wrapped around a finger
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The other fiber used in this thesis’ work is a Polycarbonate (PC) fiber containing a copper electrode. The
copper electrode wasn’t used in this work; instead, the electrode was taken out of the fiber and replaced
with the other pure platinum wires that were used in the dopamine sensing results presented in Chapter 4.
This fiber was drawn using the convergence fiber drawing method. The furnace drawing temperatures at
the top, middle, and bottom of the furnace are 150°C, 285°C, and 120°C respectively. The diameter of the
fiber is 800um and the diameter of the copper electrode is 125um. Fig 2-8c shows the microscopic image
of the cross-section of the PC/Copper fiber. The figure shows the cleaved end of the fiber where the Pt
wire was inserted for use in the electrochemical cell.
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Figure 2-8: (a)PC/Cu fiber with copper electrode replaced by platinum wire (b)cleaved end of PC/Cu fiber
(c)microscopic image of PC/Cu fiber cross-section
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3 CHAPTER 3- Electrodeposition Procedure

The work we are focusing on in this thesis is the sensing of dopamine using fiber electrode. Since
dopamine is neurotransmitter present in the brain, the electrode being used for sensing needs to be
biocompatible. Hence, we are utilizing platinum as the sensing metal, which has been identified as a
compatible metal for biological applications, among others[72]. The platinum however is not the base
material of the electrode embedded in the fiber and is deposited using an electrodeposition method. This
chapter will give a general introduction to the deposition procedures for metals, explain electrodeposition
and why it was chosen as the deposition method, and describe the experimental procedure for the
electrodeposition of platinum, including results and images characterizing the deposited electrode.

As described in Chapter 1, the different biosensing methods use different materials and techniques for
sensing an analyte or bioreceptor. In electrochemical sensing, an electrochemical cell containing
electrodes and an electrolytic solution is applied. In this sensing however, the working electrode if often
tailored to the sensed analyte, i.e., the surface of the electrode is modified to increase sensitivity,
selectivity, and biocompatibility. The most common working electrodes are noble metals, graphite, and
modified forms of carbon or conducting polymers[73]. Noble metals can be defined as metallic elements
that show resistance to chemical attack, even at high temperatures. They also show outstanding resistance
to oxidation. The generally accepted list of noble metals includes ruthenium, osmium, rhodium, iridium,
palladium, platinum, silver, and gold[74]. We chose platinum as our working electrode material. From
different studies, the most used working electrodes are platinum, gold carbon, and mercury. Amongst
these however, platinum is said to be the favorite because of its electrochemical inertness and ease of
adaptability in many forms[75]. Platinum however is more expensive than most metals because it is a
much rarer naturally occurring metal[76]. Hence to make the developed biosensing platform more cost-
efficient, we utilized deposition of the metal on another metal, in this case tungsten(W).

3.1 Basics of Deposition

Deposition is the act of applying film or layers of a material to the surface of another material. If this film
is a thin-film, then the procedure is referred to as thin-film deposition. Although the term ‘thin’ is relative
to the application, most procedures keep the film thickness to within hundreds of nanometers[77].
Deposition techniques fall into two broad categories, depending on the type of process. They are chemical
and physical. In chemical deposition, a fluid solution undergoes chemical change at a solid surface,
leaving a high-quality solid layer behind. Chemical process is often used in the semiconductor industry to
produce thin films[78]. Some chemical deposition techniques include chemical bath deposition, spray
technique, electroplating, electroless deposition, and chemical vapor deposition[79]. Physical deposition
uses mechanical, electromechanical, or thermodynamic means to produce a solid thin film. Physical
deposition can largely be divided into two groups: evaporation techniques and sputtering techniques[78].
Under these techniques are vacuum thermal evaporation, electron beam evaporation, laser beam
evaporation, ion plating evaporation, direct sputtering, and radio frequency sputtering[79]. We will briefly
describe some of these deposition techniques to give some insight and basis of comparison for the work
described in this thesis. First up, under physical deposition is evaporation technigues. The general
mechanism for these methods is changing the material phase from solid to vapor, and then converting
back to solid phase on the substrate to be deposited. It also normally takes place under vacuum or
controlled atmospheric condition. In electron beam evaporation(e-beam), an intensive beam of electrons
vaporizes the target under vacuum environment[80]. E-beam evaporation can be used to deposit a wide
variety of materials such as metals[81], oxides, and molecular materials. In laser beam evaporation also
known as pulsed-laser deposition, a laser beam is used to gradually erode the material for depositing the
thin-film in a vacuum chamber[82, p. 2]. Another popular physical deposition method is sputtering.
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Sputtering involves bombarding a source material with ions, resulting in the ejection of atoms from its
surface and condensation of the same ejected atoms on the substrate to be deposited. This process is
carried out in a high vacuum environment, containing a metallic cathode and anode. The book by Piegari
et al. describes in detail the sputtering process and it’s different types[83]. The three processes described
above are vacuum based techniques and have the advantage of depositing high quality thin films.

Under Chemical deposition we have chemical bath deposition which is also known as solution growth
technique. A precursor solution of the target metal ions is complexed by ligands, then anions are added to
the solution. The substrate to be deposited is placed in a specific position in the solution, and left until the
desired growth is achieved[79]. Chemical Vapor Deposition (CVD) is another chemical deposition
method, that involves the thermally induced reaction of a metal-containing molecule on a heated surface.
Metal atoms diffuse from a metal-containing precursor, form a stable nucleus and subsequently growth
occurs on the metal to be deposited. Hampden-Smith and Kodas describe in detail, with pictures, the
CVD process and precursor design[84]. The third chemical deposition method we will discuss is
electroplating, which is also called electrodeposition. This is also the procedure which is used on the
electrodes described in this thesis. Electrodeposition is a chemical process that is assisted by an electric
current. It usually occurs in a solution called an electrolyte which is a solution of the salt of the metal to
be deposited in form of submicroscopic metallic particles. A charge transfer occurs during deposition to
produce the metal layer in the electrode. The solution is placed in an electrochemical cell, together with
an anode and a cathode. Figure 3-1 shows a basic electroplating cell setup. The cathode is the object to be
plated and the anode completes the electric circuit and causes a thin film to be deposited on the
cathode[85]. Both the anode and cathode materials should be conductive to allow the passage of electric
current and completion of the circuit. The anode should also be an inert material to avoid and resist
reaction with the metal salt solution[86]. Another essential component of the electrodeposition setup is a
power source that provides current or voltage to the e-chemical cell. Electrodeposition is very versatile,
and some existing fundamental applications include decorative coatings, wear coating and coatings to
prevent corrosion. Although the fundamental applications of electrodeposition are prevalent, new ones
will continue to develop in the fields of energy engineering, biotechnology, and nanoelectronics. The
development of the procedure in these areas will lead to new and improved material properties[87].
Advantages of electrodeposition include controlled thickness and morphology of deposited material[88],
high deposition rates, and inexpensive equipment. The thickness of the film can be controlled by the
concentration of the solution, the applied potential or the potential range, and the duration of deposition.
The structure of the thin film produced depends on the material properties and preparation conditions.
When a coating or film is produced using electrodeposition, it conforms to the surface structure of the
surface to be deposited. Hence, its purpose is not to hide cracks and crevices but to actually enhance
them. This also increases the surface area of the substrate, and that in itself lends to various application
advantages.
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Figure 3-1: Basic setup for electroplating

A special type of the electrochemical deposition process is electroless deposition, which is deposition in
the presence of a reducing agent dissolved in the electrolyte and acting as the electron source for the
occurring redox reaction. In this method, no external power supply is used[87]. The reaction described is
autocatalytic, meaning one of the reaction products is also a catalyst for the same reaction. Some
advantages of this procedure are that there is no need for power sources and coatings of uniform thickness
are produced. Disadvantages however are low deposition speed and a limited choice of coating
metals[86].

3.2 Experimental Procedure and Components

Electrodeposition was chosen in this work over the other deposition methods because of the prospect of
realizing a cost-effective biosensing setup. As mentioned earlier It doesn’t require expensive equipment
unlike most other deposition methods that require some form of a vacuum environment or high reaction
temperature. The metal deposited is platinum (Pt), and the substrate being deposited is tungsten(W). The
electrodeposition process described in this work resulted from the study of the electrodeposition work
done by various other research groups, looking at the deposition parameters, control parameters, solution
conditions, and combining and modifying the different studied parameters to ones suitable for my
application.

The experimental components are as follows: a working electrode prepared using tungsten; a working
electrolyte which is an aqueous solution of 0.002M Potassium hexachloroplatinate(K,PtClg) + 0.1M
Perchloric acid (HCLO4), temperature kept at room temperature; Ag/AgCl(sat’d 3M KCI) reference
electrode from BASI research products[89]; platinum counter electrode; Gamry Interface 1010E
potentiostat for potential control, and a ThinkPad laptop containing Gamry software for recording. Figure
3-2a shows how all experimental components interacted with each other in carrying out electrodeposition.
All solutions were prepared using distilled (DI) water and reagents from Sigma Aldrich. The solutions
were also thoroughly deoxygenated by purging the cell with nitrogen. Figure 3-2b shows the
electrochemical cell used for the electrodeposition procedure. The cell was fabricated in-house by drilling
holes, fit for each electrode component and degassing tube, into the cap of a small glass container. The
electrodes are characterized using Scanning Electron Microscopy (SEM) analysis and Energy Dispersive
Spectrum (EDS) spectrum, carried out by JEOL 1T500 scanning electron microscope at accelerating
voltages 15kV and magnifications of 2000x and 10000x to show different viewpoints and sizes of the
deposited particles.
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Cyclic Voltammetry: electrodeposition was carried out on the tungsten electrode using previously
described cyclic voltammetry, which is an electrochemical method of cycling the applied voltage between
an initial and final voltage value at a set scan rate for a certain number of scans. The working electrode
potential was scanned over the range E = -0.1V to +0.1V vs Ag/AgCl at a scan rate of 500mV/s and for
400 cycles, taking about 4 minutes. After deposition, the electrode was rinsed with DI water and allowed
to air dry under room temperature. The potential range and scan rate used was selected after studying the
scan voltage ranges and rates of other articles on platinum electrodeposition[90], [91]. The number of
scan cycles were varied to observe the difference in the surface deposition characteristics, and these
differences are discussed under the results and discussion section.

Counter
Electrode(Pt)

N2 tube
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Electrode(Ag/AgCl) |

Figure 3-2: (a)Electrochemical cell setup for electrodeposition and dopamine (DA) sensing (b)Aerial view of
electrochemical cell

3.3 Results and Discussion

In this work, the aim was to create thin films of platinum with desirable characteristics for dopamine
sensing in vitro. Samples of solid state K,PtCls are dissolved in an aqueous solution of perchloric acid.
The potential is cycled over a 200mV range, starting from 0.1V vs Ag/AgCl at a scan rate of 500mV/s.
The nomenclature “vs Ag/AgCl” implies that all voltages are referenced to the potential of the Ag/AgCl
reference electrode used in the setup. Preliminary experiments revealed that under room temperature and
without nitrogen degassing, deposition of the thin film occurred minimally. When nitrogen was
introduced, the film thickness and abundance drastically increased on the tungsten substrate. The
introduction of Nitrogen to the cell creates an inert atmosphere, and removes oxygen from the electrolyte
solution, which is essential in most electrochemical experiments[92]. Oxygen undergoes a reversible
one-electron reduction, forming the oxygen radical anion Oy". The presence of oxygen in an
electrochemical cell can alter the electrochemical response of the analytes. For example, in the article by
Elgrishi et al[93], [Co(Cp)(dppe)(CHsCN)](PFs)2 undergoes two reversible, one electron reductions under
inert atmosphere however with the introduction of oxygen, loses its reversibility because the reduced
analyte can transfer an electron to the dissolved O, and become oxidized. Based on these studies and
observations, all electrolyte solutions used in this study were sparged with nitrogen for about 10 minutes
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to remove dissolved O, from the cell. After the Oz is removed, the tubing used for sparging is placed in
the space above the solution to blanket it with Nitrogen, keeping any incoming oxygen outside the cell.

SEM analysis shown in figure 3-4a and 3-3a depicts Pt on the surface of the electrode deposited in an
electrolyte solution with sparging and without sparging, respectively. The EDS spectrum in Figure 3-4b
and 3-3b further verify the presence of Pt from a deoxygenated and non-deoxygenated electrolyte solution
respectively. The SEM images show that there is no platinum coating on the electrode deposited in a
solution without nitrogen deoxygenation whereas an abundant presence of platinum can be seen in the
other electrode. The EDS spectrum also reveals the same information. In Figure 3-5b (EDS spectrum of
Pt coated) however, the EDS spectrum shows a reasonable amount of tungsten at the point ‘spectrum 21°.
This can be attributed to the accelerating voltage value. The higher the accelerating voltage used in an
SEM, the more likely fine details of the surface materials disappear and deeper material attributes are
detected. If a voltage of 5kV was used as the accelerating voltage, the spectrum would register
significantly more Platinum than tungsten. However, at lower accelerating voltages, there is less of a
distinction in the produced electron image between the cell and the substrate, with both of them being
displayed at about the same brightness level[94].
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Figure 3-3: (a) SEM electron image of Pt deposition in electrolyte solution without N2 bubbling (b)
corresponding EDS spectrum

Another important factor that affects the thin-film deposition is the number of cycles. The effect of the
number of deposition cycles is observed by comparing Figure 3-4 and Figure 3-5, which represent the
SEM analysis of the electrode using 20 cycles and using 300 cycles respectively. We notice that there are
a few platinum particles on the latter electrode, and a more film-like structure of platinum on the later
electrode.
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Figure 3-4: (a) SEM electron image of Pt electrodeposited W electrode in electrolyte solution with N2
bubbling, 10 voltammogram deposition cycles (b) EDS spectrum of point 1 (c) EDS Layered Image
showing Pt particles against W background (d)EDS spectrum of point 3
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Figure 3-5: (a) SEM electron image of Pt deposited W electrode in electrolyte solution with N2 bubbling,
300 voltammogram deposition cycles (b) EDS spectrum of point 21 (c) EDS Layered Image showing Pt
particles against W background (d)EDS spectrum of point 23
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The electrodeposition of Pt from PtCle> involves four electron reduction processes; these can be the one
step Pt(IV) —> Pt(0) or the two step Pt(1V) -> Pt(1l) ->Pt(0)[95]. With each subsequent scan, as shown in
the voltammogram in Figure 3-6, new redox peaks increase with an increase in number of cycles,
indicating platinum nanoparticle growth.
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Figure 3-6: Electrodeposition Voltammetry Curve

SEM Characterization using the JEOL 1T500 happens when an electron beam focused using a
combination of lenses and apertures hits the surface of the sample. The sample is mounted on a stage in
the chamber area of the SEM as shown in Figure 3-7. The electron interacts with the sample to produce
different signals which are detected by their appropriate detectors which passes the signals onto an
analyzer for data display and analysis[96]. The EDS spectrum and layered image is also produced using
the SEM equipment and is used to determine the chemical elements present on a sample and estimate
their abundance relative to each other. Figure 3-5 (c) and (d) is an example of an EDS layered image and
an EDS spectrum respectively, showing the Pt composition of the electrode.
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Figure 3-7: JEOL IT500 Scanning Electron Microscope Chamber
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4 CHAPTER 4- Dopamine Sensing, Measurements, and Comparison

The main point of the work presented in this thesis is to demonstrate the demonstrate the dopamine
sensing capabilities of a platinum fiber electrode and present the basis for an in-vivo dopamine sensing
platform that can lend itself to clinical applications. Neurotransmitters are important for a variety of
functions in the nervous system as they deliver messages in the form a nerve impulse from the brain[97].
Dopamine (DA), which is a type of neurotransmitter, is used by the body and the nervous system to send
messages between nerve cells. It plays an important role in reward and movement regulation in the
brain[98]. In its reward role, dopamine production happens in the ventral tegmental area (VTA) in nerve
cell bodies. For its motor functions, substantia nigra cell bodies are the pathways responsible for the
production and discharge of DA into the stratium. Calabresi et al discusses how DA influences different
forms of synaptic plastic changes associated with human pathological conditions like addiction or
dyskinesia[99]. DA is transported to different areas of the brain using some major pathways known as
mesostriatal, mesocortial, and mesolimbic pathways[100]. The innervations that originate from each of
these pathways are responsible for many effects that occur when the DA system is activated. For example,
the VTA is connected to the rest of the brain through the mesolimbic pathway, and it is central to the
brain reward system[101]. Studies show that an abundance of dopamine could be linked to some cancers,
while a scarcity could be associated with Parkinson’s disease and depression[102]. It is therefore essential
to have a platform for sensing dopamine levels in the brain. This will help with diagnosis of various
diseases and possibly early treatment. Given the importance of dopamine, efforts from different research
groups have been focused on implementing fast and reliable methods for its determination[97], [103]—
[105].

With the development of various methods for DA detection comes the development and investigation of
sensing materials. This investigation is also broadened by the advancements in nanotechnology. Broad
categories of materials that have been developed for DA sensing include metals, metal oxides, and
polymers. Metals have particularly emerged as promising candidates for DA sensing due to their unique
properties. Metal examples that have been explored include platinum, gold, palladium, and titanium.
Some materials that can be found in different DA sensing papers include graphene, carbon nanofibers,
platinum, gold nanoparticles, to name a few[34], [103], [106], [107]. A lot of research is also focused on
modifying the surface of electrodes in the case of electrochemical sensing to make the electrodes have a
higher sensitivity towards DA. An example of this concept is demonstrated by Lupu et al. [108] who
developed an electrochemical sensor with a platinum electrode base, modified with hybrid inorganic-
organic coating. The modified electrode was used in the detection of 4-nitrophenol and dopamine. The
inorganic-organic coatings were prepared by electrochemical methods using various configurations.
Another example of surface modification is presented in the paper by Ouellete et al.[104] The team
functionalized commercially available electrodes by depositing a thin film of pre-formed gold
nanoparticles. The functionalization solution also included DNA and polymers. The paper reports an
increase in dopamine oxidation current by 92%.

The cited papers [97], [105], [106] describe electrochemical methods of detecting dopamine and are
relevant references as that is the method for DA sensing presented in this work. In particular, Cyclic
Voltammetry and Differential Pulse VVoltammetry (DPV) will be used in detecting DA in-vitro. Cyclic
Voltammetry is a technique used to detect neurotransmitters and it has been used, including other
techniques, to detect dopamine, noradrenaline, serotonin, and indoleamine with carbon fiber electrodes.
This technique is effective because neurotransmitters are electro active and oxidize at a low voltage. The
detection of dopamine in-vitro is influenced by different parameters such as buffer solution,
concentration, electrode material, and voltammetry cycle number. In this work, the concentration,
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electrode material, electrode surface area, and voltammetry cycle number were studied in relation to how
they affect the resulting DA sensing current. The different working electrodes compared include 50um
diameter W/Pt deposited electrode and two differently sized pure Pt electrodes. Surface area of the
electrodes is an important factor to discuss because the surface area involved in a reaction generally
determines the rate of the chemical reaction. For instance, a larger surface area favors the adsorption of
more analyte molecules, which increases the response of the sensor and consequently improves
sensitivity.

4.1 Experimental Chemicals:

Dopamine hydrochloride and 1X Phosphate Buffer Solution (PBS) pH 7.4 buffer were purchased from
Sigma Aldrich (St. Louis, Missouri, USA). All chemicals were used without further purification. Distilled
water was always used to prepare any required agueous solution. DA stock solution was prepared using
small amounts of PBS before being diluted to target concentration in more PBS.

4.2 Electrochemical Measurements:

The electrochemical experiments were carried out in the lab designed single compartment electrochemical
cell made from a 50ml glass container and custom lid with drilled holes for each component electrode, as
described in Figure 3-2. A Gamry Potentiostat coupled to a PC running the Gamry software was used in
potential control and current recording. The electrodes used were as follows: Pt deposited working
electrode as described in Chapter 3, 50um diameter 99.99% purity Pt (surepure chemetals), 127um
diameter 99.99% purity Pt (surepure chemetals), Ag/AgCl (sat’d 3M KCI) reference electrode (Sigma
Aldrich), and Platinum counter electrode (BASi research products). All experiments were carried out at
room temperature and at a neutral pH of 7.4. Before each experiment, the electrodes were rinsed with
distilled water and wiped dry. The DA buffer solution was also bubbled with pure N gas pre-
measurements and blanketed with the same gas during experiments.

4.3 Electrode Preparation:

To convert the multimaterial fibers to electrodes with electrical connection points, the fiber was stripped
~0.5” at both ends, and one end was connected to a copper wire using flash-dry silver conductive paint
(spi supplies) and an epoxy for securing the connection. This illustration is seen in Figure 4-1. The
electrode is then left to dry out for about a day, and the copper wire serves as the connection points for the
electrical clips. To prepare the pure platinum electrodes, the wires were inserted into a PC/Cu fiber, with
its Cu component stripped out as described in Chapter 2.
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Figure 4-1: (a)picture of PP/W fiber with stripped ends exposing tungsten(W) electrode (b)picture of the connected
tungsten(W) electrode using copper wires for electrochemical experiments.

4.4 Results and Discussion

All plots presented as results were generated using MATLAB. Dopamine sensing was carried out by
cycling the potential between -0.1V and 1V for two or three cycles to allow for stability of the sensor
signal. The cycle presented is the latter of all the cycles recorded i.e., the second or third cycle, depending
on the applied scan rate. Figure 4-3a, ¢, and e present the CV results for dopamine sensing in PBS pH 7.4
solution using the electrodeposited platinum electrode, 51um pure (99.99%) platinum electrode, and
127um pure (99.99%) platinum electrode, showing different scan rates (ranging from 100mV/s to 2V/s).
The voltammogram in Fig 4-3d shows the oxidation of 5mM dopamine solution using the 50um W/Pt
deposited electrode at a scan rate of 500mV/s. The oxidation peak during the positive sweep appears at
potential value 0.83V with a corresponding current value of 0.16mA and the reduction peak slightly
appears during the negative sweep at potential 0.06V with a corresponding current of -43.2pA. When the
scan rate is reduced to 100mV/s as shown by the blue line in the aforementioned figure, the shape of the
voltammogram slightly changes with a higher reduction peak and lower oxidation peak value (-6.9pA and
88.79A respectively). This, as well as Fig 4-3 a and ¢ depicting a wider range of scan rates shows that
faster scan rates lead to higher detected oxidation peaks. Observing this voltammogram confirms the
conclusion from various research groups that dopamine oxidation is a quasi-reversible reaction[109]. DA
oxidizes to dopamine quinone, and is associated with the reaction described in figure 4-2 which is a two-
electron transfer oxidation of dopamine[110]-[113].
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Figure 4-2: Dopamine 2-electron oxidation to dopamine-o-quinone

The electrochemical behavior at the 127um working electrode is depicted by the voltammogram shown in
Fig 4-3a and b, scanned between -0.1V and 1V. At a scan rate of 500mV/s as shown by the red line, an
oxidation peak value of 84.74A from the positive scan occurs at 0.7V, and a reduction peak value of -
14pA occurs at 0.06V. Lower oxidation and higher reduction peak values are also observed for a lower
scan rate, as described for the Pt deposited electrode, confirming the assertion that faster scan rates result
in higher oxidation peaks. Comparing the oxidation peak values at the 127um pure Pt electrode to those at
the Pt deposited electrode shows a higher resulting value form the Pt deposited electrode. This means that
the sensitivity of this electrode is higher than that of the 127um diameter pure Pt electrode. This attests to
the ability of the platinum deposited electrode to properly sense DA and although the 127um diameter
electrode has a larger surface area than the other, the deposited electrode still shows better sensitivity to
DA than its pure Pt wire counterpart. This promising result will encourage the study of DA sensing using
Pt electrodes, exploring electrodeposition as a cost-efficient and effective method for their preparation.

To examine the effect of the number of deposition cycles on dopamine sensing, | varied the number of
deposition cycles for one of the electrodes and recorded its voltammogram in 5mM DA and PBS solution.
Fig 4-4 compares the 100mV/s voltammograms of a 500-cycle deposited Pt electrode, a 300-cycle
deposited Pt electrode, and a 127um diameter pure Pt electrode to each other. The results show that the
sensing capabilities of the 300-cycle deposited Pt electrode (red line) is lower than that of the other two
electrodes (blue and yellow lines). From this observation, we can infer that the higher the number of
deposition cycles applied to the base electrode (tungsten in this case), the better the sensing characteristics
of the electrode.
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Figure 4-3: (A)Cyclic Voltammograms of 127um pure Pt electrode in 5mM DA solution; scan rates
0.1V/s,0.2V/s,0.5V/s,1V/s, and 2V/s; (B). Cyclic voltammogram of 127um pure Pt showing scan rates 100mV/s(blue)
and 500mV/s(red); (C)Cyclic Voltammograms of W/Pt modified electrode in 8.5mM DA solution; scan rates
0.1V/s,0.2V/s,0.5V/s,1V/s, and 2V/s (D). Cyclic voltammogram of 500-cycle W/Pt modified electrode in 5mM DA
showing scan rates 100mV/s(blue) and 500mV/s(red); (E). Cyclic Voltammogram of 51um pure Pt electrode in
8.5mM DA solution, scan rates 0.1V/s — 1V/s
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Figure 4-4: Cyclic Voltammogram comparing current(A) results at (red)300-cycle deposited Pt electrode,
(yellow)127um diameter pure Pt electrode and, (blue)500-cycle deposited Pt electrode in 1X PBS solution
containing 5mM of DA; voltammogram recorded from -0.1V to 1.0V

Differential Pulse VVoltammetry (DPV) is also used in dopamine sensing because studies show that DPV
is a more sensitive method of sensing, allowing direct analyses at the parts per billion level[114]. DPV
involves applying a constant amplitude pulse potential, while increasing the pulse’s potential with time.
This means each subsequent pulse is higher than its predecessor, although each pulse is the same
size[115]. The current output will increase until the redox potential of the electroactive analyte is reached
after which the current will decrease. Measurements are taken just at the start and at the end of a potential
pulse and the difference between the two currents is plotted with the cell’s potential staircase. The
potential range used for the DPV in this work is -0.3V to 0.7V. The DPV in the electrochemical cell with
dopamine solution was recorded in different dopamine concentrations, for four working electrodes to
determine their sensitivities. Fig 4-5a shows the DPV recorded at the 500-cycle deposited Pt electrode in
1X phosphate buffer solution containing 1.7-8.5mM of DA. The DPV shows that as the DA concentration
increase, the current output increases. It also shows a slight drift in the redox potentials for each DA
concentration. This can be attributed to the inconsistency on the deposited electrode’s surface. The linear
dependence of the peak current on the analyte concentration is characterized by the equation I(HA) =
5.64x + 8.576 where ‘x’ represents the DA concentration, with a correlation coefficient R? = 0.9867. The
sensitivity of this sensor can be calculated from the slope of the linear fit plot as seen in Fig 4-5b; this
value comes to 5.64pA/mM. The DPV recorded at the 127um pure Pt electrode and the 300-cycle
deposited Pt electrode for the same DA concentrations and their corresponding linear fit is also shown in
Fig 4-6 and Fig 4-7 respectively. The linear fit equation for the 127pum pure Pt electrode is I(LA) = 5.04x
— 6.506 where ‘x’ represents the DA concentration, and the correlation coefficient R? is 0.9874. It’s
corresponding sensitivity value which is calculated from the slope of the plot is given as 5.04pA/mM.
This value is lower than the 5.64puA/mM sensitivity value gotten for the deposited platinum electrode.
This shows that the deposited platinum electrode is more sensitive to DA in the DA and PBS solution
when compared to the 127um pure Pt electrode.
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Figure 4-5: (a)Differential Pulse Voltammogram recorded at the W/Pt deposited electrode w/500 deposition cycles
recorded in 1X PBS solution of pH 7.4 at different DA concentrations ranging from 1.7 to 8.5mM, pulse range -0.3V
to 0.7V (b)corresponding linear fit plot for the DPV results.
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Figure 4-6: (a)Differential Pulse Voltammogram recorded at the 127um diameter pure Pt electrode recorded in 1X
PBS solution of pH 7.4 at different DA concentrations ranging from 1.7 to 8.5mM, pulse range -0.3V to 0.7V
(b)corresponding linear fit plot for the DPV results.

The third Differential Pulse Voltammogram that we studied is that for the 300-cycle Pt deposited
electrode. Its voltammogram is displayed in Fig 4-7, as well as it’s linear fit plot. The linear dependence
equation is derived as I(MA) = 2.93x + 8.52 where ‘x’ represents the DA concentration, and it has a
correlation coefficient of R? = 0.9941. Its sensitivity value gotten from the plot’s slope is 2.93uA/mM.
Out of the three electrodes discussed so far, 2.93uA/mM is the lowest sensitivity value, meaning that the
300-cycle deposited Pt electrode is the least effective in sensing dopamine. The last electrode that was
worked with is the 51um diameter pure Pt electrode. This electrode was chosen to provide a reference Pt
electrode with the same dimension as the W/Pt modified electrode. It’s voltammogram and linear fit plot
are shown in Fig 4-8. The linear dependence equation gotten from its linear fit is I(pA) = 3.54x — 3.68
and its correlation coefficient R? = 0.9945. The sensitivity value for this electrode is gotten from its linear
fit’s slope and is 3.54pA/mM. Table 4-1 compares the sensitivity values from the four electrodes studied.
From this comparison, we see that the W/Pt deposited electrode with the highest number of deposition
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cycles (500 cycles) has the highest sensitivity value, followed by the 127um diameter pure Pt electrode,
after which we have the 51um pure Pt electrode, and the least sensitivity value which comes from the Pt
deposited electrode with the lesser amount of deposition cycles (300 cycles). This result shows how the

number of deposition cycles affects the sensing capabilities of an electrode and shows that deposition of
Pt produces better sensing results than the use of Pt electrodes with larger diameters. This implies that

instead of purchasing Pt wires which are expensive, the cost-effective electrodeposition preparation
method can be used to build a cheaper DA sensing platform.

Table 4-1: Working electrodes (WE) used in the experiments and their corresponding sensitivity values is uA/mM

Working Electrode Type Sensitivity value(LWA/mM)
500-cycle W/Pt modified electrode 5.64
300-cycle W/Pt modified electrode 2.93
51um diam. pure Pt 3.54
127um diam. Pure Pt 5.04
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Figure 4-7: (a)Differential Pulse Voltammogram recorded at the W/Pt deposited electrode w/300 deposition cycles
recorded in 1X PBS solution of pH 7.4 at different DA concentrations ranging from 1.7 to 7mM, pulse range -0.3V
to 0.7V (b) corresponding linear fit for DPV results.
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Figure 4-8: (a) Differential Pulse Voltammogram recorded at the 51um diameter pure Pt electrode recorded in 1X
PBS solution of pH 7.4 at different DA concentrations ranging from 1.7 to 9.35mM, pulse range -0.3V to 0.7V
(b)corresponding linear fit for DPV results
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5 Conclusion and Future Outlook

5.1 Conclusion

The point of this thesis was to describe efforts towards biosensing, specifically the sensing of dopamine
(DA) which is a neurotransmitter in the brain. The basics of biological sensing and the specific sensing
method used (electrochemical sensing) were explained to aid the reader in understanding the rest of the
work discussed. Electrochemical sensing was described as a sensing procedure that integrates electronics
and the chemical composition of the sensed analytes. This method is normally carried out in an
electrochemical cell containing three electrodes serving different purposes and the sensing solution. The
advantages of electrochemical sensing such as its ability to be miniaturized and it’s cost effectiveness
were also discussed.

Multimaterial fibers, which are the basis of the sensing electrode used in the work detailed in this paper
were described along with their fabrication methods, applications, and functionalities. The invention of
multimaterial fibers allows for the integration of electronic and optoelectronic functionalities into a bare
optical fiber. The electronic functionalities were discussed as relating to biomedical applications, although
they can be applied elsewhere. The specific multimaterial fiber used in this work, which is a tungsten
electrode embedded in an optical fiber core with Polypropylene cladding was also mentioned, and it’s
drawing process was described. We mentioned important fiber parameters which include its diameters
(electrode diameters and coating diameters) and material composition. Apart from the discussion of the
biosensing and fiber basics, the two important aspects that this thesis focused on is electrodeposition of
electrodes and DA sensing using electrochemical methods.

Electrodeposition as described in Chapter 3 is a deposition procedure involving applying potentials at a
working electrode in an electrochemical cell containing the salt solution of the metal to be deposited. In
our case, we described the deposition of platinum (Pt) onto a tungsten(W) substrate using Cyclic
Voltammetry, which is one of the electrochemical methods, between two set potentials. The platinum salt
used in the electrodeposition procedure is KoPtCls(potassium hexachloroplatinate), and the amount of
deposited metal was controlled by the number of deposition cycles. The deposited electrodes were
characterized using SEM images and EDS plots. The characterization shows the surface properties of the
electrodes before and after the deposition procedure.

Finally, we discussed the sensing of DA in a Phosphate Buffer solution (PBS) using electrochemical
methods, specifically cyclic voltammetry or CV and Differential Pulse VVoltammetry or DPV. The
working electrodes used in this study were the Pt deposited electrodes and pure platinum wires embedded
in a fiber structure. This work studied the voltammograms generated for each of the electrodes introduced
into the DA solution. The voltammograms show information relating the concentration of DA in solution
to the current output. The voltammograms also change corresponding to scan rates, with higher scan rates
yielding higher more pronounced oxidation peaks and lower reduction peak values. The CV plots
presented in Chapter 3 display a range of scan rates for some of the electrodes studied and shows their
variation effects on the sensing capabilities of the electrode. A linear fit curve was produced using the
DPV voltammograms and the sensitivity values for each of the electrodes was calculated from the slope
of the linear dependence equation. Table 4-1 shows that the 500-cycle W/Pt modified electrode has the
best sensitivity, and the 300-cycle W/Pt modified electrode has the worst sensitivity of all four electrodes.
The fabrication and implementation of these multimaterial fibers shows promise for a DA sensing
platform, made cost-effective by the electrodeposition process, and made interesting for in-vivo
applications by the small size of its electrode.
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5.2 Future Outlook

Positive and insightful discoveries about biosensing were made during the course of this research. The
dopamine sensing done in this work was carried out using multimaterial fiber electrodes and
electrochemical sensing methods. The results prove that dopamine can indeed be sensed using platinum
material on a flexible electrode such as fiber electrodes. Further discussion also showed that the tungsten
fiber electrode used in the experiments can been woven into a 2D textile like item. This implies that the
sensor can be implemented as a woven textile platform, allowing for wearable and convenient
applications. The use of electrochemical sensing also makes miniaturization of a developed platform
easier as it is the easiest biosensing method to simplify because of its use of simple equipment and its lack
of need for complex experimental environments. However, there is more work and testing that should be
done to attain the motivating goal, which is developing a sensitive and selective portable flexible sensing
platform for in-vivo sensing of dopamine.

Some additional experiments that can be carried out to create a more stable sensing system and produce
better results include the following: variation of the electrodeposition cycles for a more stable and well
covered platinum surface on the tungsten wire. A larger platinum surface area would lead to better
sensitivity of the electrode; The electrodeposition process and dopamine sensing could also be carried out
in a more controlled environment. The experimental conditions used in this research although functional
were not the most ideal. Carrying out the experiments in ideal environments such as in a nitrogen
glovebox to always ensure inert atmosphere or in a commercially available electrochemical cell to ensure
tight seals on all electrode entry ports could lead to better and more stable current output from the cyclic
voltammetry process; a higher purity Nitrogen gas or a heavier inert gas such as Argon can also be used
in the experiments to produce different results. Observations of the results would be made to see if any
positive or negative changes occur; an additional experiment that can be carried out is testing the
selectivity of the developed sensor. This work primarily focuses on dopamine (DA) sensing without any
intentional interference from other chemicals. Introducing other chemicals that naturally occur alongside
dopamine such as Ascorbic Acid (AA) would help in determining the platform’s selectivity and adjusting
its sensing materials based on selectivity test results. The repeatability of the proposed sensing platform
can also be tested by taking the average of multiple resulting voltammogram plots from DA sensing and
repeating similar sensing experiments on different days to study the viability of the sensing electrode.

Finally, looking forward to in-vivo applications, the use of electronic multimaterial fibers can lead to the
combination of the cyclic voltammetry process and electrical stimulation of the brain for release of
chemicals. This reduces the number and size of equipment needed for a set of experiments leading to
more portable and cost-effective experimental procedures.

38



References

[1] “Biosensors: then and now,” Trends Biotechnol., vol. 31, no. 3, pp. 119-120, Mar. 2013, doi:
10.1016/j.tibtech.2012.10.002.

[2] D. Grieshaber, R. MacKenzie, J. Vorgs, and E. Reimhult, “Electrochemical Biosensors - Sensor
Principles and Architectures,” Sensors, vol. 8, no. 3, pp. 1400-1458, Mar. 2008.

[3] R. Ali and D. V. Singh, “Biosensors: A Biotechnological Tool for Monitoring Environmental
Pollution,” in Bioremediation and Biotechnology, Vol 3: Persistent and Recalcitrant Toxic Substances, R.
A. Bhat, K. R. Hakeem, and N. B. Saud Al-Saud, Eds. Cham: Springer International Publishing, 2020, pp.
331-348. doi: 10.1007/978-3-030-46075-4_15.

[4] L. C. J. Clark and E. W. Clark, “A Personalized History of the Clark Oxygen Electrode,” Int.
Anesthesiol. Clin., vol. 25, no. 3, pp. 1-29, Fall 1987.

[5] J. Wang, “Glucose Biosensors: 40 Years of Advances and Challenges,” Electroanalysis, vol. 13,
no. 12, pp. 983-988, 2001, doi: https://doi.org/10.1002/1521-4109(200108)13:12<983::AlD-
ELAN983>3.0.CO;2-#.

[6] J. S. Sidwell and G. A. Rechnitz, ““BANANATRODE’ - AN ELECTROCHEMICAL
BIOSENSOR FOR DOPAMINE,” p. 4.

[7] “Biosensor,” Wikipedia. Feb. 13, 2021. Accessed: Apr. 14, 2021. [Online]. Available:
https://en.wikipedia.org/w/index.php?title=Biosensor&oldid=1006613081

[8] “Biosensors - Latest research and news | Nature.” https://www.nature.com/subjects/biosensors
(accessed Apr. 30, 2021).

[9] K. Dzigbowska, E. Czaczyk, and D. Nidzworski, Application of Electrochemical Methods in
Biosensing Technologies. IntechOpen, 2017. doi: 10.5772/intechopen.72175.

[10]  “Recent advances in lab-on-a-chip for biosensing applications,” Biosens. Bioelectron., vol. 76,
pp. 213-233, Feb. 2016, doi: 10.1016/j.bios.2015.08.003.

[11]  S. Mansouri and J. S. Schultz, “A Miniature Optical Glucose Sensor Based on Affinity Binding,”
Nat. Biotechnol., vol. 2, no. 10, pp. 885-890, Oct. 1984, doi: 10.1038/nbt1084-885.

[12] C. B.Kiriz, K. Radevik, and D. Kriz, “Magnetic Permeability Measurements in Bioanalysis and
Biosensors,” Anal. Chem., vol. 68, no. 11, pp. 1966-1970, Jun. 1996, doi: 10.1021/ac951227t.

[13] D.R. Baselt, “Biosensor based on force microscope technology,” J. Vac. Sci. Technol. B
Microelectron. Nanometer Struct., vol. 14, no. 2, p. 789, Mar. 1996, doi: 10.1116/1.588714.

[14] K. Ramanathan and B. Danielsson, “Principles and applications of thermal biosensors,” Biosens.
Bioelectron., vol. 16, no. 6, pp. 417-423, Aug. 2001, doi: 10.1016/S0956-5663(01)00124-5.

[15] B. Xie, K. Ramanathan, and B. Danielsson, “Mini/micro thermal biosensors and other related
devices for biochemical/clinical analysis and monitoring,” TrAC Trends Anal. Chem., vol. 19, no. 5, pp.
340-349, May 2000, doi: 10.1016/S0165-9936(99)00211-3.

[16] R. Lucklum and P. Hauptmann, “Acoustic microsensors—the challenge behind
microgravimetry,” Anal. Bioanal. Chem., vol. 384, no. 3, pp. 667-682, Feb. 2006, doi: 10.1007/s00216-
005-0236-x.

39



[17]  E. Eltzov, S. Cosnier, and R. Marks, “Biosensors based on combined optical and electrochemical
transduction for molecular diagnostics,” Expert Rev. Mol. Diagn., vol. 11, pp. 533-46, Jun. 2011, doi:
10.1586/erm.11.38.

[18] D.R. Thévenot, K. Toth, R. A. Durst, and G. S. Wilson, “Electrochemical biosensors:
recommended definitions and classificationlInternational Union of Pure and Applied Chemistry: Physical
Chemistry Division, Commission 1.7 (Biophysical Chemistry); Analytical Chemistry Division,
Commission V.5 (Electroanalytical Chemistry).1,” Biosens. Bioelectron., vol. 16, no. 1, pp. 121-131, Jan.
2001, doi: 10.1016/S0956-5663(01)00115-4.

[19] H. O. Fatoyinbo and M. P. Hughes, “Biosensors,” in Encyclopedia of Nanotechnology, B.
Bhushan, Ed. Dordrecht: Springer Netherlands, 2012, pp. 329-345. doi: 10.1007/978-90-481-9751-
4 129.

[20] V. Dugas, A. Elaissari, and Y. Chevalier, “Surface Sensitization Techniques and Recognition
Receptors Immobilization on Biosensors and Microarrays,” in Recognition Receptors in Biosensors, M.
Zourob, Ed. New York, NY: Springer, 2010, pp. 47-134. doi: 10.1007/978-1-4419-0919-0_2.

[21]  G. Karki, “Biosensors: Components, Working principle and Types,” Online Biology Notes, Jun.
16, 2020. https://www.onlinebiologynotes.com/biosensors-components-working-principle-and-types/
(accessed Apr. 30, 2021).

[22] F.R. Simodes and M. G. Xavier, “6 - Electrochemical Sensors,” in Nanoscience and its
Applications, A. L. Da R6z, M. Ferreira, F. de Lima Leite, and O. N. Oliveira, Eds. William Andrew
Publishing, 2017, pp. 155-178. doi: 10.1016/B978-0-323-49780-0.00006-5.

[23]  S.J. Sadeghi, “Amperometric Biosensors,” in Encyclopedia of Biophysics, G. C. K. Roberts, Ed.
Berlin, Heidelberg: Springer, 2013, pp. 61-67. doi: 10.1007/978-3-642-16712-6_713.

[24]  P. Damborsky, J. Svitel, and J. Katrlik, “Optical biosensors,” Essays Biochem., vol. 60, no. 1, pp.
91-100, Jun. 2016, doi: 10.1042/EBC20150010.

[25]  “Optical Biosensor - an overview | ScienceDirect Topics.”
https://www.sciencedirect.com/topics/nursing-and-health-professions/optical-biosensor (accessed Apr.
14, 2021).

[26] B.D. Malhotra and Md. A. Ali, “Chapter 6 - Plasmonic Nanostructures: Fiber-Optic Biosensors,”
in Nanomaterials for Biosensors, B. D. Malhotra and Md. A. Ali, Eds. William Andrew Publishing, 2018,
pp. 161-181. doi: 10.1016/B978-0-323-44923-6.00006-6.

[27]  S.E.Mowbray and A. M. Amiri, “A Brief Overview of Medical Fiber Optic Biosensors and
Techniques in the Modification for Enhanced Sensing Ability,” Diagnostics, vol. 9, no. 1, Art. no. 1, Mar.
2019, doi: 10.3390/diagnostics9010023.

[28]  A. Hulanicki, S. Glab, and F. Ingman, “Chemical sensors: definitions and classification,” Pure
Appl. Chem., vol. 63, no. 9, pp. 1247-1250, Jan. 1991, doi: 10.1351/pac199163091247.

[29] “Biosensors: Features, Principle and Types (With Diagram),” Biology Discussion, Sep. 21, 2015.
https://www.biologydiscussion.com/enzymes/biosensors/biosensors-features-principle-and-types-with-
diagram/10240 (accessed Apr. 14, 2021).

40



[30] M. Pohanka, “Overview of Piezoelectric Biosensors, Inmunosensors and DNA Sensors and Their
Applications,” Materials, vol. 11, no. 3, Mar. 2018, doi: 10.3390/mal11030448.

[31] S.Iguchietal., “A flexible and wearable biosensor for tear glucose measurement,” Biomed.
Microdevices, vol. 9, no. 4, pp. 603-609, Aug. 2007, doi: 10.1007/s10544-007-9073-3.

[32] J. Ray Windmiller, A. Jairaj Bandodkar, G. Valdés-Ramirez, S. Parkhomovsky, A.
Gabrielle Martinez, and J. Wang, “Electrochemical sensing based on printable temporary transfer
tattoos,” Chem. Commun., vol. 48, no. 54, pp. 6794-6796, 2012, doi: 10.1039/C2CC32839A.

[33] P.Kassal, M. D. Steinberg, and I. M. Steinberg, “Wireless chemical sensors and biosensors: A
review,” Sens. Actuators B Chem., vol. 266, pp. 228-245, Aug. 2018, doi: 10.1016/j.snb.2018.03.074.

[34] J. E. Koehne et al., “Carbon nanofiber electrode array for electrochemical detection of dopamine
using fast scan cyclic voltammetry,” Analyst, vol. 136, no. 9, pp. 1802-1805, Apr. 2011, doi:
10.1039/C1AN15025A.

[35] Y.Jungetal., “Fully printed flexible and disposable wireless cyclic voltammetry tag,” Sci. Rep.,
vol. 5, no. 1, Art. no. 1, Jan. 2015, doi: 10.1038/srep08105.

[36] D. Du et al., “Sensitive Immunosensor for Cancer Biomarker Based on Dual Signal
Amplification Strategy of Graphene Sheets and Multienzyme Functionalized Carbon Nanospheres,” Anal.
Chem., vol. 82, no. 7, pp. 2989-2995, Apr. 2010, doi: 10.1021/ac100036p.

[37] P.Kassal, I. M. Steinberg, and M. D. Steinberg, “Wireless smart tag with potentiometric input for
ultra low-power chemical sensing,” Sens. Actuators B Chem., vol. 184, pp. 254-259, Jul. 2013, doi:
10.1016/j.snb.2013.04.049.

[38] T.Arakawa et al., “Mouthguard biosensor with telemetry system for monitoring of saliva
glucose: A novel cavitas sensor,” Biosens. Bioelectron., vol. 84, pp. 106-111, Oct. 2016, doi:
10.1016/j.bios.2015.12.014.

[39] J.Kimetal., “Noninvasive Alcohol Monitoring Using a Wearable Tattoo-Based lontophoretic-
Biosensing System,” ACS Sens., vol. 1, no. 8, pp. 1011-1019, Aug. 2016, doi:
10.1021/acssensors.6b00356.

[40] “Optical Fibers — Basics | Taylor & Francis Group,” Taylor & Francis.
http://www.taylorfrancis.com/https://www-taylorfrancis-
com.ezproxy.lib.vt.edu/chapters/mono/10.1201/b16404-4/optical-fibers-basics-luc-thevenaz (accessed
Apr. 18, 2021).

[41] K.O.A.May 19 and 2019 at 6:32 Am, “Difference Between Optical Fiber and Coaxial Cable
(with Comparison Chart and Applications),” Circuit Globe, Mar. 30, 2019.
https://circuitglobe.com/difference-between-optical-fiber-and-coaxial-cable.html (accessed Apr. 18,
2021).

[42] E.and M. S. OFS, “Fiber Optics: Understanding the Basics.”
https://www.photonics.com/Articles/Fiber_Optics_Understanding_the_Basics/a25151 (accessed Apr. 16,
2021).

[43] B. Lee, “Review of the present status of optical fiber sensors,” Opt. Fiber Technol., vol. 9, no. 2,
pp. 57-79, Apr. 2003, doi: 10.1016/S1068-5200(02)00527-8.

41



[44] N.D. Orfetal., “Fiber draw synthesis,” Proc. Natl. Acad. Sci., vol. 108, no. 12, pp. 47434747,
Mar. 2011, doi: 10.1073/pnas.1101160108.

[45] G. Tao, A. Abouraddy, A. Stolyarov, and Y. Fink, “Multimaterial Fibers,” Springer Ser. Surf.
Sci., vol. 56, Jan. 2015, doi: 10.1007/978-3-319-06998-2_1.

[46] “(PDF) Fiber Lasers.”
https://www.researchgate.net/publication/276024952_Fiber_Lasers/figures?lo=1&utm_source=google&u
tm_medium=organic (accessed Apr. 17, 2021).

[47] W. Yanetal., “Thermally drawn advanced functional fibers: New frontier of flexible
electronics,” Mater. Today, vol. 35, pp. 168-194, May 2020, doi: 10.1016/j.mattod.2019.11.006.

[48] J. Ballato et al., “Silicon optical Fiber,” Opt. Express, vol. 16, no. 23, p. 18675, Nov. 2008, doi:
10.1364/0E.16.018675.

[49] D.J. Gibson and J. A. Harrington, “Extrusion of hollow waveguide preforms with a one-
dimensional photonic bandgap structure,” J. Appl. Phys., vol. 95, no. 8, pp. 3895-3900, Mar. 2004, doi:
10.1063/1.1667277.

[50] M. Liao et al., “Fabrication and characterization of a chalcogenide-tellurite composite
microstructure fiber with high nonlinearity,” Opt. Express, vol. 17, no. 24, pp. 21608-21614, Nov. 20009,
doi: 10.1364/0OE.17.021608.

[51] B. Temelkuran, S. D. Hart, G. Benoit, J. D. Joannopoulos, and Y. Fink, “Wavelength-scalable
hollow optical fibres with large photonic bandgaps for CO 2 laser transmission,” Nature, vol. 420, no.
6916, Art. no. 6916, Dec. 2002, doi: 10.1038/nature01275.

[52] W. Yanetal., “Advanced Multimaterial Electronic and Optoelectronic Fibers and Textiles,” Adv.
Mater., vol. 31, no. 1, p. 1802348, 2019, doi: https://doi.org/10.1002/adma.201802348.

[53] H.W. Lee et al., “Pressure-assisted melt-filling and optical characterization of Au nano-wires in
microstructured fibers,” Opt. Express, vol. 19, no. 13, pp. 12180-12189, Jun. 2011, doi:
10.1364/0E.19.012180.

[54] N.Da, L. Wondraczek, M. A. Schmidt, N. Granzow, and P. St. J. Russell, “High index-contrast
all-solid photonic crystal fibers by pressure-assisted melt infiltration of silica matrices,” J. Non-Cryst.
Solids, vol. 356, no. 35, pp. 1829-1836, Aug. 2010, doi: 10.1016/j.jnoncrysol.2010.07.002.

[55] D.J. Lipomi et al., “Patterning the Tips of Optical Fibers with Metallic Nanostructures Using
Nanoskiving,” Nano Lett., vol. 11, no. 2, pp. 632-636, Feb. 2011, doi: 10.1021/n1103730g.

[56] M.Yin, B.Gu, Q.-F. An, C. Yang, Y. L. Guan, and K.-T. Yong, “Recent development of fiber-
optic chemical sensors and biosensors: Mechanisms, materials, micro/nano-fabrications and applications,”
Coord. Chem. Rev., vol. 376, pp. 348-392, Dec. 2018, doi: 10.1016/j.ccr.2018.08.001.

[571 N.M.Y. Zhang et al., “Electron-Rich Two-Dimensional Molybdenum Trioxides for Highly
Integrated Plasmonic Biosensing,” ACS Photonics, vol. 5, no. 2, pp. 347-352, Feb. 2018, doi:
10.1021/acsphotonics.7b01207.

[58] N. Yuand F. Capasso, “Optical Metasurfaces and Prospect of Their Applications Including Fiber
Optics,” J. Light. Technol., vol. 33, no. 12, pp. 2344-2358, Jun. 2015, doi: 10.1109/JLT.2015.2404860.

42



[59] A. Canales et al., “Multifunctional fibers for simultaneous optical, electrical and chemical
interrogation of neural circuits in vivo,” Nat. Biotechnol., vol. 33, no. 3, Art. no. 3, Mar. 2015, doi:
10.1038/nbt.3093.

[60] S.Wang et al., “Flexible Piezoelectric Fibers for Acoustic Sensing and Positioning,” Adv.
Electron. Mater., vol. 3, no. 3, p. 1600449, Mar. 2017, doi: 10.1002/aelm.201600449.

[61] G. Lestoquoy, N. Chocat, Z. Wang, J. D. Joannopoulos, and Y. Fink, “Fabrication and
characterization of thermally drawn fiber capacitors,” Appl. Phys. Lett., vol. 102, no. 15, 2013, doi:
10.1063/1.4802783.

[62] M. Bayindir, A. F. Abouraddy, J. Arnold, J. D. Joannopoulos, and Y. Fink, “Thermal-Sensing
Fiber Devices by Multimaterial Codrawing,” Adv. Mater., vol. 18, no. 7, pp. 845-849, 2006, doi:
https://doi.org/10.1002/adma.200502106.

[63] “Definition of CHALCOGEN.” https://www.merriam-webster.com/dictionary/chalcogen
(accessed Apr. 17, 2021).

[64] M. Bayindir et al., “Metal—-insulator—semiconductor optoelectronic fibres,” Nature, vol. 431, no.
7010, Art. no. 7010, Oct. 2004, doi: 10.1038/nature02937.

[65] L. Yuetal., “Flexible Multi-Material Fibers for Distributed Pressure and Temperature Sensing,”
Adv. Funct. Mater., vol. 30, no. 9, p. 1908915, 2020, doi: https://doi.org/10.1002/adfm.201908915.

[66] “8 Life Saving Medical Applications - Pressure Sensors - The Design Engineer’s Guide - Avnet
Abacus.” https://www.avnet.com/wps/portal/abacus/solutions/technologies/sensors/pressure-
sensors/applications/medical/ (accessed Apr. 18, 2021).

[67] Q.Li, K. Wang, Y. Gao,J. P. Tan, R. Y. Wu, and F. Z. Xuan, “Highly sensitive wearable strain
sensor based on ultra-violet/ozone cracked carbon nanotube/elastomer,” Appl. Phys. Lett., vol. 112, no.
26, p. 263501, Jun. 2018, doi: 10.1063/1.5029391.

[68] Y. Ohki, T. Yamada, and N. Hirai, “Precise location of the excessive temperature points in
polymer insulated cables,” IEEE Trans. Dielectr. Electr. Insul., vol. 20, no. 6, pp. 2099-2106, Dec. 2013,
doi: 10.1109/TDEI.2013.6678858.

[69] M. Reinetal., “Diode fibres for fabric-based optical communications,” Nature, vol. 560, no.
7717, Art. no. 7717, Aug. 2018, doi: 10.1038/s41586-018-0390-x.

[70]  “Scalable, washable and lightweight triboelectric-energy-generating fibers by the thermal
drawing process for industrial loom weaving,” Nano Energy, vol. 74, p. 104805, Aug. 2020, doi:
10.1016/j.nanoen.2020.104805.

[71]  T. Khudiyev, C. Hou, A. M. Stolyarov, and Y. Fink, “Sub-Micrometer Surface-Patterned Ribbon
Fibers and Textiles,” Adv. Mater., vol. 29, no. 22, p. 1605868, 2017, doi:
https://doi.org/10.1002/adma.201605868.

[72] N.S. Manam et al., “Study of corrosion in biocompatible metals for implants: A review,” J.
Alloys Compd., vol. 701, Jan. 2017, doi: 10.1016/j.jallcom.2017.01.196.

[73] K.R. Srivastava, S. Awasthi, P. K. Mishra, and P. K. Srivastava, “Chapter 13 -
Biosensors/molecular tools for detection of waterborne pathogens,” in Waterborne Pathogens, M. N.

43



Vara Prasad and A. Grobelak, Eds. Butterworth-Heinemann, 2020, pp. 237-277. doi: 10.1016/B978-0-12-
818783-8.00013-X.

[74] J. Hamaéldinen, M. Ritala, and M. Leskeld, “Atomic Layer Deposition of Noble Metals and Their
Oxides,” Chem. Mater., vol. 26, no. 1, pp. 786801, Jan. 2014, doi: 10.1021/cm402221y.

[75] “C. Working Electrodes,” Chemistry LibreTexts, Sep. 22, 2016.
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Che
mistry)/Analytical_Sciences_Digital_Library/JASDL/Courseware/Analytical_Electrochemistry%3A_The
_Basic_Concepts/05_Experimental_Hardware/C._Working_Electrodes (accessed Apr. 19, 2021).

[76] “Tungsten Carbide vs. Platinum,” Timeless Tungsten Rings.
https://www.timelesstungsten.com/kb/tungsten-carbide-vs-platinum/ (accessed Apr. 19, 2021).

[77]  “Thin film,” Wikipedia. Mar. 31, 2021. Accessed: Apr. 19, 2021. [Online]. Available:
https://en.wikipedia.org/w/index.php?title=Thin_film&oldid=1015339380

[78] “day4-deposition.pdf.” Accessed: Apr. 19, 2021. [Online]. Available:
https://www.inrf.uci.edu/wordpress/wp-content/uploads/day4-deposition.pdf

[79] A.lJilani, M. S. Abdel-wahab, and A. HosnyHammad, Advance Deposition Techniques for Thin
Film and Coating. IntechOpen, 2017. doi: 10.5772/65702.

[80] A.Barranco, A. Borras, A. R. Gonzalez-Elipe, and A. Palmero, “Perspectives on oblique angle
deposition of thin films: From fundamentals to devices,” Prog. Mater. Sci., vol. 76, pp. 59-153, Mar.
2016, doi: 10.1016/j.pmatsci.2015.06.003.

[81] S. Mukherjee and D. Gall, “Structure zone model for extreme shadowing conditions,” Thin Solid
Films, vol. 527, pp. 158-163, Jan. 2013, doi: 10.1016/j.tsf.2012.11.007.

[82] A.C. Lokhande et al., “Development of Cu2SnS3 (CTS) thin film solar cells by physical
techniques: A status review,” Sol. Energy Mater. Sol. Cells, vol. 153, pp. 84-107, Aug. 2016, doi:
10.1016/j.solmat.2016.04.003.

[83] A. Piegari, F. Flory, and F. Flory, Optical Thin Films and Coatings: From Materials to
Applications. Jordon Hill, UNITED KINGDOM: Elsevier Science & Technology, 2013. Accessed: Apr.
19, 2021. [Online]. Available: http://ebookcentral.proquest.com/lib/vt/detail.action?docID=1575045

[84] M.J. Hampden-Smith and T. T. Kodas, “Chemical vapor deposition of metals: Part 1. An
overview of CVD processes,” Chem. Vap. Depos., vol. 1, no. 1, pp. 8-23, 1995, doi:
https://doi.org/10.1002/cvde.19950010103.

[85] M. Schlesinger, “Electroplating,” in Kirk-Othmer Encyclopedia of Chemical Technology,
American Cancer Society, 2004. doi: 10.1002/0471238961.0512050308151814.a01.pub2.

[86]  “Electroplating,” Wikipedia. Mar. 29, 2021. Accessed: Apr. 19, 2021. [Online]. Available:
https://en.wikipedia.org/w/index.php?title=Electroplating&oldid=1014916977

[87] M. Aliofkhazraei, Electroplating of Nanostructures. BoD — Books on Demand, 2015.

[88]  “Espacenet — search results.”
https://worldwide.espacenet.com/patent/search/family/022573898/publication/US4882014A?q=pn%3DU
54882014 (accessed Apr. 20, 2021).

44



[89] “Reference Electrodes.”
https://basinc.com/manuals/LC_epsilon/Maintenance/Reference/reference (accessed Apr. 20, 2021).

[90] D. Stoychev, A. Papoutsis, A. Kelaidopoulou, G. Kokkinidis, and A. Milchev, “Electrodeposition
of platinum on metallic and nonmetallic substrates — selection of experimental conditions,” Mater.
Chem. Phys., p. 7, 2001.

[91]  A. Petrossians, J. J. W. 1ii, J. D. Weiland, and F. Mansfeld, “Electrodeposition and
Characterization of Thin-Film Platinum-Iridium Alloys for Biological Interfaces,” J. Electrochem. Soc.,
p. 9, 2011.

[92]  N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree, T. T. Eisenhart, and J. L. Dempsey,
“A Practical Beginner’s Guide to Cyclic Voltammetry,” J. Chem. Educ., vol. 95, no. 2, pp. 197-206, Feb.
2018, doi: 10.1021/acs.jchemed.7b00361.

[93] N. Elgrishi, D. A. Kurtz, and J. L. Dempsey, “Reaction Parameters Influencing Cobalt Hydride
Formation Kinetics: Implications for Benchmarking H2-Evolution Catalysts,” J. Am. Chem. Soc., vol.
139, no. 1, pp. 239-244, Jan. 2017, doi: 10.1021/jacs.6b10148.

[94] V.M. Dusevich, J. H. Purk, and J. D. Eick, “Choosing the Right Accelerating Voltage for SEM
(An Introduction for Beginners),” Microsc. Today, vol. 18, no. 1, pp. 48-52, Jan. 2010, doi:
10.1017/S1551929510991190.

[95] K. T.Kim, S.-H. Jin, S.-C. Chang, and D.-S. Park, “Green Synthesis of Platinum Nanoparticles
by Electroreduction of a K,PtCls Solid-State Precursor and Its Electrocatalytic Effects on H.0>
Reduction,” Bull. Korean Chem. Soc., vol. 34, no. 12, pp. 3835-3839, 2013, doi:
10.5012/bkcs.2013.34.12.3835.

[96]  “Scanning Electron Microscopy,” Nanoscience Instruments.
https://www.nanoscience.com/technigues/scanning-electron-microscopy/ (accessed Apr. 20, 2021).

[97]  N. Yusoff, A. Pandikumar, R. Ramaraj, H. N. Lim, and N. M. Huang, “Gold nanoparticle based
optical and electrochemical sensing of dopamine,” p. 24.

[98] H. Juérez Olguin, D. Calderén Guzman, E. Hernandez Garcia, and G. Barragan Mejia, “The Role
of Dopamine and Its Dysfunction as a Consequence of Oxidative Stress,” Oxid. Med. Cell. Longev., vol.
2016, p. €9730467, Dec. 2015, doi: 10.1155/2016/9730467.

[99] P. Calabresi, B. Picconi, A. Tozzi, and M. Di Filippo, “Dopamine-mediated regulation of
corticostriatal synaptic plasticity,” Trends Neurosci., vol. 30, no. 5, pp. 211-219, May 2007, doi:
10.1016/j.tins.2007.03.001.

[100] A. A.Prasad and R. J. Pasterkamp, “Axon Guidance in the Dopamine System,” in Development
and Engineering of Dopamine Neurons, R. J. Pasterkamp, M. P. Smidt, and J. P. H. Burbach, Eds. New
York, NY: Springer, 2009, pp. 91-100. doi: 10.1007/978-1-4419-0322-8 9.

[101] ““Chapter 19 The determinants of stress-induced activation of the prefrontal cortical dopamine
system,” Prog. Brain Res., vol. 85, pp. 367-403, Jan. 1991, doi: 10.1016/S0079-6123(08)62691-6.

[102] “‘Sensor created to detect dopamine, brain disorders, in seconds,” ScienceDaily.
https://www.sciencedaily.com/releases/2019/03/190319121739.htm (accessed Apr. 22, 2021).

45



[103] D.-S. Kim et al., “Electrochemical detection of dopamine using periodic cylindrical gold
nanoelectrode arrays,” Sci. Rep., vol. 8, no. 1, Art. no. 1, Sep. 2018, doi: 10.1038/s41598-018-32477-0.

[104] M. Ouellette, J. Mathault, S. D. Niyonambaza, A. Miled, and E. Boisselier, “Electrochemical
Detection of Dopamine Based on Functionalized Electrodes,” Coatings, vol. 9, no. 8, p. 496, Aug. 2019,
doi: 10.3390/coatings9080496.

[105] B.J. Venton and Q. Cao, “Fundamentals of Fast-Scan Cyclic Voltammetry for Dopamine
Detection,” The Analyst, vol. 145, no. 4, pp. 1158-1168, Feb. 2020, doi: 10.1039/c9an01586h.

[106] X. Chen, J. Chen, H. Dong, Q. Yu, S. Zhang, and H. Chen, “Sensitive detection of dopamine
using a platinum microelectrode modified by reduced graphene oxide and gold nanoparticles,” J.
Electroanal. Chem., vol. 848, p. 113244, Sep. 2019, doi: 10.1016/j.jelechem.2019.113244.

[107] S. Kumar, W. Ahlawat, R. Kumar, and N. Dilbaghi, “Graphene, carbon nanotubes, zinc oxide and
gold as elite nanomaterials for fabrication of biosensors for healthcare,” Biosens. Bioelectron., vol. 70, pp.
498-503, Aug. 2015, doi: 10.1016/j.bios.2015.03.062.

[108] S. Lupu, C. Lete, M. Marin, N. Totir, and P. C. Balaure, “Electrochemical sensors based on
platinum electrodes modified with hybrid inorganic—organic coatings for determination of 4-nitrophenol
and dopamine,” Electrochimica Acta, vol. 54, no. 7, pp. 1932-1938, Feb. 2009, doi:
10.1016/j.electacta.2008.07.051.

[109] ““On the electrochemistry of dopamine in aqueous solution. Part I: The role of [SDS] on the
voltammetric behavior of dopamine on a carbon paste electrode,” J. Electroanal. Chem., vol. 609, no. 1,
pp. 17-26, Oct. 2007, doi: 10.1016/j.jelechem.2007.05.021.

[110] R.P.Bacil, L. Chen, S. H. P. Serrano, and R. G. Compton, “Dopamine oxidation at gold
electrodes: mechanism and kinetics near neutral pH,” Phys. Chem. Chem. Phys., vol. 22, no. 2, pp. 607—
614, Jan. 2020, doi: 10.1039/C9CP05527D.

[111] C.Lin, L. Chen, E. E. L. Tanner, and R. G. Compton, “Electroanalytical study of dopamine
oxidation on carbon electrodes: from the macro- to the micro-scale,” Phys. Chem. Chem. Phys., vol. 20,
no. 1, pp. 148-157, Dec. 2017, doi: 10.1039/C7CP07450F.

[112] P. Muiioz, S. Huenchuguala, I. Paris, and J. Segura-Aguilar, “Dopamine Oxidation and
Autophagy,” Park. Dis., vol. 2012, p. €920953, Aug. 2012, doi: 10.1155/2012/920953.

[113] H.R. Zare, N. Nasirizadeh, and M. Mazloum Ardakani, “Electrochemical properties of a
tetrabromo-p-benzoquinone modified carbon paste electrode. Application to the simultaneous
determination of ascorbic acid, dopamine and uric acid,” J. Electroanal. Chem., vol. 577, no. 1, pp. 25—
33, Mar. 2005, doi: 10.1016/j.jelechem.2004.11.010.

[114] “Differential Pulse Voltammetry Purpose.”
https://www.gamry.com/Framework%20Help/HTML5%20-%20Tripane%20-
%20Audience%20A/Content/PV/Experimental_Techniques/Differential%20Pulse%20Voltammetry/Purp
ose.htm (accessed Apr. 24, 2021).

[115] O. Media, “Chapter 8: Affibodies as an alternative to antibodies in biosensors for cancer markers
- Biosensors for Medical Applications.” https://learning.oreilly.com/library/view/biosensors-for-
medical/9781845699352/xhtml/9780857097187_cover.htm (accessed Apr. 22, 2021).

46



47



