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Abstract

This research study explores the application of nanomaterial-modified glassy carbon electrodes
(GCE) for the voltammetric determination of dopamine and uric acid. The GCE was fabricated
with iron oxide, activated carbon, and graphene foam. Energy Dispersive X-ray Spectroscopy
(EDS), Fourier Transform Infrared spectroscopy (FT-IR), X-ray diffraction Spectroscopy (XRD),
and Scanning Electron Microscopy (SEM) were used to examine the microporous activated
carbon, iron oxide spherical structure (FesOa) particles that were attached to the graphene foam
sheets. A drop-dry method was used for electrode modification. AC-Fe304/GF/GCE was
electrochemically interrogated in the ferrocyanide redox probe using cyclic voltammetry. The
current intensity and the reversibility of the redox probe were enhanced in the presence of the

electrochemical sensor.

Differential pulse voltammetry technique (DPV) was employed for individual determination of
uric acid under the optimized experimental conditions; pH 6, scan rate 50 mV s, pulse width 0.05
s, pulse amplitude 0.05 V, and supporting electrolyte 0.1 M phosphate buffer solution. A detection
limit of 2.55 uM was obtained with an analytical linear range of 5 - 1630 uM. All selected foreign
species showed no significant interference with the electrochemical determination of uric acid.
Furthermore, dopamine analysis was carried out on AC-Fe304/GF/GCE using DPV. The
electrochemical sensing was also optimized at various analytical conditions and a detection limit
of 1.47 uM was obtained in the linear dynamic range of 2.5 to 450 uM. Glucose, glutamic acid, |-
lysine, and ascorbic acid are a few of the interfering species that exhibited almost no impact on

dopamine detection.

In addition, the simultaneous determination of uric acid and dopamine was conducted successfully.
They have been determined by differential pulse voltammetry, and the modified electrode
exhibited a linearity relationship over a wide range of uric acid concentrations from 2.5 to 450 uM,
with a detection limit of 1.75 uM, (s/n = 3). A linear trend for the current response for dopamine
concentrations ranging from 5 to 400 uM, with a detection limit of 2.7 uM, has also been obtained.
The results, therefore, demonstrated the sensor’s superior electrocatalytic activity and its high

selectivity for dopamine and uric acid even when some foreign species were present. The average

v



recoveries from the real sample analyses of the urine samples showed that the proposed sensor

could be put to use in the real sample analysis.

The developed electrode was generally found to be highly selective and sensitive toward uric acid
and dopamine. It has achieved better sensing performances with a very low detection limit, wider
linear ranges, and short analysis times as compared to most previously reported modified
electrodes for the same analytes. Furthermore, the developed electrode was validated successfully
for real sample analysis in biological fluids. The proposed methods have many attractive features,
such as low cost, simplistic electrode preparation procedure, easy renewability, long-term
usability, and rapid analysis. The developed electrode also displayed good repeatability and
selectivity towards interfering substances. It is a promising modified electrode for the

electrochemical detection of other electroactive important compounds in biological systems.
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Chapter 1
Introduction

1.1 Uric Acid

Uric acid (UA), a nitrogen-containing heterocyclic compound of carbon, nitrogen, oxygen, and
hydrogen, is one of the major antioxidants found in the human body [1]. According to the substance
perspective, UA is known to have a molecular mass of 168.1103 g.mol™* with an atomic formula
of CsHsN4O3 [2]. Uric acid is a biochemical compound that is only slightly soluble in water. Figure
1.1 depicts the structural formula of uric acid. Studies showed that UA is available in the greater
part of creatures from microscopic organisms to people. Well-evolved creatures are known to

contain uric acid essentially in blood and urine [3].

The kidney glomeruli filter a significant amount of uric acid, and approximately 90% of it is
reabsorbed, indicating that it plays a significant physiological role. In the blood plasma, it functions
as an antioxidant [2]. It is a decent cell reinforcement, peroxynitrite scavenger, and a strong
reactive oxygen species scavenger (ROS). Uric acid, which serves as an antioxidant, is easily found
in the cytosol of humans and mammals, particularly in the liver, nasal secretions, and vascular
endothelial cells [4].

At physiological pH levels, uric acid is a weak acid with a pKa value of 5.75 and is mostly present
as monosodium urate. Urate levels are significantly higher in humans (240 - 360 uM) than in other
warm-blooded animals (30 - 50 uM in mice) as a result of uricase inactivation. Purine debasement
in humans results in the formation of uric acid, but in other warm-blooded creatures, it is

additionally degraded into allantoin by uricase, a catalyst that is generally found in the liver [5].

The degradation of purine nucleotides produces uric acid, which is a weak organic acid. Ingestion,
the endogenous synthesis of purines from nonpurine precursors, and the reutilization of preformed
purine compounds are all sources of purine nucleotides [6] [7]. Purine metabolism is mostly carried
out in the intestine, liver, kidneys, and vascular endothelium. Nucleic acids derived from living
and dying cells make up the majority of the purine found in endogenous sources, while dietary
sources, animal proteins, and fructose catabolism make up the purine found in exogenous sources

[7]. Uric acid production and elimination are in equilibrium in steady-state conditions.
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Figure 1.1: Structure of Uric Acid: (2, 6, 8 — Trihydroxypurine).

In humans, uric acid is an effective free radical scavenger, but it is also a sign of high levels of
harmful oxidative stress caused by increased xanthine oxidase activity [8]. Not only it is important
to keep UA levels at a healthy level because UA plays a crucial role in how the human body works,
but also because higher or lower UA levels can cause or reveal a variety of diseases [3]. For
instance, individuals have changed enormously their eating routines, and the purines they consume
have likewise expanded, bringing about a huge increase in the rate of gout and hyperuricemia

sicknesses.

The primary tool for determining various clinical contentions connected to the human body's level
of uric acid is the clinical evaluation for uric acid [5], [9]. The concentration of UA contained in
blood or pee is connected with the state of being of an individual and problems of UA are side

effects of a few illnesses like gout and hyperuricemia [10], [11].

Gout, a common and painful rheumatic disease, is caused by the accumulation of monosodium
urate monohydrate microcrystals, or uric acid, in various body parts. It is a painful type of fiery
joint inflammation, that happens when uric acid levels get excessively high, which prompts the
development of crystals that deposit themselves in the joints [12]. Most people who have gout
need to take a medication that works to lower uric acid levels, like allopurinol, to avoid future
flare-ups. To reduce their intake of foods high in purines, others alter their diet [13]. With high

plasma uric acid levels, hyperuricemia is closely linked to cardiovascular and renal disorders.
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Figure 1.2: Purine nucleotide degradation and uric acid formation [14].

Figure 1.2 depicts the degradation of purine nucleotides which begins with nucleotidase activity
in a reaction that releases phosphate from nucleotides and produces nucleosides, adenosine, and
guanosine. For uric acid development, the xanthine oxidoreductase enzyme oxidizes hypoxanthine

to xanthine, and lastly xanthine to uric acid. Figure 1.2 shows a comprehensive reaction

mechanism for this biosynthetic procedure.



1.2 Dopamine

Dopamine (DA) is an organic molecule that has a catechol structure (a benzene ring with two
hydroxyl groups), and one amine group that is attached to an ethyl chain. It has a molecular formula
of CgH1:NO and a molecular mass of 153.1784 g.mol™. Figure 1.3 shows the 2-dimensional

structure of dopamine.

Dopamine serves a wide range of well-defined functions in humans, such as controlling
coordinated movement, metabolism, addiction, reward, and hormone secretion [15]. It is produced
in the brain and used to send messages between nerve cells in the nervous system. Sometimes it is
referred to as a chemical messenger. Learning, motivation, blood vessel function, attention, pain
processing, kidney function, movement, and other aspects of human behavior are all impacted by

dopamine [16].

Brain neurotransmission is a fundamental cycle for neuronal separation and development, as well
as for the advancement of interneuronal correspondence and neuronal hardware [17].
Neurotransmitter issues are because of abnormal metabolism or transport of the biogenic amines,
glycine, vitamin B6, and glutamic acid. The biogenic amines are practically significant groups of
mind synapses and comprise catecholamines (dopamine, norepinephrine, and epinephrine) and
serotonin. Dopamine and serotonin play key parts in the mind, including the control of headway,

temperament, and conduct [18].

Dopamine is communicated in limited cerebrum regions associated with various integrative
capabilities adding to computerized ways of behaving that are profoundly versatile. It can go about

as a strong controller and integrator of various parts of the mind's capabilities.

Dopamine enters the bloodstream as a hormone and has a minor impact on the "fight-or-flight"
mentality. The body's response to a perceived or actual stressful situation, such as the need to flee
danger, is known as the "fight or flight" response. Dopamine deficiency can result in fatigue, lack
of motivation, and unhappiness in humans [19]. Additionally, memory loss, difficulty
concentrating, and issues with sleeping may occur. However, people may experience feelings of

euphoria and energized if the level of dopamine is high.



It is equipped for directing human comprehension and feelings and exists as a primary
catecholamine in the focal sensory system (CNS). The grouping of DA shifts under certain
conditions, resulting in serious health and mental issues. Strange degrees of DA might bring about
different neurological infections, like Parkinson's illness, Huntington's sickness, and schizophrenia

[20], [21], and [22].
HO NH,
DO

Figure 1.3: Dopamine structure: 4 - (2-aminoethyl) benzene-1, 2-diol.

A condition known as Parkinson's disease occurs when a portion of the brain deteriorates, resulting
in more severe symptoms over time. Although this condition is most well-known for impairing
balance, muscle control, and movement, it can also have a wide range of effects on the senses,
thinking abilities, and emotional well-being [22]. Under normal circumstances, the brain uses
chemicals known as neurotransmitters to control how the brain cells (neurons) communicate with
each other. Parkinson's disease is the second most common age-related degenerative brain disease.
One of the most important neurotransmitters, dopamine, is lacking in Parkinson's disease patients.
Therefore, Parkinson's disease is characterized by slowed movements and trembling due to a

deficiency of dopamine [23].

The term “schizophrenia™ refers to a condition and a range of disorders that all involve
hallucinations and delusions that are disconnected from reality. High levels of dopamine in
particular brain regions may be the cause of some of the symptoms of schizophrenia. Although it
is a serious condition that can be treated, many people with it can still live happy, and fulfilled
lives. Lack of motivation is one of the other symptoms that may be brought on by a lack of

dopamine in another part of the brain [24].

Drugs that imitate dopamine as the natural neurotransmitter are known as dopamine agonists. The
brain's nerve cells respond comparatively to natural dopamine when dopamine agonists attach to

and trigger their dopamine receptors. Parkinson's disease, depression, attention deficit



hyperactivity disorder, hyperprolactinemia, and low sex drive are all treated with dopamine
agonists [20], [23].

Dopamine antagonists are medications that are attached to and inhibit dopamine receptors in the
brain. This indicates that they prevent the subsequent nerve cells from receiving dopamine [23].
Dopamine antagonists are a common class of antipsychotics used to treat nausea, Schizophrenia,

and bipolar disorder.

Figure 1.4 depicts a detailed biosynthetic pathway for neurotransmitter formation. Briefly,
phenylalanine hydroxylase converts phenylalanine to tyrosine, tyrosine hydroxylase hydroxylates
tyrosine to L-3, and 4-dihydroxyphenylalanine (L-DOPA). DOPA is then transformed into
dopamine by aromatic amino acid decarboxylase. Dopamine-b hydroxylase hydroxylates
dopamine to norepinephrine, which is methylated to epinephrine by phenylethanolamine N-

methyltransferase [24].
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Figure 1.4: Biosynthetic pathway for neurotransmitters [24].



1.3 Problem Statement

High levels of both uric acid and dopamine in human body fluids are of great concern in
pharmaceutical, clinical health, and medical research. These biological analytes require constant

monitoring which is currently underprovided in medical health.

Dopamine and uric acid are generally viewed as vital atoms for physiological cycles in human
digestion and they exist together in human body fluids. Along these lines, it is fundamental to
foster particular and delicate techniques for their assurance in a logical application and analytic

exploration [25].

Traditional methods for the detection of these biological analytes involve; a collection of samples,
retrieval of the samples to a central laboratory, labor-intensive sample clean-up, expensive
instrumentation, and pre-treatment steps followed by quantification. In addition to the lengthy and
uneconomical steps involved, contamination of dopamine and uric acid may occur during the

transportation of the samples from the field causing inaccurate analytical results.

Hence, it is desirable to develop a technique that enables rapid measurements for real clinical or
biological samples. Electrochemical sensors present a promising alternative to conventional
methods for the determination of dopamine and uric acid in either clinical or biological research

due to their rapid and sensitive measurement protocol.

Therefore, the objective of this study is to develop an electrochemical method for the simultaneous
determination of uric acid and dopamine using a glassy carbon electrode modified with activated

carbon, iron oxide, and graphene foam composite.

However, to the best of our knowledge, no electrochemical method based on the application of
(AC-Fe304/GF/GCE) modified glassy carbon electrode (GCE) has been reported for uric acid and

dopamine determination.

Graphene foam with a two-dimensional layered structure has been successfully established as a
new paradigm in the chemistry of nanomaterials in recent years due to its excellent thermal
conductivity and electrical conductivity properties [26], [27]. It was found to effectively improve

the surface area, electrocatalytic activity, conductivity, and stability of modified electrodes to



enhance electrochemical performance. Graphene foam coupled with activated carbon and iron
oxide, could increase the surface area of the modified electrode due to their small particle sizes

and paramagnetic properties, respectively [28], [29].

1.4 Aim of the study

The focus of this project is to develop a modified glassy carbon electrode based on activated
carbon, iron oxide, and graphene foam that can provide synergic electrocatalytic activity for better

detection, and selectivity towards uric acid and dopamine.

1.4.1 The specific objectives

e To synthesize, characterize, and fabricate glassy carbon electrodes with graphene foam
(GF) and magnetite (iron oxide).

e To explore electrochemical sensing of the modified electrode towards an individual and
simultaneous detection of uric acid and dopamine under optimized experimental
parameters.

e To explore the linear range, determine the sensor’s limit of detection and limit of
quantification for uric acid and dopamine.

e To study the impact of foreign substances and conduct real-sample analysis to determine

the developed sensor's analytical application in biological samples.



1.5 Research Justification

Dopamine (DA) is a crucial member of the catecholamine family of neurotransmitters that have
received a lot of attention in clinical research because it plays a crucial role in mammals'
cardiovascular, metabolic, and central nervous system functions. The human body's homeostasis
and metabolism systems are significantly regulated by the biomolecule compound uric acid (UA)
[30].

Quantitative and subjective assurance of uric acid and dopamine is essentially valuable to give
related data, particularly in the fields of drug, nursery, pathology, and clinical fields. In terms of
detection limit and quantification of the amount of uric acid and dopamine, several techniques

have been proposed that appear to be consistent and sensitive.

The analytical merits of the detection method determine how successful the process of detecting
both dopamine and uric acid levels in a biological medium. The growing interest in green
Chemistry has a significant impact on the selection of an appropriate method, even though

analytical merits are relevant in determining the analytical method's applicability.

Therefore, it is pertinent to develop an environmentally friendly and effective analytical
electrochemical method. Electrochemical techniques are inexpensive, simple to use, require small
samples, have low detection limits, and produce the least amount of solvent waste possible.
Because of these aspects, they are close to ideal analytical techniques for quantifying analytes in

various matrices.

1.6 Thesis Outline

This thesis is presented in five chapters:

» Chapter 1 presents the introduction, problem statement, aim and objectives, research

justification, and thesis outline.



Chapter 2 This chapter summarizes an extensive related literature review on the
electroanalysis of dopamine and uric acid. It also covers the fundamental concepts of
electroanalytical methods.

Chapter 3 highlights the research design, method of modifying electrodes, and method of
preparing solutions. Features the list of materials, equipment, and reagents used in this
research. It also discusses different microscopic and spectroscopic characterization
techniques used.

Chapter 4 contains results and discussions on the electroanalysis of dopamine and uric
acid on the modified glassy carbon electrode. Moreover, detailed discussions of the
synthesized materials used to modify electrodes.

Chapter 5 this chapter presents the general conclusions and recommendations for future

work.
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Chapter 2
Literature Review

2.1 Electrochemical studies of uric acid and dopamine at modified electrodes

Enzyme-based biosensors are popular sensing devices that have been introduced and are widely
known to convert biological responses into readable analytical signals. They have good specificity
and improve the selectivity and responsiveness of electrochemical detection of biological
compounds [1]. The utilization of biosensors permits immediate, inexpensive, quick, and accurate

measurement of uric acid or dopamine in real samples.

Screen-printed electrodes, for instance; have been utilized for the improvement of single-use,
disposable sensors for clinical, environmental, and modern investigations [2]. This strategy has the
benefits of straightforward development, high reproducibility, minimal expense, and a wide
selection of materials. However, heaps of waste disposable sensors are produced and generate
environmental pollution. In addition, the relative instability of enzyme-based biosensors and their
sensitivity to pH, temperature, humidity, and other environmental factors have occasionally

prompted researchers to look for enzyme-free approaches [3].

In recent years, new materials for sensing that can be deposited on an electrode's surface have been
developed by researchers as a means of overcoming these challenges. Consecutively, these may
increase the electrode's catalytic properties, resulting in a more stable, selective, and sensitive
electrochemical sensor [4]. The electrochemical sensors act as redox mediators with a large

specific surface area to improve the electrode's sensitivity and enhance the charge transfer.

Chemical sensors, in contrast to biosensors, contain components that are not biologically active,
increasing their sensitivity and selectivity for analytes of interest. Modified electrodes are often
utilized as sensing elements in electrochemical sensors. Different inorganic and organic materials
with superior electrical conductivity and catalytic properties can be used to make these types of

modified electrodes.
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2.1.1 Electrochemical analyses of individual uric acid and dopamine

2.1.1.1 Electroanalysis of Dopamine

Dopamine is the most essential catecholamine neurotransmitter in the human central nervous
system. It is found in the brain and vital for the renal, hormonal, and cardiovascular systems to
function properly. High concentration levels of dopamine are connected with neurological
problems, for instance, schizophrenia and Parkinson’s illness, and variances of dopamine levels

are critical in observing logical frameworks in the human mind [5]

Various materials have been used to fabricate electrodes for the electrochemical analyses of
dopamine. Materials such as carbon-based nanomaterials [6], graphene and graphene oxide [7],
[8], polymer films [9], [10], [11], [12], [13], metal nanoparticles [14], [15], [16], and metal oxides
nanocomposite [17], [18] have been utilized in electroanalysis. These materials offer a large
surface area, which increases the electrocatalytic activity and sensitivity toward the analytes of

interest.

Metal oxide/carbon nanotube composites can be utilized for the electrochemical detection of
dopamine. These composites have excellent mechanical properties, a large surface area,
biocompatibility, and resistance to chemicals [19], [20]. Thus, Adekunle, S., et al. [21] used the
edge-plane pyrolytic graphite electrode (EPPGE) modified with iron oxide (cubic spinel structure)
coupled with single-walled carbon nanotubes for dopamine detection. The modified electrode
exhibited an appreciable electrocatalytic activity with seven times more current response relative
to bare (EPPGE), leading to the linear concentration range of 3.2 — 31.8 uM. Moreover, the
electron transfer efficiency of =~ 0.26 cm st and 3.44 pA/ UM sensitivity were found. The detection
limit of 0.36 UM was achieved using the square-wave voltammetry technique under optimum

experimental conditions.

Similarly, MWCNTs/MoS, decorated with cobalt oxide polyhedrons demonstrated high
significance in a physiological application for dopamine, as reported by Mani, V., et al. [22]. The
developed composite showed good porosity, excellent electrocatalytic activity, high surface area,
and sensitivity. In addition, the oxidation peak current was enhanced due to the presence of the
modifier, and the superior detection limit of 13.45 nM was obtained in the linear range of 0.03 —
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1950.2 uM, and 2150.2 — 5540 uM using an amperometric sensing platform. The sensor possessed

good durability and was feasible for practical application in rat brains and human blood.

A new stable Fe(CN)s*"*/ poly (butyl viologen) thin film-modified platinum electrode was used
as an electrochemical sensor and exhibited high stability, and electron transfer efficiency in the
linear range of 20 uM — 1.25 mM using an amperometric technique suggested by Hsu, Chih-Yu,
et al. [23]. The detection limit of 2.46 pum was obtained. Another composite tin-oxide-
graphene/poly (4-amino benzene sulfonic acid) (TiO2/GF/4-ABSA) electrochemical sensor has
been studied by Xu, Chu-Xuan, et al. [24]. The mediated oxidation of dopamine at the modified
glassy carbon electrode under optimized conditions (pH = 7) in CV showed very high current
intensity compared to the unmodified glassy carbon electrode. The limit of detection of 0.1 uM
was obtained in the linear dynamic range of 1 — 400 uM using the differential pulse voltammetry
technique. The sensor demonstrated good reproducibility and high selectivity for dopamine in the

presence of potentially interfering species such as Na*, CI-, Cu?*, CO3%, and NOs".

Conducting polymers are exceptionally common electrode modifiers that can be chemically or
electrochemically deposited on bare electrode surfaces. The delocalization of the electrons in the
polymeric backbone is caused by their extended m-conjugated structure, which alternates between

single and double bonds. They are biocompatible and have excellent electrical conductivity.

They can likewise be combined with metal-oxide nanoparticles [25] or carbon-based nanomaterial
[26] to form a stable defensive film, inhibit electrode fouling, and improve electrode selectivity
towards target analytes. Polymers-based sensors have hydrophobic, hydrophilic, ion exchange, or
electrostatic interaction properties, which makes them appropriate candidates for electroanalyses.
A few important conducting polymers are; polyaniline (PANI), poly(o-aminophenol), poly(o-
phenylenediamine), polythiophenes (PT), polymethyl thiophene (PMT), poly(3,4-ethylene
dioxythiophene) (PEDOT), polypyrrole (PPY) [27].
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Huong, Vu Thi, et al. [28] have developed an electrochemical sensor based on Nafion/single-
walled carbon nanotubes/poly (3-methyl-thiophene)-glassy carbon electrode for dopamine
detection in real sample analysis, (dopamine-hydrochloride drug injection). The Pharmaceutical
injection (DA.HCI) was analyzed by the standard addition method, and the results proved the
sensitivity of the modified electrode with less than 0.4% difference from the labeled concentration.
The sensor displayed a superior electron transfer mechanism at the electrode surface (adsorption
and diffusion modes), in the linear range of 1.5 — 20 uM and 20 — 120 uM using differential pulse
voltammetry. Although the (Nafion/SWCNTs/PMT/GCE) showed a high specific surface area and
adsorptive properties, the detection limit was not outlined.

In a research conducted by Xu, Guiyun, et al. [29], the preparation of an electrochemical sensor
for the selective and oxidation of dopamine was investigated by electropolymerization of poly
(3,4-ethylene dioxythiophene) (PEDOT) film coupled with carbon nanotubes at carbon paste
electrode. In addition, Mathiyarasu, J., et al. [30], prepared a similar conducting polymer (PEDOT)
and combined it with single-walled-carbon nanotubes at Pt-microelectrode. The modified
electrodes are worth consideration due to charge interaction in the sensing mechanism. Again,
high-affinity binding of dopamine to PEDOT-carbon-based nanostructures was observed as the
enhanced peak current response was achieved using DPV.

Both modified electrodes improved redox reversibility, excellent catalytic properties in the linear
range of 0.1 — 20 uM, and the detection limit of 20 nM [29] and 100 nM [30] respectively.
However, the results indicated that the presence of miniaturized Pt-microelectrode modified with
PEDOT/SWCNTs composite constitutes a promising device for in-vivo electroanalysis of

dopamine compared to a modified carbon paste electrode.

Swamy, B. K., et al. [31] investigated the use of carbon fiber/single-walled-carbon nanotubes
fabricated on microelectrode for dopamine detection using fast-scan cyclic voltammetry.
Microelectrode modified with carbon-based nanomaterials displayed high selectivity towards
dopamine and less fouling. However, the linear concentration range and the detection limit of

dopamine were not shown.
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Polymerconsolidated with metal particles show higher surface area-to-volume proportion and
electric integration. The polymer framework additionally acts as the stabilizing medium that

prohibits the agglomeration of metal particles during the use as the catalyst.

Therefore, Kumar, S., Senthil, et al. [32] described the preparation of gold-nanoparticles/PEDOT
composite which showed a significant electrocatalytic effect on the oxidation of dopamine and
improved peak-to-peak separation to ascorbic acid. The modified electrodes depict good

reproducibility and stability of the developed sensor.

Furthermore, gold nanoparticlessPEDOT-GCE exhibited the detection limit of 2 nM within the
linear range of 0.5 — 2 uM, and the oxidation peak current for dopamine detection was enhanced

due to the large surface area of Au-nanoparticles.

C. Zanardi et al. and coworkers [33] developed a similar electrode sensor that showed preserved
repeatability and reproducibility. Electroanalysis of DA was carried out in the concentration range
of 1.5—40.9 ppm, however, the detection limit was not reported in their work.

In addition, AUNPS/PEDOT nanocomposite was described by Atta, Nada F., et al. [34] and used
to modify Au-electrode and two linear ranges were obtained as 0.5 — 20 uM and 25 — 140 pM with
the detection limits of 0.39 nM and 1.55 nM respectively. The electroanalysis was performed in
the presence of sodium dodecyl sulfate (SDS). The modified gold electrode exhibited good
electron transfer, and stable oxidation peak response over multiple cycles using cyclic
voltammetry. The sensor displayed feasible practical application in the urine sample and a 98.5%

- 101.4% recovery range was obtained.
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In another study, S. Lupu et al. [35] prepared Prussian blue/PEDOT-Pt-electrode for
electrochemical determination of dopamine as one type of neurotransmitter using differential pulse
voltammetry, and gold disk microelectrode array using cyclic voltammetry [36]. The modified
electrodes showed high catalytic activity for dopamine in the linear range and detection limit of 4
x 10° -1 x 10° M (40 pM LoD) and 10 pM to 50 uM (4.3 uM LoD) respectively. Electrodes
exhibited excellent electrocatalytic activity and stability in aqueous solutions. Oxidation peak
current resolution was achieved in the presence of ascorbic acid, with high selectivity towards

dopamine as the analyte of interest.

Mashhadizadeh, M. H., et al. [37] fabricated an electrochemical sensor by modifying Au-electrode
with nickel hexacyanoferrate/ poly (1-naphthol) hybrid (NiHCF-PNH) composite for dopamine
detection. The modified Au-electrode showed excellent electrocatalytic efficiency, easy
preparation, facilitated oxidation reaction, and stability. The sensor also displayed high selectivity
for dopamine in the presence of interfering species such as ascorbic and uric acid. Two linear
concentration ranges were achieved (linear response from 0.1 — 4.3 uM and 4.3 to 9.6 uM) with
the detection limits of 2.1 x 10® M and 0.02 uM. The polymer provides a channel for positively
charged species thereby rebelling against negatively charged species and limiting interferences.

The negative redox peak potentials shift was observed demonstrating that the reaction was
accompanied by protonation. Again, the semi-circle from the Nyquist plot was relatively small,
indicating the conductivity and high catalytic activity of the electrode, thus facilitating charge

transfer.

Moreover, a platinum electrode was modified with Pd-nanoparticles combined with poly (3-
methyl-thiophene) film and an electrochemical investigation of dopamine was performed using
differential pulse voltammetry (DPV), reported by Atta, N. F., et al. [38]. The Pd-modified
electrode exhibited a dramatic catalytic effect with the enhancement of peak current response

compared to a bare-Pd electrode from cyclic voltammograms.

20



A negative peak potential shift in cyclic voltammetry showed that the developed hybrid film
possesses excellent electrocatalytic properties. High catalytic active sides of the sensor film favor
the sensing of dopamine in the linear range of 0.05 — 1 uM with a 9 nM detection limit. The results
demonstrate a better sensitivity of 1.37 HA/UM, and high percentage recoveries, indicating the

sensor’s applicability in real sample analyses.

Copper-electrode coated with PEDOT layers for selective dopamine determination was prepared
by Stoyanova, A., et al. [39], and showed the largest oxidation peak current signal towards
dopamine when compared with unmodified Cu-electrode. During the measurements, differential
pulse voltammetry was carried out in the concentration ranges of 6 nM — 2 uM and 1 to 5 nM.
However, large Cu crystals found suffered from surface destruction along the crystalline edges
when subjected to electroanalysis measurements. On the other hand, small (~ 0.5 pum) Cu crystals
deposited on the PEDOT-electrode improve large surface coverage and thus provide high

sensitivity and stability of the modifier.

A graphene—polyaniline nanocomposite film electrochemical aptasensor for dopamine
measurement was described by Dui, Su, et al. [40]. Due to the synergistic effect of graphene and
polymer, the resulting sensor had a better peak current response, electron transfer activity, and
high conductivity for dopamine electroanalysis. The electrochemical aptasensor had a detection
limit of 0.002 nM with a 0.007 - 90 nM linear range.

In addition, a sensor was acquired by electropolymerization of p-amino benzene thiol, trailed by
its doping with gold nanoparticles for the amperometric detection of dopamine in human serums,
and showed high responsiveness and selectivity with a linear dynamic range of 0.02 uM to 0.54

uM and detection limit of 7.8 nM [41].
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2.1.1.2 Electroanalysis of uric acid

In the human body, uric acid can be found in biofluids such as urine and blood [42]. The inert
purine metabolism produces this biological compound as its final product. Numerous diseases,
including gout, hyperuricemia, diabetes, high cholesterol, high blood pressure, and kidney disease,
have been linked to high concentrations of uric acid in the human body [43]. As a result, UA
concentration monitoring in biological fluids may be utilized as an early warning system to avoid

abnormal levels.

For electrochemical detection of UA, zinc oxide, gold nanoparticles, and reduced graphene oxide-
based materials have also received a lot of attention from researchers in recent years. M. Eryigit et
al. [44] and Y. Xue et al. [45] have developed an electrochemical sensor based on reduced
graphene oxide/zinc oxide (rGO/Zn0O) nanocomposite on indium tin oxide (ITO) electrode and
poly (diallyldimethylammonium chloride) gold nanoparticles-graphene nanosheets (PDDA-
AUNPs/GNs) — on GCE electrode, respectively.

According to M. Eryigit, et al. [44], the rGO sheets can form a uniform thin film on the surface of
ITO and provide specific active sites for uric acid oxidation, promoting the formation of well-
distributed zinc oxide nanosphere-like particles on the surface of rGO sheets. This proved the
synergistic effects between the zinc oxide nanostructures and rGO. Again, ZnO/rGO had a huge
surface area and electroactive sides, which led to the improvement of synergist exhibitions toward
the oxidation of UA. At the ZnO/rGO-GCE electrode, the linear range of 1 — 400 uM for UA and
150.7 pA/UM sensitivity were obtained.

On the contrary, Y. Xue et al. [45] investigated the (PDDA-AUNPs/GNSs) electrochemical sensor
and found that the modified electrode had lower peak potentials (negative shift) and higher peak
currents than the bare GCE using cyclic voltammetry. In addition, the composite of (PDDA-
AUNPs/GNs) enhanced the electrochemical oxidation reaction of UA, as evidenced by the
sharpness of the peaks and the decrease in the overpotential. The calculated LoD was 0.1 puM, and

the peak currents of UA increased linearly with a concentration between 0.5 pM and 20 pM.
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The a-Fe2Os nanoflowers were dispersed on a GCE surface and exhibited the capacity of the
modified electrode (a-Fe203/GCE) to oxidize UA at a lower potential (480 mV) compared to
unmodified GCE (600 mV), investigated by Suresh, R., et al. [46]. The developed sensor was
tested using chronoamperometry (CA), and a linear concentration ranging from 7.9 uM to 67 uM
was obtained. Although the selectivity and detection limit were not reported, the sensor did exhibit
some stability. Uric acid's oxidation peak potential was shifted to a lower potential, indicating the

modifier's effectiveness on the electrode surface.

Ghanbari, K. H. and Hajian, A. et al. [47] considered the synergistic electrocatalytic impact of
(Au/ZnO/PPY/RGO) - modified glassy carbon electrode for the electrochemical determination of
UA. The linear range that was obtained by DPV in a solution of 0.1 M phosphate buffer at a pH
of 7.0 was between 1.0 uM to 680 puM, with a 0.09 UM LoD. Over and above that, the proposed
sensor was utilized for measurement in human serum and urine samples with 95.5% to 102%
recoveries. In addition, in the presence of ascorbic acid and epinephrine, it exhibited excellent
electrocatalytic activity and good selectivity for uric acid.

Conducting polymers are another promising material that could be used as a platform for sensors.
They share electronic characteristics with metals.

Reddy Y. Veera Manohara, et al. [48] and associates have manufactured poly (dipicolinic
acid)/SiO.@Fez0s by electropolymerization on the carbon paste electrode for uric acid
determination.

They outlined that the poly (DPA)/SiO.@Fe304 - CPE electrode showed increased peak current
intensity towards the UA contrasted with the unmodified CPE in the neutral phosphate buffer
solution (pH 7), because of the satisfactory behavior of the nanocomposite.

Moreover, the poly (DPA)/SiO.@Fez04 nanocomposite had a large surface area, which speeds up
electron transport and provides a good sensing signal. By interacting with uric acid through C=0
bonds, the composite fiber's electrocatalytic behavior improves, activating NH groups and
accelerating electronic charge transfer Kkinetics. The peak current of UA at poly
(DPA)/SiO.@Fe304 film gave a decent linear response in the range of 1.2 - 8.2 uM with a detection
limit of 0.4 uM, at S/N = 3 using differential pulse voltammetry.
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In further studies, Dai, H., et al. [49] investigated the electrocatalytic oxidation of UA on the
surface of a glassy carbon electrode using polytetraphenylporphyrin, polypyrrole, and graphene
oxide by differential pulse voltammetry (DPV). To determine UA, a 0.1 M phosphate buffer
solution with a pH of 7.0 was chosen as the best-supporting electrolyte.

This method can easily be used to selectively detect uric acid in the presence of other interfering
species in real samples. Again the modified electrode that was proposed demonstrated excellent
electrocatalytic activity toward the oxidation of uric acid within the linear range of 5 to 200 mM
and a detection limit of 1.15 mM. The developed sensor exhibited good reproducibility and

stability

Arona et al. [50] reported that due to the appropriate behavior of the nanocomposite's fiber
structure, the polyaniline/multi-walled carbon nanotubes (PANI/MWCNTS) electrochemical
modifier produced peak currents toward the UA at a higher intensity than the bare indium tin oxide
(ITO)-coated glass in a pH of 6.5 buffer solution. Uricase from (Bacillus fastidious) was covalently
immobilized onto glutaraldehyde-modified MWCNT-Pani/ITO. The sensor had a large surface
area, which sped up electron transport and contributed to a better sensing signal.

Strong m-n stacking between PANI and the uricase biosensor contributed to the enhancement of
the electrocatalytic behavior of the Uricase-MWCNTs-Pani/ITO electrode fiber. At S/N = 3, the
UA peak currents at the uricase-MWCNTSs-Pani fiber electrode showed a good linear response
between 0.02 to 0.8 uM and a sensitivity of 8.38 uA/uM. The uricase-MWCNTs-Pani composite
created a more favorable microenvironment, which improved enzyme stability and substrate

affinity.

Uric acid detection with polymers and gold nanoparticle-modified electrodes has been the subject
of numerous studies. Poly (diallyldimethylammonium chloride) functionalized on reduced
graphene oxide/gold nanoparticles mixed with polyoxometalates clusters modified electrode was
developed and reported by Bai, Zhenyuan, et al. [51]. The electrocatalytic properties of the
nanoparticles and reduced graphene oxide, in addition to the abundant electron cloud in the
polymer-polyoxometalates clusters, contributed to the enhanced catalytic activity of the modified

electrode.
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The uric acid concentrations were measured in the linear range of 2.5 x 107 M to 1.5 x 10 uM,
with a low detection limit of 0.08 uM using differential pulse voltammetry. The modified electrode
was validated for the determination of uric acid in human urine and good recovery results with the
percentage range of 95.24% to 103.13%.

2.1.2 Simultaneous determination of uric acid and dopamine

In most human body fluids, dopamine and uric acid are conventionally coexisting, and their redox
potentials are almost identical. As a result, researchers are immensely interested in simultaneous
detection, which is much more important than individual detection. Materials based on
metals/metal oxide, polymers, and carbon nanostructure have been reported on the electroanalyses
of these types of analytes and also to achieve peak-to-peak resolution.

To simultaneously measure uric acid and dopamine concentrations, some polymeric materials,

such as polypyrrole [52] and overoxidized polymer films [53], [54], have been utilized.

Tang, J., et al. [55] proposed a modified electrode from Co (Il)-based zeolitic imidazolate
framework supported on graphene oxide film and it was claimed to have good sensitivity, stability,
and low LoD with the values of 50 nM and 100 nM in the linear dynamic range of 0.2 — 80 uM
and 0.8 — 200 uM for dopamine and uric acid respectively, in comparison with GO-modified
electrode. Due to the synergistic effect of the high electrical conductivity of GO and porosity of
ZIF-69, the modified electrode had excellent catalytic performance for both uric acid and
dopamine. Also, the sensor showed good stability and reproducibility and satisfying recoveries for

simultaneous detection of UA and DA in human urine samples.

Ensafi A. A. et al. [56] developed a simultaneous electrochemical sensor using poly (sulfonazo
[11) film and employed it for electroanalyses of uric acid and dopamine in the presence of ascorbic
acid as a potential interfering species. The sensor showed excellent electrocatalytic activity
towards the oxidation of DA and UA in the linear range of 0.2 — 100.0 uM for uric acid and 0.05
— 470.0 uM for dopamine with the detection limits of 0.11 uM and 0.03 pM respectively using
differential pulse voltammetry. Again, the modified GCE exhibited high sensitivity relative to
bare-GCE and good selectivity in matrix samples. The sensor did not only improved the current

response for both uric acid and dopamine but also peak-to-peak resolution.
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Furthermore, poly (acid chrome blue K) has been used by Zhang, Rui, et al. [57] as a redox
mediator or electrochemical sensor for the simultaneous detection of dopamine and uric acid.
Under optimized experimental conditions, the sensor manifested good catalytic activity properties,
enhanced oxidation peak currents, and a broad linear range of 1.0 — 200 uM for DA and 1.0 —
120.0 uM for UA with the same detection limit of 0.5 uM for both UA and DA. Based on the
semicircular impedance spectrum, a small semicircle of a modified GCE indicated that electron
transfer resistance at the electrode/electrolyte interface decreased after the modification. Hence the
increased peak current signals under (DPV) voltammograms were observed with improved peak-

to-peak potential separation of (166 mV).

In other studies, K. C. Linetal. [58] and S. R. Jeyalakshmi et al. [59] have fabricated multiwalled-
carbon nanotubes poly-(3,4-ethylene-dioxythiophene) (MWCNTSs-PEDOT) composite and poly
(3,4-ethylene dioxythiophene) (PEDOT) film on glassy carbon electrodes and used for
simultaneous determination of dopamine and uric acid. K. C. Lin et al [58] reported that (the
MWCNTSs-PEDOT) electrode exhibited high peak current intensity toward DA and UA relative to
the bare electrode at a pH of 7 (phosphate buffer solution). The electrochemical analyses were
performed using differential pulse voltammetry and good linear ranges of (1 x 10°-3.3x 10* M
for DA and 1 x 10° — 2.5 x 10* M for UA) were obtained with the same LOD of 1 x 10° M for
both UA and DA. (MWCNTs-PEDOT) provided a high surface area which accelerated the electron

transfer and contributed to the good sensing platform.

S. R. Jeyalakshmi et al [59] have also investigated the performance of PEDOT film on the surface
of the electrode. The peak currents of dopamine and uric acid linearly increased with the
concentration in the ranges of (20 — 80 uM, for DA and 20 - 130 uM, for UA) and the calculated
LODs were 1.4 uM and 1.2 uM respectively. The cyclic voltammetry results showed enhanced
oxidation-reduction peaks of both DA and UA compared to bare GCE. The film stands out as the
detecting material due to its phenomenal synergist capacities and extraordinary properties.

In addition, well-distinguished peak potentials with clear peak separation were obtained, and the
modified electrodes demonstrated good stability and reproducibility. The PEDOT film exhibited
lower LODs than when coupled with multi-walled carbon nanotubes.
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R. Manjunatha et al. and co-workers [60] developed a high sensitivity and selective
electrochemical sensor based on polystyrene sulfonate-wrapped multiwalled carbon nanotubes-
graphite electrode for electrochemical detection of both UA and DA. Due to the electrostatic
interaction of the polymer and the analytes, the oxidative peak current of uric acid and redox peaks

of dopamine were enhanced in cyclic voltammetry.

Over and above that, the modified graphite electrode disclosed a superior electrocatalytic effect,
and the linear ranges of 1 — 120 uM for UA and 1 — 150 uM for DA were obtained from DPV
curves. Although the electrode demonstrated magnificent stability, improved peak-to-peak
resolution, and significant catalytic activity towards DA and UA, the detection limits were not
indicated.

Conducting polymers coupled with nanoparticle structure increased the electroactive surface area
of the bare electrodes, creating more active sides for electroactive species. Besides that, the
composite-based possesses properties such as lowering the electron transfer resistance between the
electrode/electrolyte interfaces thereby increasing the electrocatalytic efficiency of the modified

electrode.

Consequently, J. Mathiyarasu et al. [61] and his group prepared PEDOT incorporated with gold
nanoparticles and fabricated the glassy carbon electrode for voltammetric studies of dopamine and
uric acid. Nanoparticles-polymeric composite displayed excellent electrocatalytic effect,
synergistic chemical and physical properties of the sensor for DA and UA detection in the linear
concentrations of 20 — 80 uM for DA and 20 — 130 uM for UA with the detection limits reported
to be in the range of micro-molar concentrations.

Moreover, differential pulse voltammetry was employed during the analyses, and well-defined
oxidation peak potentials were obtained. The conducting polymeric film with high porosity easily
entrapped Au-nanoparticles thereby increasing the electroactive surface area of the modified
electrode and enhancing the sensitivity relative to the polymer film only.
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Harish S. et al [62], and Yu, Shiji et al [63] proposed PEDOT-based sensor platforms, that is;
PEDOT/palladium composite and (PEDOT) polymer were successfully fabricated on glassy
carbon and nickel/silicon microchannel plate electrodes respectively. The mediators exhibited an
appreciable catalytic activity for the simultaneous determination of DA and UA and a large surface

area to volume ratio.

In addition, the modified electrode exhibited a high current response for DA and UA as compared
to when electrodes were modified with only the polymer film (PEDOT). The results, therefore,
cement the fact that nanoparticles indeed improve the electrocatalytic efficiency of the redox
reaction. Their work showed that modified electrodes do not suffer from fouling due to by-products
of either DA or UA.

The DPV curves revealed a linear relationship between the peak currents and the analytes
concentration over the range of 0.5 — 1 puM for DA and 7 — 11 uM for UA with 0.5 uM and 7.0
MM detection limits respectively [62]. However, Yu, Shiji et al. work presented 12 - 48 uM for
Da and 36 — 216 puM linear concentrations ranges with the detection limit of 1.5 uM and 2.7 uM
respectively. A wide linear range was obtained from Ni/Si-MCP-PEDOT but with palladium
nanoparticles, only limited linear concentration ranges were found for both DA and UA. These
proved that Nickel/silicon microchannel plate electrodes have better catalytic efficiency when

coupled with conducting polymeric film (PEDOT).

C. Wang et al. [64] have developed a modified (GCE) electrode based on non-covalent iron (111)-
porphyrin/MWNTSs. Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) were
used to measure the Fe(1I)P/MWCNTS electrode’s sensor performance in 0.1 M of phosphate
buffer solution (PBS) at pH 4.0. In the presence of AA and nitrite ions, the detection limit for DA
and UA were 0.09 uM and 0.30 uM in the linear dynamic range of 0.70 uM — 3.60 mM and 5.80
MM —1.30 mM respectively.

They found that composite improved the electrode's electroactive surface area, good
biocompatibility, and high sensitivity in the presence of ascorbic acid and nitrite ions. The
combination of the Fe(lll)-porphyrin complex and MWCNTSs had a dramatic impact on bare
electrode behavior by improving electron transfer efficiency and thereby widening the linear range
of the modified electrode with an order of 103,
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T. Q. Xu et al. [65] in another study utilized DPV to investigate the electrocatalytic oxidation of
UA and DA on the surface of a glassy carbon electrode modified with Pt-nanoparticles and reduced
graphene oxide. To determine UA and DA, a phosphate buffer solution with a pH of 7.0 was
chosen as the best-supporting electrolyte. Within the linear range of 10 — 130 uM (UA), and 10 —
170 uM (DA), detection limits of 0.45 uM for UA, and 0.25 uM for DA were obtained.

Therefore, the proposed modified electrode demonstrated excellent electrocatalytic activity for the
oxidation of UA and DA, and high reproducibility for the simultaneous determination of DA and
UA. Uric acid and dopamine can be detected selectively in real samples with ease using this
method. In addition, Pt-NPs/RGO-GCE demonstrated that is not subject to surface fouling by
oxidation of electroanalyses.

Graphene possesses thermal and electrical conductivity, incredible mechanical performances, and
a high specific surface area that can uphold the adsorption and diffusion process of dopamine and
uric acid. The high surface area of graphene/size-selected Pt-nanoparticles serves as an
electroactive surface for the oxidation of dopamine and uric acid. Sun, Chia-Liang, et al [66]
reported that the addition of platinum nanoparticles could have accelerated the electron transfer
rate, and lowered the detection limit.

Graphene/Pt-GCE displayed a high sensitivity toward the DA, and UA oxidation with the linear
concentration ranges of 0.03 - 8.13 uM and 0.05 - 11.85 pM, with a limit of detections of 0.03
uM, and 0.005 puM, respectively. These electroanalyses were carried out on an amperometric
platform. The altered electrode surface has been shown to have distinct oxidation peaks of UA and

DA that are well-separated and highly selective for the simultaneous detection of these species.
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Meanwhile, Wan, Xuan, et al [67] investigated that manganese (IV) oxide (MnQO2) porous
nanoflowers and reduced graphene oxide (rGO) as GCE modifier (MnO2NFs/rGO) exhibited high
conductivity and good electroactive surface area towards electro-oxidation of UA and DA. The
proposed sensor was utilized to analyze human blood samples, achieving recovery percentages
ranging from 104.9% to 105.6%, demonstrating its suitability for the analysis of complex samples.
Again, the linear Sweep Voltammetry (LSV) was used during the analyses, and the calculated limit
of detections of 0.036 uM and 0.029 uM for DA and UA, respectively were found. The most
promising candidates for determining DA and UA simultaneously from various samples rely on

the application of nanocomposite-modified electrodes.

Thus, the literature demonstrated that a variety of nanomaterials, including metals, metal oxides,
carbon materials, polymers, and a combination of these materials, were excellent at increasing the
selectivity and sensitivity of modified electrodes. In particular, the nanomaterials demonstrated
their capacity to promote electron transfer reactions on the electrode and enhance the detection of

distinctive oxidation peaks.

Furthermore, modified electrodes have also indicated that, under normal conditions, they can be
used to detect uric acid or dopamine, with detection limits as low as micromolar or nanomolar and
selectivity for the desired analyte in the presence of foreign substances. They have also revealed a
degree of maturation that is sufficient to allow them to be used in real analytical applications. As
a result, the technology has captivated us to carry out research based on the development of
electrochemical sensors using graphene foam, activated carbon (carbon materials), and iron

oxides.

2.2 Graphene foam (GF) nanomaterials as electrode modifier

A foam is a material in which a gas can be trapped in its solid pockets-like structure. Graphene
foam is prepared by growing a network of carbon atoms using a chemical vapor deposition method
on a 3-dimensional nickel foam substrate. The graphene foam is very strong and conductive and
has been applied in different areas such as purification/absorption material, battery cells, sensors,
and supercapacitors [68], [69], [70]. Some other exceptional properties include high mechanical

strength, high electrical conductivity, and surface area [71], [72], [73].
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For electroanalytical applications, the macroporous structure of graphene foam has received
enormous applications in which electrical conductivity is needed most, such as in electrode
modification. Graphene foam tends to improve electron transport and electrolyte diffusion during

electrocatalysis [74].

Graphene macroporous structure is generally prepared from the self-assembled method of
graphene oxide [75], [76], [77], or the growth of graphene foam on a porous metal template such
as nickel foam [78], [79]. Although graphene oxide is relatively cheap and scalable in production,
however; its oxidation and exfoliating processes impose defects into the graphene structure thereby
disrupting the delocalized sp? bonds, and adversely affecting its properties [80], [81], [82]. In
contrast; a template such as nickel substrate is used in chemical vapor deposition during graphene
foam preparation. The reason behind this is that nickel substrate had been reported to have an

average pore size of about 50 um [70], [83].

The application of graphene foam coupled with other nanomaterials as electrode modifiers has
been explored in electrochemical sensing in recent years. For instance, the developed
electrochemical sensors based on graphene foam composite have been reported towards
electrochemical detection of dopamine [84], [85], [86], [87] and simultaneous detection of
dopamine and uric acid [88], [89], [90]. Electrodes such as indium tin oxide/3-dimensional
graphene foam, and 3-dimensional graphene foam as a monolithic showed a high sensitivity and

excellent selectivity for electrochemical detection of biological compounds [85], [90].

Zinc oxide nanosheet balls anchored onto graphene foam [86] gave the detection limit of 0.01 uM
in the linear range of 1 uM — 80 uM for dopamine electroanalysis. Three-dimensional reduced
graphene oxide (3D-rGO) materials have been prepared by template-assisted self-assembly and
applied for dopamine electroanalysis and a 0.17 pM detection limit was obtained in the linear
range of 5 UM — 1mM [87]. A three-dimensional graphene foam-based metal-free composite as an
electrochemical sensor was fabricated on the surface of the electrode and used for dopamine and
uric acid analysis. The detection limits were determined to be 0.21 uM for DA and 1.27 uM for
UA in the linear dynamic ranges of (1 — 80) uM and (5 — 500) uM respectively [88].

The literature, therefore, shows a comparable detection limit in the range of (1 — 80) uM which

shows that the modifiers had an impact on the surface of the bare electrode. Reduced graphene
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material, on the other hand, reveals that the material has a significant impact on the behavior of
the electrode as the modified electrode gave a wide linear range of 5 uM — 1 mM [88]. They also
show high selectivity towards dopamine and uric acid in the presence of some foreign species.
Nevertheless, most of the reported work did not reveal the electroactive surface area of the
modified electrode relative to the bare electrode. Again, the migration or diffusion coefficients of
dopamine and uric acid calculations were not carried out to show how active sides of the modified

electrode enhance the migration of electroactive species from the electrolyte solution.

The incorporation of graphene foam with other nanoparticles, carbon-based materials, or transition
metal oxides as composites for electrochemical analysis of different analytes, had significantly
improved the electrocatalytic activity of the modified electrodes. Therefore the utilization of
graphene foam as an electrode modifier based on the literature has activated our appetite for the

development of an electrochemical sensor for this research project.

2.3 Metal-oxide nanomaterials as electrode modifier

Nanoscience has been worldly used and applied in research areas such as pharmaceutical,
biological, engineering, medicine, environmental, and material science. Nanomaterials possess
good physical properties due to their exceptionally small particle size and shape which increases
their high surface area. Nanoparticles can be defined as solid particles in size ranging from 1 —
1000 nm.

Magnetite (Fe3Os) demonstrates unparalleled magnetic properties due to the mobile electron
between iron (11) and iron (111) in the cubic sites [91]. Moreover, their superparamagnetic leads to
extremely high relativity, biocompatibility, and easy synthesis and functionalized on the electrode
surfaces for target molecules [92], [93]. The cubic spinel structure of the magnetite with oxygen
anions creates a face-centered cubic, with iron (cations) located at the interstitial tetrahedral points
(Tq) and octahedral sites (On) [94].

Nanoparticles have received tremendous application in electroanalysis research. The use of
transition metals such as cobalt (Co), nickel (Ni), and iron (Fe) have a mixed-valence character

that promotes their properties in electroanalytical chemistry [95], [96]. Iron oxide (magnetite) is
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one of the metal oxides that has been widely used in electroanalysis due to its excellent magnetic

property, chemical stability, and high electron transfer efficiency [97], [98], [99].

Several nanomaterials in which magnetite is combined or coated on other materials have been
reported to enhance the current signal and improve the electrode sensitivity and selectivity when
used as electrochemical sensors. FesO4s@APTES for dopamine, FesOs-based nanocomposites for
heavy metal ion detection, FesOs nano-flakes for ascorbic acid electrocatalysis, magnetite
nanoparticles bonded to carbon quantum dots as an electrochemical sensor for NADH and
magnetic iron oxide/reduced graphene oxide for paracetamol analysis have been used in
electrochemical studies [100], [101], [102], [103], [104].

The sensors improved the sensitivity and selectivity of the modified electrodes in the presence of
interfering species such as glucose, ascorbic acid, cations, and anions. A differential pulse
voltammetry technique was employed for dopamine and uric acid analysis using the modified
electrodes and the detection limit was found to be 34.3 nM dopamine, 2.9 uM dopamine [105],
and 0.29 uM uric acid [106] was used. The average linear range of 1 — 200 uM was obtained.

These results cement the fact that iron oxide with its properties showed some potential
electrochemical features and improved the electron transfer kinetics. This triggered our interest to
explore its electrocatalysis when used on glassy carbon electrodes and its impact on redox
reversibility. However, more experimental analysis on the electroactive surface area and the

diffusion coefficient of electroactive analytes towards a modified electrode needs to be explored.

The captivating properties of iron oxide as an example of transition metal oxide have attracted our
attention for exploring its features towards the electroanalysis of biological compounds. Magnetite
or (iron oxide) will be used as one of the candidates used to develop a composite for glassy carbon
electrode modification in this work.
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2.4 Activated carbon as electrode modifier

Activated carbon is one carbon-based material with a high degree of porosity and surface area due
to small particle size. It has received numerous applications in the environmental, and industrial
compound removal and modification of different compounds [107]. This material possesses some
functional groups such as quinone, phenol, and carboxyl groups which makes it a suitable
candidate for adsorbing concomitants. In addition, elements like oxygen, sulfur, sodium, and
nitrogen can be also present in the form of functional groups or chemical atoms in the activated
carbon structure [108].

These properties make it extremely attractive for use as a support material in the electroanalysis
sensor for electrode modification. Development of electrochemical sensors based on copper oxide
nanoparticles, titanium oxide, nickel-cobalt oxide@reduced graphene oxide, and palladium
nanoparticles incorporated with activated carbon had improved the stability and electrical
conductivity of the sensor towards detection of various electroactive species [109], [110], [111]
and [112].

The developed nanocomposite possessed a highly porous structure due to the presence of activated
carbon and had improved the surface area which allowed better ion transport in supercapacitor
devices [108].

The fascinating qualities of graphene foam, activated carbon, and iron oxide have attracted us to
explore their features as electrochemical sensors for sensing some selected biological compounds.
The composite of graphene foam-iron oxide/activated carbon can therefore be utilized to modify

glassy carbon electrodes in this research work.

The intended study is to explore the effect of the electroactive surface area of the modified
electrode, improve the separation of oxidation peak potential overlap of dopamine and uric acid,
and determine the diffusion coefficient of the analytes towards the electroactive sides of the

modified electrode.
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2.5 Voltammetry techniques

In voltammetry, the electroactive entity's concentration is altered by oxidation or reduction at the
surface layer of the indicator electrode, which can be made of gold, platinum, glassy carbon, or

mercury. The current response is plotted as a function of the applied potential.

A dropping mercury electrode takes the place of the flat surface electrodes in polarography.
Between the dropping mercury electrode and the reference electrode, a potential program that
changes continuously is applied, and the changes in current that result are plotted against the
voltage that was applied. The analyte's qualitative value can be estimated using half-wave

potential, while its quantitative value can be estimated using wave height.

Voltammetry has been adjusted to a few examination applications including both inorganic and
natural analytes in ecological, drugs, food sources, medical, clinical exploration, and metallurgical

samples.

Electroanalytical methods have certain advantages over other analytical methods, these include;
precision, sensitivity, fastness, and cheapness [113]. The electrochemical evaluation allows the
determination of various oxidation states of an element in a solution, and not only the total
concentration of the element. Electroanalytical methods can produce large characterization data,

including chemical kinetics data, with extremely low detection limits.

Depending on the nature of the analyte under study, various electrochemical methods are used for
analysis. Some of these methods can be hyphenated to enhance the quantitative and qualitative
analysis of the sample. In an electrochemical analysis, several measuring parameters need to be
adjusted such as choosing the type of electrodes, supporting electrolyte, pH, electrolytic cell,

temperature, and others.

Voltammetry methods which are known as (controlled-potential methods) are based on monitoring
of current changing of the estimated sample depending on applied potential (against the potential

of the reference electrode) at the working electrode.
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Electrochemical techniques have been very helpful in the elucidation of processes and mechanisms
of oxidation and reduction of electroactive species [114], such as cyclic voltammetry, differential-

pulse, stripping voltammetry, and square wave voltammetry [115]-[118].

2.5.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is the most widely used technique for qualitative information about
electrochemical reactions, that is, about the thermodynamics of redox processes, and coupled
chemical reactions or adsorption processes [119]. Cyclic voltammetry usually is the first
electrochemical technique performed for the study of a novel electrochemically investigated
compound. The basis of CV (Figure 2.1) is a recording of current depending on potential (that
ramps linearly versus time) applied to a working electrode in a triangular shape [120]. The

voltammogram thus represents observing the current that flows between electrodes at a given

potential.
Cycle 1 Cyclic Voltammogram
>
Faradaic EPa Anodic (oxidation)
= Reverse Current - Positive Current
E=0s scan Capacitive (analyte)
c J < |Current
B . |(background) .“.“»,
o ] M, ‘
e £ fmmmammnse / Potential / V
i - -
E; ‘
Forward Switching
sean potential Cathodic (reduction)
~Negative Current 'E Epc

t

Figure 2.1: (a) Potential-time excitation signal in CV experiment. (b) Typical cyclic
voltammogram for an O + ne — <> R redox process [121].

The lines in Figure 2.1 (a) are called voltammograms or cyclic voltammograms. The x-axis
represents a parameter that is imposed on the system, here the applied potential (E), while the y-
axis is the response, here the resulting current (i) passed. The current axis is sometimes not labeled

(instead a scale bar is an inset to the graph).
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For a reversible reaction process in electroanalysis, the current response is obtained from the cyclic
voltammograms as shown in Figure 2.1 (b). The concentration of the electroactive species and the

peak current relationship is given by the Randles-Sevcik equation at a temperature of 25 °C:

Randles-Sevcik Equation: I, =2.69 x 10°n¥2 ACDY2 VY2 ... 2.1

Ip = peak current in amps

e n=number of electrons transferred in the redox reaction
« A =electrode area in cm?

« D = diffusion coefficient in cm? s

« C =concentration in mol cm

e V=scanrateinVs?

Two conventions are commonly used to report CV data but seldom is a statement provided that
describes the sign convention used for acquiring and plotting the data.

US Convention IUPAC Convention
™ ™
Reductmn - Oxidation
= c
| ﬁ : —
o Oxldatlnn Reduction
N
High (V) Low Low (V) High
Potentials Potentials Potentials Potentials

Figure 2.2: Two conventions are used to report CV data: the US convention and the IUPAC
convention [122].

Each trace contains an arrow indicating the direction in which the potential was scanned to record
the data. The arrow indicates the beginning and sweeps direction of the first segment (or “forward

scan”), and the caption indicates the conditions of the experiment.
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2.5.2 Differential Pulse Voltammetry

In differential pulse voltammetry (DPV), constant value pulses superimposed on a linear potential
ramp are applied to the working electrode at a time just before the end of the drop. The current is
sampled twice, just before the pulse application and again late in the pulsing life after ~40 minutes
when the double layer charging current has decayed [121].

The first current is instrumentally subtracted from the second, and this current difference is plotted
versus the applied potential. The resulting differential pulse voltammogram consists of current
peaks, with heights that are directly proportional to the concentration of the corresponding analyte,
while peak potential (E,) can be used to identify the species, as it occurs near the polarographic

half-wave potential:

DPV is a useful technique for measuring trace levels of organic and inorganic species at

concentrations as low as 108 M.
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() (b)
Figure 2.3: (a) Excitation signals for DPV. (b) Typical DP voltammograms [121].
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2.6 Electrochemical cell and type of electrodes
2.6.1 Electrolytic cell

An electrolytic cell is an electrochemical tool wherein electric power is transformed into chemical
energy. A typical cell consists of three electrodes held apart from each other and in contact with
an electrolyte solution called a supporting electrolyte, usually a dissolved ionic compound(s).

Three electrode cells are commonly used in controlled potential experiments.

In a three-electrode system, the potentiostat supplies the voltage between the working electrode
and the reference electrode and current only passes between the working electrode and the counter
electrode. As a result, the observed voltammograms provide a direct measurement of redox

phenomena occurring only at the working electrode.

Potentiostat/(Galvanostat Output signal

(Data analysis/curve fitting etc.)

Reference Electrode (RE) :
AglAgClIKC

Counter Electrode (CE) :
Platinum (Pt)

Working electrode, WE :
PANI/MWCNTs/AuNPs/ITO

Electrochemical cell :
Analytical buffer + analytes

Figure 2.4: Three electrode system, potentiostat, data analysis (Output signal) [123].

The current of the working electrode is recorded as a function of its potential measured against the
reference electrode, as the voltage is applied between them and the reference electrode potential is
constant. Figure 2.4 displays the three-electrode arrangement system. When an analyte is oxidized
at the working electrode, a current passes through the external electric circuit to the counter
electrode. This current then flows from the counter electrode to the working electrode. The reverse
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process takes place when an analyte is reduced at the working electrode. This current resulting

from redox reactions at the working and counter electrode is called faradic current.

2.6.1.1 Working electrode

A working electrode is an important tool in an electrochemical device, as the reaction of
interest takes place on the surface of the working electrode. Examples of this type of electrode
include; metal electrodes (MESs), glassy carbon electrodes, and carbon-based electrodes (CEs).
Working electrodes should provide high signal-to-noise characteristics, as well as a reproducible

response for analysis [119].

An ideal working electrode should possess the following characteristics for it to qualify as a
suitable candidate for electrochemical analysis. These include technical stability, chemical
inertness, low background current over a wide potential window, high rate of reproducibility, non-
toxic, low-cost maintenance, the capability of chemical modification for a specific analyte under

investigation, and also appropriate surface [122].

A glassy carbon electrode is used in the electrochemical analysis. It is very famous due to its super
mechanical and electric properties, huge potential window, chemical inertness (solvent resistance),
and comparatively reproducible performance [114], [119]. The structure of glassy carbon consists
of thin, tangled ribbons of cross-linked graphite-like sheets. Because of its excessive density and
small pore size, no impregnating procedure is needed. However, surfaces require a pre-treatment
before being employed to create active and reproducible glassy carbon electrodes and to enhance

their analytical performance [113].

2.6.1.2 Reference electrode

A reference electrode (RE) is an electrode for which the electrode potential is known and constant.
This electrode potential has to be stable (with time and temperature) and independent of the
properties of the solution. There are three common REs used i.e. standard hydrogen electrode,
silver-silver chloride (Ag/AgCl), and saturated calomel electrode (SCE) [124].
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2.6.1.3 Counter electrode

The counter electrode (CE) or (auxiliary electrode) is used to complete the circuit carrying the
current flowing through the cell. The CE is of opposite polarity to the WE and typically has a
larger surface area than the WE to ensure that the rate of redox reaction at the WE determines the
current. The commonly used counter electrodes are a platinum plate, platinum coil, and a short

length of platinum wire [122].

2.6.1.4 Supporting electrolyte

An electrolyte is a salt introduced in extra to the analyte solution. Most commonly, it is an alkali
metal salt that does not react at the working electrode at the potential being used and has ionic
conductivity. The supporting electrolyte can also be an acid, base, buffer solution, or complex. The
ions exhibit a discharge potential far from that of the reduction or oxidation of the substance
(analyte) being analyzed. The solution resistance is minimized at the interfacial region by the
addition of supporting electrolytes. The supporting electrolyte and its concentration should be

chosen so that the transport numbers of the electroactive species are practically zero [125].

Electrolyte solution should be purged with inert gases. For example, nitrogen purging for oxygen
removal is necessary before taking the measurements to minimize interfering oxygen potential to
that of the analyte. The supporting electrolyte should be prepared from highly purified reagents,
and should not be easily oxidized or reduced hence minimizing potential contamination or
background contributions. The usual electrolyte concentration range for a supporting electrolyte is
0.1-1.0 M, that is, in a large excess of the concentration of all electroactive species. Significantly

lower levels can be employed in connection with ultramicroscale working electrodes [126].
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Chapter 3
Methodology

3.1 Research design

The research design involves:

1.
2.

9.

Preparation of graphene foam, and iron oxide

Surface morphology and elemental composition experiments of the synthesized materials
using FT-IR, SEM, EDS, XRD, and interpretation of the results.

Preparation of electrochemical sensor composites based on “Activated carbon-iron
oxide/graphene foam” (AC-Fe304/GF).

Electrode modification (AC-Fe304/GF/GCE) and electrochemical interrogation in a5 mM
potassium ferrocyanide solution.

Use cyclic voltammetry (CV) and differential pulse voltammetry (DPV) as electrochemical
techniques to obtain electrochemical measurement data.

Estimation of the electroactive surface area of the unmodified and modified GCE.
Electrochemical analysis of uric acid and dopamine at a bare glassy carbon electrode
(GCE)

Comparison of the cyclic voltammograms of unmodified and modified GCE responses for
uric acid and dopamine.

Optimization of experimental parameters such as pH.

10. Explore the linear range and impact of interferences.

11. Electrochemical measurements on real sample analysis.
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Scheme 3.1: Flow chart of the research design.

3.2 Experimental

3.2.1 Materials and Reagents

All reagents used for the investigations were of analytical grade. Deionized water was used for
preparing all aqueous solutions. The aqueous solutions were prepared using ultra-purified water
of resistivity 18.3 MQ cm, obtained from ELGA PURELAB Option-Q (UK) water purification
system. Nitrogen gas was used to purge solutions to eliminate dissolved oxygen and prevent any
form of interfering electrochemical reactions. Dopamine hydrochloride, uric acid, activated carbon
(charcoal), (98%),
(FeCl3.6H20), ferrous chloride tetrahydrate (FeCl>.4H20), sodium dihydrogen phosphate, and

ethanol ammonium hydroxide (25%), ferric chloride hexahydrate
disodium hydrogen phosphate were purchased from Sigma-Aldrich. Hydrochloric acid and sodium
hydroxide were used to adjust the pH of the supporting electrolyte. Alumina micro powder (1.0,
0.3, and 0.05 pum) was used to polish the glassy carbon electrode on the micro-cloth polishing pad.
Silver-silver chloride (Ag|AgCl, 3.0 M), reference electrode, and platinum wire as a counter

electrode were used for the electrochemical cell.
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3.2.2 Instrumentation

An electrochemical analyzer (BAS 100B Bioanalytical system, U.S.A), interfaced with a PC was
used for electrochemical characterization and analysis. HANNA HI 8314 pH meter was utilized
for pH measurement. For surface morphology characterization and analysis, Scanning electron
microscope (JEOL JSM — 7800F), Energy dispersive x-ray spectroscopy (EDS), X-ray diffraction
(Rigaku Smartlab XRD, with Cu Ka radiation) and Fourier transform infrared spectra (Perkin

Elmer FTIR, 100 spectrometer Frontier) were used.

3.2.3 Synthesis of iron-oxide (Magnetite)

Iron oxide (Fez04) was prepared according to the method outlined in the literature [1]. Briefly,
ferric chloride hexahydrate (FeCls.6H20) and ferrous chloride tetrahydrate (FeCl2.4H20) were
dissolved in deionized water under vigorous stirring (concentration ratio Fe* : Fe?* = 2: 1), 25%

ammonium hydroxide was added drop-wise until the pH was 12.

Vigorous mechanical stirring is applied to achieve good mixing of the reactants and to prevent a
possible agglomeration of the formed particles. Then followed by the addition of 3.0 M sulphuric
acid until the pH was 7, and the stirring continued for at least 30 min. The temperature of the
mixture was increased to 90 °C, for 24 hours under magnetic stirring. The product was washed

with deionized water and finally with ethanol and dried at 60 °C.
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Scheme 3.2: Synthesis of iron oxide (magnetite-Fez0a).

A: 25% NH4OH, B: Measuring the pH of the solution, C: Vigorous stirring for 24 hours, D:
Centrifugation of the product, E: Filtration process, F: Residue washed with distilled water, G:

Sample drying in an oven at 60 °C.

3.2.4 Synthesis of graphene foam

Graphene foam was received as a donation from the University of Pretoria and was prepared under
the reported procedure [2]. The chemical vapor deposition method was employed where nickel
foam as a template was subjected to 1000 °C temperature as a substrate. Hydrogen and argon gases
were allowed to pass through the quartz tube for 1 h to eliminate possible impurities and create an
inert environment. Methane gas was then introduced into the quartz tube for 10 minutes after which
the furnace was allowed to cool to room temperature. The sample was then soaked in 3.0 M
hydrochloric acid at 80 °C to completely remove nickel from the sample. Thereafter, ultra-purified
water was used to wash the sample severally and dried for 12 h at 70 °C, yielding the final graphene

foam.
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Scheme 3.3: Synthesis of graphene foam (GF) via chemical vapor deposition method.

3.2.5 Electrode Modification

The glassy carbon electrode was polished with (0.05, 0.3, and 1.0 um in diameter ) to a mirror
finish with water-alumina slurry on a micro cloth polishing pad, and cleaned consecutively and
thoroughly with ultra-pure water and sonicate in the ethanol-water mixture. When polishing in a
circular motion, the cleaning may become uneven and the surface can be slanted. Whereas in

figure-eight motions all the angles can be thoroughly cleaned.

Drop-casting method was used to modify the electrode. Graphene foam material was assembled
into a thin circular paper-like sheet and adsorbed on the cleaned surface of the electrode [3]. About
1 mg of each iron oxide (magnetite) and activated carbon were suspended in 1 mL ethanol. The
suspension was dispersed by ultrasonic vibration for 30 minutes, and a 5 pL aliquot was dropped
onto the graphene foam thin film circular sheet and left at room temperature to allow air to dry to

obtain the desired modified electrode.

AC-Fe,0, /

Graphene Foam
(GF) adsorption

Air dry
e

AC-FayD/GF/GLE AL-Fayly/GFGCE

Scheme 3.4: Electrode modification process.
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3.2.6 Characterization

3.2.6.1 Structure and Morphology

The elemental composition and morphologies of the prepared material were observed with field
emission Scanning electrochemical microscopy (SECM) (JEOL JSM — 7800F) coupled with a
Thermo Scientific Ultradry EDS detector. XRD spectra were recorded on a Rigaku Smartlab X-
ray diffractometer with Cu Ka radiation. FT-IR patterns were recorded on a Perkin Elmer FTIR
spectrometer Frontier (spectrometer 100) with the KBr pellets procedure. The measurements were

carried out at UNISA chemistry laboratories.

3.2.6.2 Electrochemical characterization

The electrochemical interrogations were performed in 2.5 mM potassium ferrocyanide solution
using a three-electrode configuration, on an electrochemical analyzer (BAS 100B Bioanalytical
system, U.S.A), interfaced with a PC. Fabricated glassy carbon electrode (GCE), platinum wire,
and silver/silver chloride (Ag/AgCl, 3.0 M) were used as working, counter, and reference
electrodes, respectively. The cyclic voltammetry measurements were recorded at a scan rate of 50
mV stin the potential range of —0.2t0 0.6 V.

Electrochemical experiments were performed to establish both the modification of the electrode
and the study of the electrochemical behavior of bare and modified GCE. Cyclic voltammetry was

employed mainly to characterize the properties of the electrodes.

3.2.7 The surface area of bare and modified GCE

A solution of 5 mM potassium ferrocyanide was prepared in 0.1 M potassium chloride, and a cyclic
voltammetry technique was employed for surface area determination in the potential range of —
0.2 to 0.6 V at different scan rates (20 — 250 mV s™). The diffusion coefficient of potassium
ferrocyanide, (6.70 x 10° cm? s?), was used to determine the surface area of both bare and

modified GCE [4]. The plots of peak current versus the square root of the scan rate were made.
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The surface areas of the unmodified and modified GCE were determined from the slope of the

linear plots obtained.

3.2.8 Electrocatalytic oxidation and reduction of uric acid and dopamine

3.2.8.1 Uric acid

Electrochemical characterization of 5 mM uric acid was investigated using cyclic voltammetry
(CV) in a 0.1 M phosphate buffer solution of pH 6. The experiments were performed in the
potential window; 0.22 to 0.55 V at 50 mV st scan rate. The oxidation processes of uric acid (5
mM) at bare and modified GCE was investigated. The diffusion coefficient of uric acid (0.291

mM) using the calculated electroactive surface area of the modified electrode was determined.
3.2.8.2 Dopamine

The electrocatalytic oxidation behavior of dopamine was investigated under cyclic voltammetry
(CV) in 0.1 M phosphate buffer solution as a supporting electrolyte. CV experiments were
conducted in the potential range of 0.05 to 0.45 V at a 50 mV s scan rate. Redox processes of
dopamine (185 uM) at bare and modified GCE were also investigated. The diffusion coefficient
of dopamine (1 mM) using the calculated electroactive surface area of the modified electrode was

determined.

3.2.9 Calibration curve and detection limits

3.2.9.1 Uric acid

From the prepared stock solution of uric acid in 0.1 M phosphate buffer solution, a series of
solutions (5 uM to 1360 mM) of uric acid were prepared. The anodic peak current responses for
varying uric acid concentrations were examined using differential pulse voltammetry at the AC-
Fe304/GF/GCE modified electrode.
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3.2.9.2 Dopamine

About 4.798 mM stock solution of dopamine was prepared in 0.1 M phosphate buffer solution,
and a series of solutions of 5 uM to 400 uM were prepared from the stock solution. Electroanalysis
was performed on the different dopamine concentrations using differential pulse voltammetry at
AC-Fe304/GF/GCE.

3.2.9.3 Uric acid and dopamine

Differential pulse voltammetry measurements for different concentrations of dopamine in the
presence of constant 60 UM uric acid concentration using AC-Fes04/GF modified GCE, at the scan

rate of 50 mVs™ were conducted. The concentrations of dopamine range from 5.0 to 400 M.

Differential pulse voltammetry measurements with increasing concentrations of uric acid ranging
from 2.5 uM to 450 uM in the presence of a constant 60 UM uric dopamine were carried out. The
peak current increases linearly in the potential window from 0 to 0.5 V with increasing
concentration. The peak currents versus different concentrations were plotted to obtain their

relationship.

3.2.10 Study of foreign compounds

3.2.10.1Uric acid

Eighty microliters (80 uM) solutions of suspected interfering species were prepared and each was
spiked to 10 mL of 60 uM uric acid, to assess their impact on the electroanalysis of uric acid.
Ascorbic acid, glutamic acid, glucose, tartaric acid, L-lysine, and cysteine were selected as
potential interfering species. The investigation was carried out using differential pulse

voltammetry in the potential range of 0.2 to 0.55 V, at 50 mV s scan rate.
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3.2.10.2 Dopamine

Eighty microliters (80 M) solutions of suspected interfering compounds were prepared and each
was spiked to 10 mL of 60 pM dopamine prepared in 0.1 M PBS of pH 7, to assess their impact
on the electroanalysis of dopamine. Glucose, ascorbic acid, glutamic acid, cysteine, L-lysine, and
tartaric acid were selected as potential interfering species. The investigation was carried out using

differential pulse voltammetry in the potential range of 0 to 0.4 V, at 50 mV s scan rate.

3.2.10.3 Uric acid and dopamine mixture

Eighty microliters (80 M) concentrations of the possible interfering species were prepared and
10 mL of 60 uM of the mixture of uric acid and dopamine were each spiked into the solutions to
assess their impact for simultaneous determination. The following are some of the chosen
interferences; glucose, glutamic acid, L-lysine, cysteine, ascorbic acid, and tartaric acid. The
analysis was carried out using differential pulse voltammetry (DPV) in the potential window of
0.05t0 0.55 V.

3.2.11 Determination of dopamine and uric acid in real sample

Real sample analyses were conducted to confirm the practical application of the developed
electrochemical sensor toward uric acid and dopamine. The urine sample was used without further
purification and three replicates were performed for each electrochemical determination using the

standard addition method. Differential pulse voltammetry was employed for the analysis.
3.2.11.1 Uric acid

A stock solution of 5.6 x 107 g of uric acid was dissolved in 0.1 M phosphate buffer solution, from
which 10, 20, and 30 uM uric acid were prepared and each was spiked to 10 mL of the prepared
human urine sample solution. Before measurements, 15 mL of urine was filtered and then 10 mL
aliquot of the sample was diluted 100-fold with 0.1 M PBS pH 6. The analysis was carried out in

replicates in the electrochemical cell without any pretreatment process.
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3.2.11.2 Dopamine

A stock solution of 5.6 x 10 g of dopamine was prepared in 0.1 M PBS, from which 10, 20, and
30 uM dopamine solutions were prepared and each was spiked to 10 mL prepared urine sample
solution. The urine sample was filtered, and a 10 mL aliquot of the sample was diluted 100-fold
with 0.1 M PBS pH 7. The analysis was carried out in replicates in the electrochemical cell without

any pretreatment process.
3.2.11.3 Dopamine and uric acid

A mixture of dopamine and uric acid prepared in 0.1 M PBS of pH 6.5 was used to prepare 10, 20,
and 30 uM dopamine and uric acid solutions and each was spiked to 10 mL prepared urine sample
solution. The urine sample was filtered, and a 10 mL aliquot of the sample was diluted 10-fold
with 0.1 M PBS pH 6.5. The analysis was carried out in replicates in the electrochemical cell

without any pretreatment process.
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Chapter 4
Results and Discussions

4.1 Spectroscopic and microscopic characterization

The XRD, FT-IR, SEM, and EDS were used to investigate the prepared materials’ structural
morphologies and chemical integrity.

4.1.1 X-Ray Diffraction Spectroscopy (XRD)

Figure 4.1 depicts the X-ray diffraction pattern of (a) Iron oxide (Magnetite — Fez04), (b) activated
carbon (AC), (c) Iron oxide-activated carbon composite (FesO4-AC or AC-Fe30s4), (d) graphene
foam (GF). To confirm the formation and crystallinity or amorphous structure of the synthesized
materials, an X-ray diffraction analysis was conducted. Three peaks are observed at 20 = 35.4°,
20 =56.2°, and 26 = 62.6° for iron oxide (FesOs), which correspond to (311), (511), and (440)
crystalline planes of magnetite structure [1]. These sharp peaks confirm the regular arrangement
of the atoms of the compound and diffract the X-ray at one particular angle. The most common
form of iron oxide is a face-centered cubic spinel structure. High-intensity peak is observed at 26
= 35.4°, this shows the high periodicity of the compound, and therefore iron oxide possesses

crystallinity in nature.

The XRD spectrum of activated carbon is shown in Figure 4.1 (b) and broad peaks at 26 = 24.9°,
and 26 = 44.1° were observed. The peak at 26 = 24.9° is of high intensity relative to that at 20 =
44.1°, this depicts that there are more atoms diffracting X-rays at 260 = 24.9° than that at 26 =
44.1°. The wide peaks show that atoms in this compound diffract X-rays at different patterns hence
there are broad peaks. The absence of a sharp peak reveals that activated carbon is a predominantly

amorphous structure [2].

The XRD spectrum of the developed composite (FesO4-AC) shown in Figure 4.1 (c) gives rise to
sharp peaks at 20 = 30.2°, 20 = 35.4° 26 = 56.2°, and 26 = 62.6°. Magnetite (FesO4) retains its
properties from the composite material as the material gives rise to diffraction peaks observed for
iron oxide only in the previous XRD spectrum. It is also observed that amorphous activated carbon
has now taken the crystallinity properties when combined with the iron oxide in this composite.
Therefore the composite is said to be a crystalline solid material that diffracts X-rays. The last
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XRD spectrum is for graphene foam (GF) which is depicted in Figure 4.1 (d). Extremely high and
narrow intensity peak is observed at 26 = 26.4° corresponds to the (002) plane of graphite, and a
weak peak intensity at 26 = 54.7° to the (004) plane [3]. This material has atoms arranged in an
orderly manner as it gives narrow peaks, and that means there is high periodicity which shows
high-intensity diffraction X-rays. Only peaks of carbon-based graphene were detected, indicating

a pure and clean graphene foam without any residues from the Ni template [4].
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Figure 4.1: XRD spectra of (a) Iron oxide (Magnetite — Fe3Oa4), (b) activated carbon (AC), (c)
activated carbon -iron oxide (AC-Fe30s), (d) graphene foam (GF).
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4.1.2 Fourier transform- Infrared Spectroscopy (FT-IR)

Figure 4.2 shows some comparative FT-IR spectra of activated carbon (AC), Iron oxide (Magnetite
— Fe30s), Iron oxide-activated carbon composite (AC-Fe3O4 or Fes0s-AC), and graphene foam

(GF) respectively.

From the Iron oxide (FesOs) spectrum; the bands observed at 570 cm™ correspond to the Fe-O
stretching mode of the tetrahedral and octahedral side of the magnetite complex. The peaks at 3425
cm™ and 1620 cm! can be assigned to the stretching and vibration of the O-H groups that may be
adsorbed on the surface of the compound [5]. FT-IR spectrum for activated carbon shows bands
at 3429 and 1080 cm™ are assigned to O-H bonds and C-OH stretching of phenolic groups,
respectively. Based on the literature, the bands observed in the range; 1700 cm™ and 1490 cm™ are

attributed to C=C symmetrical stretching of pyrone groups and C=0 of carboxylic groups [6].

Fes04-AC composite gives rise to the bands at 3450 cm™ and around 1650 cm, which can be
attributed due to the external adsorption of the hydroxyl group(s). the stretching of symmetrical
C=C in the range 1700 cm™* and 1490 cm™ and that of Fe-O at 570 cm™ are observed. This reveals

that each compound retains its functional groups present in its pure forms.

Further, Figure 4.2 illustrates the FTIR spectrum of the 3D graphene foam. It can be seen that there
are strong absorption peaks at 1650, 1400, and 2320 cm™ [7]. The peaks at 1650, and 1400 cm™*
are due to C=C stretching bands for the aromatic rings, and C—OH stretching respectively.
Moreover, the peaks at 2320 cm ™ and around 3450 cm™ are assigned to the external environment

as a consequence of carbon dioxide and hydroxyl groups.
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Figure 4.2: FT-IR spectra of; (a) Iron oxide-activated carbon composite (Fe304-AC), (b) activated
carbon (AC), (c) Iron oxide (Magnetite — Fe3O4), (d) graphene foam (GF) respectively.

4.1.3 Energy dispersive X-ray spectroscopy (EDS)

Figure 4.3 shows the energy dispersive X-ray (EDS) spectra of (a) activated carbon (AC), (b) Iron
oxide (Magnetite — Fe3Oa4), (c) Iron oxide-activated carbon composite (Fe3s0s-AC), (d) graphene
foam (GF). To confirm the formation of the composite, graphene foam, and the elemental
composition of the materials, an EDS analysis was performed. During the measurements, different

areas were focused, and the corresponding peaks were shown.

Figure 4.3 (a), the EDS spectra of activated carbon show that, carbon and oxygen were mostly
present. The elemental composition of carbon-C (%wt = 79.7) in the activated carbon sample, has
a greater ratio than that of oxygen (%wt = 18.6) [8]. The spectra also depict the presence of other
elements, such as sodium (%wt = 1.0) and phosphorus (%owt = 0.7).

Figure 4.3 (b) shows the iron oxide spectrum with a high-intensity peak at 0.5 KeV for oxygen
(O), lower peaks at 0.7 KeV for iron (I11), and 5.4 KeV for iron (11). To distinguish the oxidations
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of the iron in the magnetite, the peak ratios of oxygen and iron were calculated. That is, the atomic
ratio of oxygen and iron is approximately 3:4, which is roughly the correct composition of
magnetite [9]. The analysis shows a purely synthesized form of magnetite with a percentage weight
of 49.2% Fe, 33.3% O, and 17.5% C which could be due to the adsorption of impurities of carbon

in which the source could be the material used to set the sample for EDS analysis.

Figure 4.3 (c) depicts the EDS spectrum for iron oxide-activated carbon composite that shows the
peaks corresponding to the elemental composition of both magnetite and activated carbon. Carbon,
oxygen, and iron are present with a small peak due to the presence of sulfur. The composite
seemed to be rich with carbon with high peak intensity and different oxidation states of iron are
also present as in the iron oxide spectrum. Therefore the EDS confirms the elemental composition

of the desired material as expected.

In spectrum 4, Figure 4.3 (d) below; graphene foam shows only one carbon peak at 0.4 KeV with
high uniformity with no impurities detected (100.0 wt% C), and no Ni peaks observed, indicating
that the removal of the original Ni template was successful during the acid leaching process [3].
This result implies that the synthesized graphene foam was purely formed and contained almost

100% carbon atoms.
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4.1.4 Scanning electrochemical microscopy (SECM)

The scanning electrochemical microscopy (SECM) micrograph for synthesized magnetite
nanoparticles is shown in Figure 4.4 (a). The particles have a narrow size distribution with angular
shape on the surface, and there are no existing pores on the magnetite surface observed. Therefore

the magnetite nanoparticles were successfully synthesized using the co-precipitation method.

The micrograph shown in Figure 4.4 (b) depicts the rough surface morphology of activated carbon,
which exhibits irregular shapes. The SECM image for composite (c), activated carbon-iron oxide;
showed some crystalline structure and fine irregular surface structures, which show that both iron

oxide and activated carbon morphologies.

Thin-film sheet of graphene foam (d) observed under (SECM), reveals that the graphene foam was
synthesized using the chemical vapor deposition (CVD) method, and has a thin-film structure. This
means that atoms in the structure of graphene foam are arranged in a regular pattern based on EDS

and XRD data. Thin-film structural material possesses a high surface area.

SEM HV: 20.0 kV WD: 13.22 mm
SEM MAG: 4.00 kx Det: SE
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Figure 4.4: Scanning electrochemical microscopic images of a) Iron oxide (Magnetite — Fe30a),
b) activated carbon (AC), c) Iron oxide-activated carbon composite (Fes04-AC), d)

graphene foam (GF).

4.2 Electrochemical characterization

4.2.1 The electroactive surface area of the unmodified electrode

The effective electroactive surface area of the bare glassy carbon electrode was calculated using
the Randles-Sevcik equation at 25°C and from the linear plot of the square root of the scan rate

versus the peak current. The cyclic voltammograms at different scan rates are shown in Figure 4.5.
Randles-Sevcik Equation: I, =2.69 x 10°n¥2 ACDY2VY2 ... 4.1

where Ip (A) is the peak current, n is the number of electrons transferred in the redox reaction, A
cm? ) is the electroactive surface area, D (cm? s) is the diffusion coefficient (that is 6.70 x 10
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cm? st for [Fe(CN)s]* [10], C (mol cm) is the concentration of the species (5 x 10 mol cm™ for
[Fe(CN)s]*) and v (V s) is the scan rate.

A three-electrode electrochemical cell was employed for the estimation of the surface area of a
bare and modified GCE. Ag/AgCl (3.0 M KCI) as the reference electrode, platinum (Pt) wire as
the counter electrode, and bare or modified GCE as a working electrode. An electrolyte solution
of 5 mM Ky[Fe(CN)g] was prepared in 0.1 M KCI solution. The cyclic voltammograms were run

for scan rates from 20 — 250 mV s in the potential window of -200 to 600 mV.

This reaction is controlled by the diffusion of ferrocyanide ions and has good reversibility on the
GCE surface. Therefore, the peak current is proportional to the electroactive surface area of the
working electrode and can be expressed by the Randles-Sevcik equation [11]. Figure 4.5 (a) shows
a typical current-potential plot for the oxidation and reduction of potassium ferrocyanide at various
scan rates at a bare GCE. A plot of anodic peak current versus the square root of scan rates shown

in Figure 4.5 (b), displayed a very good linear relationship indicating that the process is diffusion-
controlled.

1200y

100.0

® R’=0.999
——— 1,= 0.0002152V"” + 3.67E-7

100.0p H
50.0u

QY

< < 8004
S 0o ;
3 S
’ —20mvs® 3 60.0u4
—50mvs” ¥
gomvs g
50017 — 120 mvs* 4004
150 mvs™
—200mvs” b
— 250 mvs™
B N M AN A NN 20'ouo.lo 015 020 025 030 035 040 045 050 O
200 400 0 100 200 300 400 500 600
Potential, E (mV) VM(VUZ SM)

Figure 4.5: (a) Cyclic voltammograms of 5 mM Ka[Fe(CN)s] prepared in 0.1 M KCI solution at
different scan rates using a bare GCE. (b) A linear plot of peak current as a function of the
square root of the scan rate.
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From the slope of this plot, the effective surface area of the bare GCE was calculated to be 0.0596

cm?.
4.2.2 The surface area of the modified electrode

The same experimental procedure was conducted for a modified GCE labeled (AC-
Fe304/GF/GCE). Figure 4.6 depicts (a) cyclic voltammograms of 5 mM Ks[Fe(CN)s] prepared in
0.1 M KCl solution at different scan rates (20 — 250 mV s™) using an AC-Fes04/GF/GCE. (b). The

plot of anodic peak currents versus the square root of the scan rate gave a linear relationship.
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Figure 4.6: (a) Cyclic voltammograms of 5 mM Ka[Fe(CN)s] prepared in 0.1 M KCI solution at
different scan rates using a modified electrode, AC-FesO4/GF/GCE. (b) The plot of peak
current as a function of the square root of the scan rate.

From the slope of the linear plot of Figure 4.6 (b) the electroactive surface area of the modified
GCE was then calculated to be 0.210 cm?, and the ratio of the surface area of the modified GCE
to the unmodified GCE was determined to be 3.5. This implies that the surface area of the electrode
was enhanced by a factor of 3.5, which is about a 350% surface increase. Moreover, the peak
current intensity was increased as expected relative to that of bare GCE. The effective electroactive

surface area signifies the superior electrochemical reactivity of AC-Fez04/GF/GCE.
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There was a slight shift in both anodic and cathodic peak currents as the scan rate was increased
from 20 — 250 mV s™. This observation suggests the stability of the developed electrochemical
sensor. A major shift in the peak potential was not observed which indicates that the leaching of
the modifier did not occur. A plot of anodic peak currents as a function of the square root of scan
rates displayed a good linear relationship as shown in Figure 4.6 (b). The linear regression
equation obtained for the scan rate was lp(LA) = 7.58 x 10 V¥2-9.75 x 105, with a correlation
coefficient of R? = 0.9992.

The redox peak current response increases and the peak potentials of the anodic and cathodic
were also increasing. Moreover, peak separation was observed in all cyclic scan rates. All these

findings cement the fact that the redox reaction is diffusion-controlled.

4.2.3 Cyclic voltammetric measurements at different modifiers

The electrochemical characterizations of glassy carbon electrodes with various modifications were
examined by cyclic voltammetry using potassium ferrocyanide in a 0.1 M potassium chloride
redox probe at a scan rate of 50 mV s™. The bare glassy carbon electrode (bare-GCE) has quasi-
reversible redox features for 2.5 mM [Fe(CN)s]* probe with a peak-to-peak separation (AEp) of
116 mV [12]. The composite, activated carbon-iron oxide/glassy carbon electrode (AC-
Fe304/GCE) also shows reversible redox peaks and peak separation of 130 mV, while iron
oxide/graphene foam/ glassy carbon electrode (Fes04/GF/GCE) depicts a higher quasi-reversible

redox peaks with peak to peak separation of 223 mV.

Figure 4.7 also exhibited a peak separation of 114 mV for graphene foam/glassy carbon electrode
(GF/GCE). Furthermore, the combination of activated carbon/graphene foam/glassy carbon
electrode (AC/GF/GCE) exhibits a good pair of redox peaks through oxidation and reduction
contributions at 1.02 x 10* A and -1.07 x 10"* A (vs. Ag|AgCl, 3.0 M), respectively. However, an
activated carbon-iron oxide/graphene foam electrochemical sensor on a glassy carbon electrode
(AC-Fe304/GF/GCE) shows well-defined redox peaks with a peak separation of 146 mV. In
addition, the redox peak current ratio (lpa/lpc = 1), describes the quasi-reversible electrochemical
process with one electron transfer cycle. From the cyclic voltammograms, it can be observed that
bare GCE, AC-Fe304/GCE, Fes04/GF/GCE, /GF/GCE, and AC/GF/GCE exhibit lower peak
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currents whilst AC-Fe304/GF/GCE displays a much higher redox peak currents with less peak
separation compared to FesO4/GF/GCE and AC/GF/GCE.
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Figure 4.7: Cyclic voltammograms of unmodified and modified electrodes in 2.5 mM K
[Fe(CN)s] prepared in 0.1 M KCI electrolyte system, at the scan rate of 50 mVs™.

Table 4.1 summarizes the electrochemical data that were obtained using the unmodified and
modified electrodes in 2.5 mM Ka[Fe3(CN)s] prepared in a 0.1M KCI solution. The ratio of anodic
and cathodic peak currents (Ipa/lpc), and the peak-to-peak separation (AEp/V) values are shown.
The peak separation values were lowest for GF/GCE (114 mV) and highest for Fes04/GF/GCE
(233 mV). It must be noted that AC-Fes04/GF/GCE (146 mV) gave rise to the highest peak current
signals (anodic peak current lpa = 125 pA and cathodic peak current Ipc = 1254A), greater than that
of unmodified and other modified electrodes. Based on the peak-to-peak potential difference, the
order of reversibility can be given as GF/GCE = Bare-GCE > AC-Fe O /GCE > AC-

Fe3O4/GF/GCE > AC/GF/GCE > Fe3O4/GF/GCE. On the other hand, the rate of the electron
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transfer on the basis of the current responses can be assigned as AC-Fe 3O 4/ GF/GCE > AC/GF/GCE
~ bare GCE, > GF/GCE = AC-Fe3O 4/GCE > Fe3O 4/GF/GCE. This order clearly shows that the
AC-Fe3O 4/GF/GCE electrode exhibits the highest catalytic activity towards the oxidation and

reduction of ferrocyanide/ ferricyanide redox couple.

Table 4.1: Summary of cyclic voltammetric data obtained for unmodified and modified
electrodes in 2.5 mM [Fe(CN)s]* prepared in 0.1 M KCI solution.

Electrode Ipa/ nA Ipc/ nA Ipa/Ipc Epa/mV Epc/mV AEp

1. Bare-GCE 3.42E-05 | 3.62E-05 | 0.95 269 153 116

2. AC-Fe O, /GCE 4.04E-05 | 4.79E-05 | 0.84 278 148 130
3. Fe,0,/GF/GCE 4.14E-05 | 5.28E-05 | 0.78 324 91 233
4. GF/GCE 6.16E-05 | 7.34E-05 | 0.84 262 148 114

5. AC/GF/GCE 1.02E-04 | 1.07E-04 | 0.95 309 121 188

6. AC-Fe O /GF/GCE | 125E-04 | 1.25E-04 1.0 289 143 146

4.3 Electrocatalytic oxidation of uric acid

4.3.1 Electrocatalytic oxidation and reduction of uric acid

As shown above, the modified electrode AC-Fe O, /GF/GCE has demonstrated a superior current

response for the potassium ferrocyanide solution. Thus, this electrode was used for the subsequent
electrochemical investigations of uric acid. Figure 4.8 represents the cyclic voltammetry response
of 5 mM uric acid in 0.1 M phosphate buffer solution (PBS) of pH 6 at bare and modified GCE at

50 mV s scan rate.
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Figure 4.8: Cyclic voltammograms of 5 mM Uric acid in 0.1 M Phosphate buffer pH 6, on bare
GCE (1) and modified GCE, AC-Fe O, /GF/GCE (6) at a scan rate of 50 mV s,

Bare-GCE evinces less anodic oxidation peak current intensity along the peak potential at 451 mV
(check the potential) against the Ag|AgCl electrode, revealing the insignificant electrocatalytic
characteristics towards uric acid. On the reverse scan (reduction); no peak current was observed,
this suggests that the oxidation of uric acid is an irreversible reaction on bare GCE. The AC-
Fe304/GF modified GCE indicates a rapid peak current response with an oxidation peak potential
at 433 mV against the Ag|AgCl electrode and the oxidation response is at least 3-fold higher than
that of the bare GCE. These results correlate with the fact that the electroactive surface area of the
GCE had increased as depicted in Figure 4.6. On the reverse scan, the cyclic voltammogram
exhibited a smaller peak at the modified electrode. The absence of a reduction peak could be due
to a fast chemical reaction following the oxidation of uric acid. This means the product formed
during the oxidation process might have been chemically ‘removed’ from the surface of the
electrode (EC mechanism). The background current of AC-Fe304/GF/GCE was greater than the
bare GCE which shows the existence of nanoparticles and carbon materials used as an
electrochemical sensor on the surface of the electrode [13]. The high background current is

attributed to the high double-layer current.
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4.3.2 Effect of scan rate on uric acid oxidation

Figure 4.9 shows the influence of scan rate in the range of (20 — 350 mV s, for the oxidation of
5 mM uric acid which was investigated by cyclic voltammetry in 0.1 M phosphate buffer solution,
pH 6 at the modified electrode AC-Fe3O4/GF/GCE. Figure 4.9 (a) depicts the cyclic
voltammograms obtained in the potential window of 0.35 to 0.65 V, and it was noticed that the
oxidation peak current of uric acid increased with increasing scan rate. As can be seen from the
voltammograms, the peak potentials shift towards more positive values with increasing scan rates,

indicating that the electron transfer processes become irreversible with increasing scan rates.

Figure 4.9 (b) demonstrates the plot of anodic peak current (l,a) versus the square root of the scan
rate (UY2). A linear equation, Ip = -9.5 x10® V2 + 6.94 x 10 with a correlation coefficient of R
= 0.989 was obtained. Based on the observation of the high current response for the
electrochemical oxidation of uric acid at AC-Fe3s04/GF/GCE, it is believed that a surface-confined
process with relatively fast electron transfer is taking place with a synergic effect of the materials

used for electrode modification.
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Figure 4.9: (a) Cyclic voltammograms of 5 mM uric acid in 0.1M Phosphate buffer pH 4, on AC-
Fe304/GF/GCE at different scan rates, and (b) Linear dependence of anodic peak current
as a function of the square root of the scan rate.

4.3.3 Estimation of the diffusion coefficient of uric acid using the modified electrode
The electroactive surface area of the modified electrode was calculated as shown in Section 4.2.1
Therefore, with the known surface area of the modified electrode, the same procedure was
conducted as in Figure 4.6 using 0.1 M phosphate buffer solution containing 0.291 mM uric acid
in a range of 20 — 250 mV s scan rates. First, the optimum pH value of the supporting
electrolyte system was optimized under cyclic voltammetry as depicted in Figure 4.10 ranging

frompH 3to 7.
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Figure 4.10: Cyclic voltammograms at modified GCE at different pH of 0.291 mM uric acid in a
0.1M Phosphate buffer solution, at the scan rate of 50 mV s,

It was observed that the highest anodic peak current for the oxidation process of uric acid was
obtained at pH 4. This pH value was chosen as the optimum pH under cyclic voltammetry to

determine the diffusion coefficient of uric acid.

The electrochemical behavior of uric acid was examined under the scan rate of (20 — 250 mV s?)

as depicted in Figure 4.11 under this pH.

The plot of the anodic peak current of uric acid versus the square root of the scan rate gives a
straight line as shown in Figure 4.11 (b) following the Randles-Sevcik equation and the slope from
the linear plot (I, = 1.66 x 10 V*2- 8.4 x 10°%), was used to calculate the diffusion coefficient (D)
of uric acid. The diffusion coefficient was calculated to be 12.8 x 10® cm? s. This value is
comparable with the reported diffusion coefficient of 0.5 mM uric acid at chemically assembled
carboxylated single-walled carbon nanotubes netlike electrode, which was calculated to be 7.5 x
10% cm? s [14]. In another study, it was found to be 5.91 x 10° cm? s using a carbon paste

electrode modified with Lewatit FO36 nano resin [15].
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Figure 4.11: (a) Cyclic voltammograms of 0.291 mM uric acid in 0.1 M Phosphate buffer pH 4,
on AC-Fe304/GF/GCE at different scan rates, and (b) Linear dependence of anodic peak
current as a function of the square root of the scan rate.

4.3.4 Optimized instrumental parameters for uric acid detection

For the differential pulse voltammetric measurements, the instrumental parameters such as pulse
scan rate 0.05 V s, pulse width 0.05 s, pulse amplitude 0.05 V, sample width 0.017 s, potential
window 0.2to 0.55V, pulse period 0.2 s, and quite time 2 s were optimized for catalytic

oxidation of uric acid.
4.3.5 Influence of pH on the electrochemical oxidation of Uric acid under DPV

To obtain the best optimum pH value for the determination of uric acid (UA), 0.1 M (PBS)
containing 0.5 mM UA was investigated at different pH levels. NaOH and HCI aqueous solutions
were used to adjust the pH of the buffer solutions. Since the differential pulse voltammetry (DPV)
technique has a major influence on the elimination of the double-layer charging current as

compared to cyclic voltammetric (CV), it offers a highly sensitive faradic current. Hence DPV was
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chosen as a better technique to investigate the effect of the pH of the electrolyte system on the
electrochemical properties of uric acid and to obtain good sensitivity [16]. Figure 4.12 (a) shows
the plot of differential pulse voltammograms at different pH for 0.5 mM uric acid in 0.1 M

phosphate buffer solutions.

Figure 4.12 (a) shows that with the increase of pH from 4 to 8, the oxidation peak current increases
from pH 4 to 6. A maximum peak current is observed at pH 6. Thereafter, the anodic peak current
decreases for pH 7 and 8. The current response for uric acid was obtained to be the best at pH 6,
as shown in Figure 4.12 (b), which is closer to the biological activity medium. Therefore, pH 6
was selected as the optimum pH for further analyses of uric acid. Three differential pulse runs

were performed for each pH buffer system and reproducible voltammograms were obtained.

Figure 4.12 (a) further shows that the voltammograms shift in the negative potential direction with
increasing pH. Fig. 4.12(c) is a plot of uric acid oxidation potential as a function of pH. The plot
shows a linearly decreasing potential as a function of pH. The shift in the oxidative peak potential
to the negative direction indicates that the electrode process is influenced by protonation reactions.
The linear fitting equation for the plot was found to be: Ep = - 0.058 pH + 0.697 (R? = 0.998). The
corresponding slope of 58 mV pH™ is close to the theoretical value of the slope of the Nernst
equation of 59 mV pH* [17]. This result indicates that the number of protons and electrons
transferred is the same during the oxidation process of uric acid in which the oxidation of uric acid
involves the loss of two electrons and two protons, respectively as shown by Scheme 4.1 for the

oxidation reaction of uric acid [15].

92



Current, I/ (LA)

Peak Current, Ip [ (WA)

14

12

10

11

10

©

(o]

PRRT SRR S SR ST A N ST S S (S ST WA AU S S N NS N NS MR

——pH=4 5 a
——pH=5 7 4
pH=6
pH=7
——pH=8

pH=8 <=——— pH=4

| LA N B N B S B ENL N B S B B B B B N B B N B B B B N N B B B LN B B R N

150 200 250 300 350 400 450 500 550
Potential, E (mV)

93



0.50

B R°=0.998
I =-0. + .
045 E, =-0.058pH + 0.697
S 040+
LIJD.
T 0.35
c
9
2
o 0304
©
QO
Q
0.25
C
0.20 T T T T T T
4 5 6 7 8

pH

Figure 4.12: (a) Differential pulse voltammograms of AC-Fe304/GF/GCE in 0.5 mM uric acid
prepared in a 0.1 M phosphate buffer solution at different pH. (b)The plot of oxidation

peak current as a function of pH. (c) The linear plot for oxidation peak potentials of uric
acid against pH.
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Scheme 4.1: Proposed reaction mechanism of uric acid oxidation.
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4.3.6 Calibration curve and detection limit of uric acid

To obtain calibration curves for the electrode and determine the relationship between the anodic
peak current and uric acid concentration, differential pulse voltammograms were measured under

the optimized parameters in pH 6 PBS aqueous buffer solution.

Table 4.2 summarizes the experimental optimized parameters for the calibration curve and
detection limit of uric acid. Figure 4.13 (a) and (b) show typical differential pulse voltammograms
of UA at the AC-Fe304/GF/GCE in the concentration range of 5 to 1630 uM of uric acid. Under
these optimized parameters, to achieve the working range of the developed electrochemical sensor,
the differential pulse voltammograms of UA were performed with 3 replicates for each

concentration.

Table 4.2: Optimized differential pulse voltammetric (DPV) experimental parameters.

Optimized parameters Values
Supporting electrolyte
(0.1M Phosphate Buffer Aqueous Solution) pH 6.0
Scan Rate 0.05V s-1
Pulse width 0.05s
Pulse amplitude 0.05V
Sample width 0.017 s
Potential window (0.2to 0.55)V
Pulse Period 02s
Quite time 2s
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As shown in the Figure, the peak currents increased with increasing uric acid concentrations, and
a linear calibration plot was obtained with a calibration equation. It can be observed that the
concentration increase of UA leads to the enhancement of uric acid oxidation peak current. It can
also be observed that the developed electrochemical sensor possesses a wide linear range. Figure
4.13 (b) magnifies the voltammograms with very low concentrations which are hidden when

merged in a single plot as shown in Figure 4.13 (a).

The relationship between the peak current versus the concentration of uric acid shows the linear
dependence with an equation I, (pA) = 0.129 [UA] (uM) + 1.05 x 10 from 5 to 1630 uM with a
limit of detection of 2.55 uM and limit of quantification of 7.703 uM (according to the equations:
3.3 (S/m) and 10 (S/m) [18]. Where S is the relative standard deviation of the intercept of the y-
coordinate from the linear fit plot and m is the slope of the same line. The summarized data from

this linear range are depicted in Table 4.3.

a
1 1630
200 o
—— 250 M
> —300
E 150 - 5 u”x
= —— 750 M
5 —— 1000 pM
G 100+ — 1350w
] — 1630 M
0] 2504M
R | LB NLELELELE BLELELEL BUELELELE BLRLELELE B

200 250 300 350 400 450 500 550
Potential, E (mV)

96



30

250 yM — 5uM
1 — 10 M
25 20
— 40w
60 uM
— 80w
—— 100 uM
120 uM
— 140 M
— 170 uM
— 200 upM
250 wm

N
o
PR

Current, I/ (uA)
=
(6]
| I

10

250 300 350 400 450 500 550

Potential, E (mV)

250

R’ =0.998
| =0.129 [UA] + 1.05E-6

200 +

=

[

o
1

p

100 +

Peak current, | / (uM)

al
o
1

02 00 02 04 06 08 10 12 14 16 18
[UA] / (uM)

Figure 4.13: (a), (b) Differential pulse voltammograms of AC-Fez04/GF/GCE modified electrode
in 5.0 - 1630.0 uM uric acid prepared ina 0.1 M PBS of pH 6. (c) The plot of peak current
response against uric acid concentrations.
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Table 4.3: Calibration curve parameters.

Differential pulse voltammetry (DPV)
Concentration range / (mol. L) 1.63x1072-5 x 10°
Slope 0.129
Intercept 1.046 x 10
Correlation coefficient (R?) 0.998
LoD / (mol. L) 2.55x10°
LoQ / (mol. L) 7.703 x 10°°

Table 4.4 compares the characteristics response of the AC-Fe304/GF/GCE with other modified
electrodes that have been reported for uric acid determination. As shown in the Table, the
developed electrode exhibits more appropriate analytical properties, for instance, the pH of the
supporting electrolyte system. The limit of detection (LoD) was comparable to that of [21] and
lower than that reported by [12], [19], [20], and [22]. The wide linear dynamic range was observed
for AC-Fe304/GF modified electrode for electrochemical determination of UA (5.0 to 1630 puM).
This range was quite higher than the reported ranges in references[12], [19], [20], [21], and [22].
Most of the reported work did not show the correlation between the electroactive surface area of
the modified electrode and the diffusion coefficient of the analyte of interest. The electroactive
surface area of reference [20] was higher than that of AC-Fe304/GF/GCE, on the contrary; the
latter had a higher surface area as compared to reference [19]. This indicates that the higher the
electroactive surface area of the modified electrode increases the active sites of the modified
electrode and the electrode system is governed by the surface adsorption-controlled
electrochemical process which agrees reasonably with other previous reports. To cement that, the
diffusion coefficient of uric acid using AC-Fes04/GF/GCE was calculated to be 12.8 x 10° cm? s

! this value was higher than the reported diffusion coefficient [12] and [22].

In addition, the modified electrode can be employed for biological and pharmaceutical analysis of
uric acid which can detect a concentration lower than the reported abnormal level (1.49 — 4.46
mM).
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Table 4.4: Comparison of the analytical performance of AC-Fe,0,/GF/GCE with other reported
sensors for uric acid determination.

Sensor Asrtégficriz pH cDoleiEit::;g:llt Line;x;l\l;[z;nge / I(J;(L)l\]/})/ Ref.
(D) / em?s!

Fe;04@Si02/GO/GCE - 7 | 315x10° 0.5-250 0.07 [12]

MC-GO-Fe,0,/GCE 0.163 7 - 0.5 -140 0.17 [19]

H-Fe,0,@C/GNs/GCE 0.283 6 - 1.0 - 100 0.41 [20]

3D-GFs/GCE - 7 - 5-500 1.27 [21]

Fe,0,@SiO,/MWCNTS/CPE - 6 | 370x10° 0.6 - 100 0.13 [22]
AC-Fe,0,/GF/GCE 0.210 7 | 128x10° 5.0-1630 2.55 | This work

Abbreviations: CPE-carbon paste electrode, GCE-Glassy carbon electrode, MWCNT - multi-
wall carbon nanotubes, AC-activated carbon, GF-graphene foam, SiO2- silicon dioxide, CPE-
carbon paste electrode, Fe3Oqs- iron oxide, H-FesO4 — Hollow iron oxide, GNS — graphene oxide
nanosheet, PEDOT - Poly(3,4-ethylene-dioxythiophene), MC - methylcellulose, GO - graphene

oxide.

4.3.7 Interference study

The impact of foreign substances was carried out to assess the selectivity of the developed

electrochemical sensor AC-Fe,O,/GF/GCE. A differential pulse voltammetry technique was

performed during these analyses on the selected interfering species based on the fact that they are
most likely to be present in human biological samples. The compounds include; glucose, ascorbic
acid, lysine, glutamic acid, tartaric acid, and cysteine. Eighty micromolar of the interfering
compound was prepared using 0.1 M PSB buffer solution of pH 6. Then 100 pL of the compound

was spiked into the buffer solution containing 10 mL uric acid of concentration 60 uM. Tartaric
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acid and lysine showed a slightly increased peak current by 5.24% relative to the oxidative peak
current of uric acid. While the other foreign interfering compounds; namely glucose, glutamic
acid, ascorbic acid, and cysteine showed an average drop of 3.94% in the oxidation peak current
of uric acid.

The results shown in Figure 4.14 reveal that no significant changes in the current responses of uric

acid in the presence of these species were observed. The results indicated that the Fe O - AC/GF

electrochemical sensor was selective for uric acid determination in the presence of the interfering

compounds.
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Figure 4.14: The variation of oxidation peak current intensity for interfering compounds
concerning uric acid as a percentage by DPV at AC-Fe,O,/GF/GCE modified electrode in

0.1 M PBS at a scan rate of 50 mV s\
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4.3.8 Determination of Uric acid from the urine sample

Abnormal concentration of uric acid in human fluids influences parts of the body systems. This
could cause diseases such as gout, obesity, diabetes, and pneumonia. The electrochemical
determination of UA in urine as a real sample is one of the most crucial factors for the diagnosis
of such diseases and health control. The differential pulse voltammetry technique was performed
under optimized conditions for the determination of UA in urine samples. The human urine sample
was collected from the local hospital and stored in the refrigerator. For experimental determination
of uric acid from human urine, 15 mL of urine sample was first filtered using filter paper. Ten
milliliters of the filtrate urine sample was diluted 100-fold with a 0.1 M phosphate buffer solution
of pH 6.

The standard addition method was employed for uric acid determination in a human urine sample.
Prepared concentrations of 25, 45, 65, and 85 puM uric acid were each spiked into the sample, and
the current was measured. The peak current responses were observed to increase with the addition
of known concentrations. The linear plot of peak currents against concentration was obtained.
From the extrapolated plot, the equation of the straight line was used to calculate the concentration
of uric acid in a sample and estimated to be 13.7 uM. This value falls within the range of the level
of uric acid in a healthy human [23]. Therefore, the results demonstrate the applicability of the

prepared modified electrode in real sample analysis.

The recovery tests were conducted on the urine sample spiked with different concentrations

ranging from 10 to 30 uM uric acid, to evaluate the feasibility of the modified electrode.

A hundred microliter of each prepared concentration was spiked into the prepared urine sample.
Three determinations for each run were conducted, and the peak current responses were recorded.
From the linear plot of peak current as a function of concentration, satisfactory recoveries were
obtained as summarized in Table 4.5 (102.2% - 104.3%). An average current response of 4.8%
increase was observed, which could indicate that the urine sample might have already had uric
acid. This indicates the potential application of AC-Fe304/GF/GCE for the detection of uric acid

in human urine samples.
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Table 4.5: Determination of uric acid in human urine sample by differential pulse voltammetry.

(1)
Sample Spiked / (uM) | Found ?/(uM) | Recovery /(%) R(SnD= :,E)A))
10.0 10.36 103.6 0.15
Urine 20.0 20.43 102.2 1.53
30.0 31.3 104.3 0.3

@ Average value of three determinations.

4.3.9 Conclusion

A simple, effective, and reproducible method for uric acid determination using a glassy carbon
electrode modified with activated carbon-iron oxide/ graphene foam using differential pulse
voltammetry has been presented. The optimized instrumental and experimental parameters
allowed for consistent and reproducible results. The use of AC-Fe304/GF/GCE showed a superior
electrocatalytic activity compared to bare GCE toward oxidation of uric acid. The modified
electrode exhibited a wide linear range and had a detection limit lower than the allowed
concentration range of uric acid in a healthy human urine sample, demonstrating its analytical
significance. The applicability of the proposed electrochemical sensor was highlighted by its

application in a real human urine sample.
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4.4 Electrocatalytic studies of dopamine hydrochloride

4.4.1 Electrocatalytic oxidation-reduction of dopamine

As shown in Section 4.2.1, the modified electrode AC-Fe O, /GF/GCE had superior

electrocatalytic activity and demonstrated the highest current response in the ferrocyanide redox
probe. Hence the labeled electrode was utilized for the subsequent electrochemical experiments of
dopamine. Figure 4.15 depicts the cyclic voltammetry responses of 185 pM dopamine in 0.1 M
phosphate buffer solution of pH 6 at bare GCE and modified electrode, AC-Fe304/GF/GCE at the
scan rate of 50 mV s*. The CV technique was performed in the potential window 0.05 — 0.45 V.
The black arrow shows the forward scan (oxidation) from 0.05 V to 0.45 V, and the red arrow for
the reverse scan (reduction) from 0.45V to 0.05V. Bare GCE manifests less redox peak current
intensities with the anodic peak potential (Epa) of 0.281 V and the cathodic peak potential (Epc) of

0.212 V. The voltammograms show the oxidation-reduction process for dopamine 0.069 V AEy.
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Figure 4.15: Cyclic voltammograms of 185 uM Uric acid in 0.1M Phosphate buffer solution of
pH 6, on bare GCE (orange color) and modified GCE, AC- Fe304/GF/GCE (purple color)
at a scan rate of 50 mV s™!.
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The modified GCE, AC- Fe304/GF/GCE demonstrates a rapid current response with the anodic
and cathodic peak currents of 5.04 pA and 0.149 pA respectively. These peak currents were 4
times higher than that of bare GCE. The results therefore imply that the surface area of the
electrode has increased as shown in section 4.2.1. The fact that the AC-Fe3;04/GF/GCE background
current was greater than that of bare GCE, indicates the presence of these carbon-based materials

and iron oxide used for the development of electrochemical sensors.

Well-defined redox peaks of DA are observed and the peak currents significantly increased at the
AC-Fe304/GF/GCE with the anodic peak potential shifting negatively to 0.278 V and the
corresponding cathodic peak potential is 0.211 V. The separation peak potential (AEp) is 0.067 V,
indicating that the sensor shows a fast electron transfer process. The high double-layer charging

current is responsible for the high background current.

4.4.2 Estimation of the diffusion coefficient of dopamine using modified electrode
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Figure 4.16: (a) Cyclic voltammograms of 1 mM dopamines in a 0.1 M phosphate buffer of pH
7, on AC-Fe304/GF/GCE at different scan rates. (b) The plots of the anodic and cathodic

peak currents as a function of the square root of the scan rate.

With the calculated electroactive surface area of the modified electrode shown in Section 4.2.1,
the diffusion coefficient of dopamine was estimated. Hence with this known surface area, the same
experimental procedure was carried out as in Figure 4.6. The cyclic voltammograms of 1 mM
dopamine in a 0.1 M phosphate buffer solution of pH 7 were recorded in the range of 10 — 450 mV

s’ scan rates as shown in Figure 4.16 (a).

It was observed that both the anodic and cathodic peak currents of dopamine linearly increased
with the increasing scan rate. The plot of the anodic and cathodic peak currents as a function of
the square root of the scan rate gives a linear response as shown in Figure 4.16 (b). This process
consolidates the Rendles-Sevcik equation, which showed us the Mathematical relation that current

is directly proportional to the square root of the scan rate.
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Randles-Sevcik  equation and the slope from the anodic linear plot:
lp = 0.00242 V2 - 3.28 x 1076, with correlation coefficient (R? = 0.994), were used to calculate the
diffusion coefficient (D) of dopamine. The diffusion coefficient was then calculated to be D = 3.97
x 10 cm? s, This value was comparable with the reported D values of dopamine at graphene
oxide modified glassy carbon electrode, and carbon nanotube paste electrode of 2, 2 — [1, 2-
ethanediylbis (nitriloethylidyne)]-bis-hydroquinone with the D = 2.26 (+/-0.01) x 10 cm? s and
7.3 x 10 cm? st respectively [24], [25]. This reveals that AC-Fe304/GF/GCE can be an applicable

electrochemical sensor for the electrochemical determination of dopamine.

4.4.3 Optimized instrumental parameters toward dopamine detection

The instrumental parameters for differential pulse voltammetric measurements were optimized,
these include the pulse width 0.05 s, pulse amplitude 0.05 V, scan rate 50 mV s, sample width
0.017 s, potential window 0.0 to 0.4 V, quite time 2 s, and pulse period 0.2 s for catalytic oxidation

of dopamine.

4.4.4 Influence of pH on the electrochemical oxidation-reduction of dopamine

The pH of a 0.1 M PBS containing 310 uM dopamine was adjusted with NaOH and HCI aqueous
solutions to determine the best optimal pH value for dopamine determination. When compared to
the cyclic voltammetric (CV) response, the differential pulse voltammetry technique offers a
highly sensitive faradic current because it has a greater impact on the elimination of the double-
layer charging current. As a result, DPV was chosen as a more effective technique to find out how
the pH of the supporting electrolyte system affects the electrochemical oxidation-reduction of

dopamine and achieves high sensitivity.

Figure 4.17 (a) shows the plot of differential pulse voltammograms at various pH levels for 310
MM dopamine in 0.1 m PBS. The voltammograms depict that with the increasing pH from 5 to 8,
the oxidation peak current increases from pH 5 to 7. A maximum peak current is observed at pH
7. After that, for pH 7.5 and 8, the anodic peak current decreases. Figure 4.17 (b) shows that pH 7
produced the best current response for dopamine. As a result, pH 7 was chosen as the best optimum
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pH for further dopamine electrochemical determination. Reproducible voltammograms were

obtained for each pH buffer system under three differential pulse runs.

Figure 4.17 (a) further shows that the electro-oxidation peak potentials of dopamine shift in the
negative potential direction (from high potential to lower potential), against the pH. This shift in
the oxidative peak potential to the negative direction indicates that the electrode process is
influenced by protonation reactions. The linear fitting equation for the oxidation peak potential of
dopamine as a function of pH was found to be: Ep = - 0.065 pH + 0.659 (R? = 0.997). Figure 4.17
(c) is a plot of dopamine oxidation potential as a function of pH. The plot shows a linearly

decreasing potential as a function of pH.

The corresponding slope of 65 mV pH™ is close to the theoretical value of the slope of the Nernst
equation of 59 mV pH™ [17]. This experimental result indicates that the number of protons and
electrons transferred during the electro-oxidation process of dopamine is the same [12]. It has been
affirmed that two protons 2H*, and two electrons 2e~ participate in the redox reactions of DA at

the electrode solution interface references [26], [27] as shown by Scheme 4.2.
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Figure 4.17: (a) Differential pulse voltammograms of AC-Fe O, /GF/GCE in 0.1 M PBS
containing 310.0 pM DA at different pH, at the scan rate of 50 mV s, (b) The plot of the

electro-oxidation peak current of dopamine as a function of pH. (c) The linear dependence
of oxidation peak potentials of dopamine against the pH.
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Scheme 4.2: Proposed electrochemical reaction mechanism of dopamine.
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4.4.5 Calibration curve and detection limit of dopamine

Under optimal experimental conditions, the proposed sensor has been used to determine different
concentrations of dopamine and to confirm the sensitivity of the modified electrode by differential
pulse voltammetry (DPV). Table 4.6 summarises the experimental parameters for the calibration
curve and detection limit of dopamine. As exhibited in Figure 4.18 (a), the differential pulse
voltammograms of dopamine at AC-FesO4/GF/GCE are in the concentration range of 5 to 400 pM.
The differential pulse voltammograms of dopamine were carried out in three replicates for each
concentration under the optimized parameters to achieve the working range of the modified

electrode.

Table 4.6: Optimized differential pulse voltammetric experimental parameters.

Optimized parameters Value
Supporting electrolyte
(0.1M Phogsphate thffer Solution) pH 7.0
Scan Rate 50 mV s’
Pulse width 0.05s
Pulse amplitude 0.05V
Sample width 0.017 s
Potential window (0.0to 0.4)V
Pulse Period 0.2s
Quite time 2s

As shown in Figure 4.18 (a), the peak currents gradually increased with increasing dopamine

concentrations, and the linear calibration plot was obtained as shown in Figure 4.18 (b).

For concentrations lower than 5 uM, oxidation peak current for DA was not observed, and thus 5
MM was noted as the lowest concentration. While concentrations of DA above 400 pM gave
constant and/or comparable oxidation peak currents. This indicates that for concentrations above

400 uM, there was no existence of the diffusion process taking place and no concentration gradient.
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It was therefore noted that the linear range of the electrode at AC-Fe304/GF/GCE is 5 to 400 uM.
Figure 4.18 (b) further depicts a linear calibration plot of the peak current as a function of the
concentration of dopamine. The corresponding linear equation was found to be: I = 0.085 [DA]
+ 2.49 x 10 and correlation coefficient (R? = 0.997), where I, is the DPV peak current in pA.
From the linear plot, the limit of detection (LoD) and the limit of quantification (LoQ) were
determined to be 1.47 uM, and 4.91 uM respectively. These were calculated using the following
equations: LoD = 3 (s/m) and LoQ = 10 (s/m). Where s is the relative standard deviation of the

intercept of the y-coordinate from the linear fit plot and m is the slope of the same line.
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Figure 4.18: (a) Differential pulse voltammograms of the AC-Fe304/GF/GCE modified electrode

in 5 - 450.0 uM of dopamine prepared in a 0.1 M PBS of pH 7. (b) The plot of pulse peak
current as a function of dopamine concentrations.

The performance of the AC-Fe3sO04/GF electrochemical sensor demonstrates superior
electrocatalytic activity. This can be explained in terms of the large surface area calculated from
Figure 4.6 with high catalytic sides, better crystallinity of activated carbon-iron oxide composite,

and high conductivity graphene foam to facilitate ion diffusion and electron transfer easily.
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Table 4.7 summarizes data from the electroanalysis of dopamine.

Table 4.7: Calibration curve parameters.

Differential pulse voltammetry
Concentration range /(mol. L) 25x10° - 450 x10°
Slope 0.0857
Intercept 1.87x 106
Correlation coefficient (1) 0.997
LoD (mol.L") 1.47 x 10°¢
LoQ (mol.L") 491 x 10°

The characteristic response of AC-Fes04/GF/GCE and other modified electrodes used for
dopamine determination are compared in Table 4.8. The prepared sensor has more appropriate

analytical properties, such as the pH of the supporting electrolyte, as shown in the Table.

The limit of detection and pH of the supporting electrolyte was comparable to that of reference
[30] and [28], [32], [33] respectively. The pH values of 7.0 — 7.5, correlate to that of human blood
medium, and therefore the developed electrode possesses good properties in terms of pH medium
as the human blood. The wide linear range was obtained at AC-Fe304/GF/GCE for dopamine
determination, which was comparable to that of reference [28] and higher than that of reference
[29], [30], [31], and [32].

Again, the electroactive surface area was high as compared to reference [29], [30] and it was also
observed that a high surface leads to a better diffusion coefficient of dopamine. A pencil graphite
electrode modified with copper-oxide nanoparticles in 88 M dopamine gave D = 3.29 x 10% cm?

51 [30], and graphene oxide on GCE with D = 2.26 (+/-0.01) x 10® cm? ! [31].

Perhaps, this is associated with the excellent conductivity and enhanced surface area of the
fabricated electrode material. Apart from this, the material synthesis involves a low-cost and rapid

single-step synthesis strategy through which AC-Fez0s composite was obtained.
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The data acquired is evident that the fabricated electrode material may be used for magnificent

sensing abilities concerning better linear ranges, high electroactive surface area, and high diffusion

coefficient of dopamine.

Table 4.8: Comparison of the analytical performance of AC- Fe;04/GF/GCE with other reported
sensors for dopamine determination.

Surface | Linear LoD /
Modifier pH | area range / Diffusion Ref.

2 (M)

/cm (M)
MWCNTs/WO3/GCE 7 - 20 —500 0.018 5.43x 108 [28]
MnO,/PEDOT/rGO/GCE | 6.6 0.100 0.05-135 0.03 3.28x 107 [29]
Cu/CuxO NPs/PGE 5.8 0.08 0.3-53 1.06 3.29 x 10°® [30]
GO/GCE 5 - 1.0-15 0.27 2.26 x 10°® [31]
Graphene/GCE 7.4 - 4.0-100 2.64 - [32]
Au-ZnONCAs/GF/ITO 7.5 - 0.0 - 80 0.04 - [33]
AC-Fe O, /GF/GCE 7 0.210 5-450 1.47 3.97x10° | This work

Abbreviations: MWCNT - multi-wall carbon nanotubes, GO - graphene oxide, rGO — reduced

graphene oxide, AC-activated carbon, GF-graphene foam, tungsten oxide (WO3), copper(X)-

oxide nanoparticles, manganese-oxide (MnO), poly (3,4-ethylene dioxythiophene)-PEDOT,

x-variable oxidation states of the cupper (Cuy), FezOs- iron oxide, Au-ZnONCAs - gold

nanoparticles-zinc oxide nanocone arrays, LoD — limit of detection.
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4.4.6 Interference study on dopamine

The influence of some selected compounds was used as potential interferences capable of

interrupting the voltammetric current response for dopamine at AC-Fe,O,/GF/GCE. The

differential pulse voltammetry technique was used for the electrochemical oxidation of dopamine
in the absence and presence of interfering compounds. The following are some foreign substances
that were used namely ascorbic acid (A.A.), tartaric acid (T.A.), glutamic acid (G.A.), cysteine,
lysine, and glucose. The selection of these species was based on the fact that they exist in the same
medium as dopamine. Eighty micromolar of these compounds were prepared in a 0.1 M PBS of
pH 7. The addition of 100 pL of each foreign compound into a 10 mL buffer solution containing

60 M dopamine was examined using differential pulse voltammetry.

Figure 4.19 shows the variation of oxidation peak current intensities as a percentage for interfering
compounds. The modified electrode had anti-interfering behavior towards the electro-oxidation of
dopamine in the presence of interfering species with an average of only a 1.75% current drop on
the peak current response. Hence, these results indicate that the proposed AC-Fe3;O4/GF as an
electrode modifier can be used to monitor real-time sample analysis for dopamine. Another
predominant factor is that the results did not exhibit any significant interference peak current. This
indicates the excellent selectivity of the modified electrode towards DA. As depicted in Figure
4.19, these materials had no significant effects on the DA sensing ability of the electrode at the
tested concentrations; thus suggesting that the developed electrode has an outstanding selectivity

toward DA determination.
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Figure 4.19: The variation of oxidation peak current intensity for interfering compounds
concerning dopamine as a percentage by DPV at AC- Fe304/GF/GCE modified electrode
in 0.1 M PBS at a scan rate of 50 mV s\

4.4.7 Determination of Dopamine from the urine sample

To investigate the application of the prepared electrode in the real sample, a human urine sample
was used. The electrochemical determinations were carried out to establish the application of the
AC- Fe304/GF/GCE modified electrode toward dopamine in the urine sample. To determine the
concentration of dopamine present in the urine sample, the differential pulse voltammetry
technique was carried out under conditions that were optimized. The human sample was collected
from a local hospital and stored in the refrigerator at - 4°C. Before experimental measurements, 15
mL of urine sample was filtered using filter paper. Then 10 mL of the filtrate was diluted 100-fold
with 0.1 M PBS of pH 7.
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A human urine sample was used to determine dopamine using the standard addition method. Each
of the prepared concentrations of 25, 45, 65, and 85 UM of dopamine was spiked into the sample
for 100 microliters, and the peak currents were recorded. When known concentrations were added,
it was observed that the peak current responses increased. The peak currents were plotted against
the concentrations and a linear equation was obtained. The dopamine concentration in a sample
was estimated to be 1.52 uM using the equation of the straight line from the extrapolated plot.
Therefore, the results show that the modified electrode that was prepared can be used in real-world

sample analysis.

To determine the feasibility of the modified electrode, recovery tests were performed on urine
samples spiked with dopamine at concentrations ranging from 10 to 30 uM. The prepared urine
sample was spiked with 100 puL of each prepared concentration. The current responses were
recorded and three determinations were made for each run. Table 4.9 summarizes the satisfactory
recoveries that were obtained from the linear plot of peak current as a function of concentrations
(101.0% - 104.75%). There are slightly higher than 100% recoveries, which could mean that the
sample had some dopamine at a very low concentration. The sensor therefore could prove the
presence of dopamine in human urine samples. As can be observed from standard addition method
results, a human urine sample could have dopamine as a biological sample. The experimental
results confirm that the AC- Fe3;04/GF as an electrochemical sensor can be used for the detection

of DA in clinical health and or to diagnose human diseases related to a high level of DA.

Table 4.9: Determination of dopamine in human urine sample by differential pulse voltammetry.

Sample Spiked (uM) Found */ (uM) | Recovery/ (%) R(SnD= g)%)
10.0 10.41 104.9 1.39
Human urine 20.0 20.95 104.75 0.497
30.0 30.30 101.0 1.65

& Average value of four determinations.
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4.4.8 Conclusion

The electrochemical detection of dopamine using differential pulse voltammetry with AC-
Fe;04/GF/GCE has been successfully demonstrated. The modified electrode gave promising
current responses for the determination of dopamine in aqueous solutions. The interference
experiments showed that the presence of activated carbon, graphene foam, and iron oxide during
dopamine sensing did not suffer from the matrix effect. This shows that the developed electrode

has an outstanding selectivity and sensitivity towards DA determination.

The electrochemical sensor demonstrated superior electrocatalytic activity and improved the
electroactive surface area of the modified electrode. The experimental results confirm that the AC-

Fe304/GF as an electrochemical sensor can be used for the detection of DA in clinical health.
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4.5 Electrocatalytic studies of dopamine hydrochloride and uric acid

4.5.1 Electrocatalytic oxidation-reduction of dopamine and uric acid

The electrochemical behavior of the developed electrochemical sensor was investigated using
cyclic voltammetry for the mixture of 200 uM uric acid and dopamine in a 0.1 M PBS of pH 6.
The potential window of 0.1 to 0.5 V with reference Ag/AgCl satd’d KCl and scan rate of 50 mV
st were used. Figure 4.19 below shows the redox process of uric acid and dopamine at bare GCE
and different modified electrodes. On a bare glassy carbon electrode (yellow voltammogram)
redox peaks for DA were observed at 0.258 V (oxidation) and 0.192 V (reduction) and the
oxidation peak for uric acid was observed at 0.394 V. When GCE was modified with graphene
foam (violet voltammogram), the peak current intensities of both uric acid and dopamine increased
relative to bare GCE. The peak currents for redox peaks were three times higher than that of
unmodified GCE. There was a positive shift in the oxidation peak of dopamine at 0.262 V and uric
acid at 0.405 V. On the reverse scan, a small reduction peak was observed for uric acid at around
0.344 V potential and also reduction peak for dopamine was observed at 0.191 V. In the presence
of activated carbon-iron oxide/graphene foam (AC-Fe3;04/GF/GCE) electrochemical sensor
(magenta voltammogram), the peak current responses were enhanced showing the catalytic
efficiency of the sensor [34]. The redox peaks for dopamine were well defined and that of uric acid
but with a small reduction peak on the reverse scan showing that the chemical reaction is faster
than the redox process. The separated peaks of the two compounds were observed, and this could
be due to high electrical conductivity and large effective surface area of AC-Fe304/GF leading to
the enhanced electrocatalysis of the electrode surface. The modified electrode proved to have
superior properties towards UA and DA. Therefore, this implies that the simultaneous
determination of these two compounds of interest can be feasible.
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Figure 4.20: Cyclic voltammograms of 200 uM uric acid and dopamine using 0.1 M Phosphate
buffer solution, pH 6, on bare GCE, GF/GCE, and AC- Fe304/GF/GCE at the scan rate of
50 mV s,

4.5.2 Optimized instrumental parameters toward simultaneous detection of uric
acid and dopamine

The instrumental parameters for differential pulse voltammetric measurements were optimized,
these include the pulse amplitude 0.05 V, pulse width 0.05 s, sample width 0.017 s, potential
window 0.0 to 0.4 V, scan rate 50 mV s, and pulse period 0.2 s for simultaneous detection of
dopamine and uric acid.

4.5.3 Effect of the scan rate on dopamine and uric acid oxidation-reduction process

Figure 4.20 (a) shows the cyclic voltammograms on 200 uM of DA and UA prepared in 0.1 M
buffer solution of pH 6, at different scan rates on the AC-Fe3O4/GF/GCE modified electrode. The
scan rate ranged from 5 to 300 mV s ™. The oxidation peak currents gradually increase with
increasing scan rate and also the peak potentials were slightly shifted to the positive direction. As
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the scan rates increased, the oxidation peak currents also increased linearly. Figure 4.20 (b)
displayed the anodic peak current as a function of the square root of the scan rate for uric acid and

exhibited a linear response indicating that the charge transfer reaction was diffusion-controlled.

On the same note, figure 4.21 (c) shows the anodic and cathodic peak currents for dopamine were
both proportional to the square root of the scan rate. This indicates that the electrode reaction of

these two compounds was controlled by diffusion [35].
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Figure 4.21: (a) Cyclic voltammograms of 200 uM DA and UA in 0.1 M phosphate buffer solution
(pH 6) on AC-Fe304/GF/GCE at different scan rates. (b) The plot of the anodic peak current

against the square root of the scan rate for uric acid (UA). (c) The plots of the anodic and
cathodic peak currents as a function of the square root of the scan rate for dopamine (DA).
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4.5.4 Influence of pH on dopamine and uric acid oxidation process

The influence of pH on the anodic peak current and peak potential of 200 uM UA and DA prepared
in 0.1 M phosphate buffer solution at the modified electrode, AC-Fe304/GF/GCE, was investigated
in the range of pH 4.0 to 8.0. The aqueous solutions of NaOH and HCI were used to adjust the
desired pH. For determining how the pH of the supporting electrolyte system affects the
electrochemical oxidation of uric acid and dopamine, and to achieve high sensitivity, differential

pulse voltammetry was chosen as a more effective technigue.

Figure 4.21 (a) shows the anodic peak currents of dopamine and uric acid against the pH. The plot
shows that with increasing pH from 4 to 6.5, the oxidation peak current response of dopamine
increases. After that, for pH 7 to 8, the anodic peak currents decrease. On the other hand, from pH
4 to 5, the oxidation peak current for uric acid was observed to increase with the increasing pH.
For pH 5.5 to 8, there was a huge decline in terms of peak current. As a result, pH 5 and 6.5
produced the maximum anodic peak currents response for uric acid and dopamine respectively.
Hence for the simultaneous determination of UA and DA, these pH values were chosen as the
optimum pH values as the ideal pH for the electrochemical detection of DA and UA in the
subsequent experiments due to their high oxidation peak currents. The maximum separation of
individual oxidation peak potentials of DA and UA was observed under this condition.
Furthermore, the electro-oxidation peak potentials shifted in the negative direction with the
increasing pH indicating that the deprotonation step in the electrocatalytic oxidation processes

occurs more easily with increasing pH [36].

In addition, the relationship between peak potential as a function of pH was obtained as: for DA:
Epa =0.604 —0.0613 pH (R?=0.995), and for UA: Epa=10.767 — 0.064 pH (R?=0.9992) as shown
in Figure 4.21 (b). The slopes of DA, and UA were -61.3 mVpH?, and -64 mVpH™, respectively,
which were close to the theoretical value -59 mV pH™* [37], demonstrating that the electrode

process is a two-proton and electron transfer process as shown by Schemes 4.1 and 4.2.

123



0,55
25 —u— Do'paml'ne (DA) ®  Dopamine (DA)
—@— Uric Acid (UA) . a 0,50 4 ® Uric Acid (UA)
\.
\ 045
30 /. |
° 0,40 1
\ \ e R’ = 09902
g- 25 . . . uF 0354 Ep =-0.064pH +0.767
= ¢ — ]
= ~e S 030
2 5 / \ G
8 . \ g 0s-
./ \\ x!l )
/ \ 9 0,20
15- / " \\ s
[J
0,15 1
. \.\ b R’ =0.9995
10 e =
010 E, = - 0.0613pH + 0.604
T T T T T T T T T T T T T T T T T T
4 5 6 7 8 4 5 6 7 8
pH pH

Figure 4.22: The plot of oxidation peak current for dopamine and uric acid in 0.1 M PBS
containing (200 uM) of UA and DA at 50 mV s scan rate as a function of pH. (b) The
linear dependence of peak potentials for dopamine and uric acid against the pH.

4.5.5 Calibration curve and detection limits of dopamine and uric acid

To obtain the analytical utility of the AC-Fe304/GF/GCE, the simultaneous determination of each
analyte in a mixture was investigated by DPV. Figure 4.22 displays DPV voltammograms of AC-
Fe304/GF/GCE modified electrode for the simultaneous determination of dopamine and uric acid.
The simultaneous electrochemical oxidation of dopamine and uric acid was observed at 0.2 V and
0.35 V and the peak separation between these two peaks was obtained to be 150 mV. This peak-
to-peak separation was good enough to distinguish oxidative peak current for both uric acid and

dopamine.

Figure 4.22 (a) shows the differential pulse voltammograms of dopamine at different
concentrations in the presence of constant 60 uM UA concentration on AC-Fe304/GF/GCE
modified GCE, at the scan rate of 50 mV s*. Different concentrations of DA ranging from 5.0 to
400 uM were prepared in 0.1 M PBS pH 6.5. The electro-oxidation peak current of dopamine was
directly proportional to increasing concentrations as shown in Figure 4.23 (b). As illustrated in

this Figure, the calibration curve was obtained with the linear equation: 1, = 0.1106 [DA] + 1.963

124



x 10®, and correlation coefficient (R?> = 0.995). From this data, the limit of detection and

quantification were calculated and the results were tabulated in Table 4.10.

These results demonstrated that changing the concentration of dopamine has no obvious influence
on the oxidation of uric acid. Therefore simultaneous determination of this mixture is possible
without uric acid oxidation peak current response affecting that of dopamine. Based on the
optimized experimental conditions, Figure 4.22 (c) shows a differential pulse current response with
increasing concentrations of uric acid ranging from 2.5 to 450 uM in the presence of 60 UM
dopamine prepared in 0.1 M PBS of pH 5. The peak current increases linearly in the potential
window from 0 to 0.5 V with increasing concentration as depicted in Figure 4.22 (c). From Figure
4.22 (c) calibration curve was obtained with the linear equation: I,=0.109 [DA] - 1.71 x 108, and
correlation coefficient (R? = 0.996). From this data, the limit of detection and quantification were
calculated and the results were tabulated in Table 4.10. These were calculated using the following
equations: LoD = 3.3 (s/m) and LoQ = 10 (s/m). Where s is the relative standard deviation of the

intercept of the y-coordinate from the linear fit plot and m is the slope of the same line.

These results also demonstrated that changing the concentration of uric acid has no obvious
influence on dopamine oxidation peak current. Therefore simultaneous determination of this

mixture is possible without interference.
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Figure 4.23: (a) and (c) Differential pulse voltammograms of 60.0 uM uric acid (UA) and different
concentrations of dopamine (DA) (5.0 — 400) uM at pH = 6.5, 60.0 uM dopamine (DA)
and different concentrations of uric acid (UA) (2.5 — 450) uM at pH 5, n = 3. (b) and (d)
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The plots of peak current response for dopamine and uric acid as a function of

concentrations respectively.

Table 4.10: Calibration curve parameters.

Differential pulse voltammetry Dopamine (DA) Uric acid (UA)
(Parameters)

Concentration range / (mol.L™!) 400 x 10° - 5x10° 450 x 10° - 2.5x10°

Slope 0.1106 0.109

Intercept 1.963 x 10 1.71 x 10

Correlation coefficient (1) 0.995 0.996

LoD (mol.L") 2.7 x10° 1.75 x 107

LoQ (mol.L™") 8.07 x 10° 5.84 x10°

In comparison with the reported work conducted on the mixture of uric acid and dopamine, the

AC-Fe3;04/GF/GCE modified electrode results are compared as shown in Table 4.11.

The detection limits were comparable to references [38] and [39] for uric acid but with a higher
linear dynamic range as compared to references [38], [39], and [41]. For dopamine, the detection
limit was lower than reference [39] and [41] but higher than reference [38] and [40]. However, the
modified electrode possesses a good linear range as compared to reference [38], [39], and [41].
From the perspective of LoDs toward UA and linear range, AC-Fe304/GF /GCE still occupies a
unique advantage in the simultaneous detection of DA and UA. It should also be noted that the
literature on electrochemical detection of the mixture of DA and UA, the determination of
electroactive surface area, and the diffusion coefficients of the analytes of interest were very
scarce. Therefore, this signifies the novelty of this study, especially using AC- Fe304/GF/GCE as

an electrochemical sensor.
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Table 4.11: Comparison of the analytical performance of AC- Fe304/GF/GCE on the simultaneous
determination of dopamine and uric acid with other reported sensors towards a mixture of
dopamine and uric acid.

Sensor Method Linear range / (uM) LoD / (uM) Ref.
UA DA UA DA

Au/rGO/GCE DPV 8.8-53 6.8 -41 1.4 1.8 [38]
GF/CNTs/GNPsGCE DPV 0.1-48 0.5-60 1.36 33.03 [39]
PEDOT/rfGO/GCE DPV 0.1-901 0.1-701 0.6 0.2 [40]
OPEDOT-
AUNPS/GCE SWV 4-100 20 - 100 1.0 5.0 [41]
AC-Fe;04/GF/GCE DPV | 25-450 | 5.0-400 | 175 | 27 VTVI;IS(

Abbreviations: MWCNT — multi-wall carbon nanotubes, GO - graphene oxide, Au- gold,
AUNPS — gold nanoparticles, rGO — reduced graphene oxide, poly (3,4-ethylene
dioxythiophene)-PEDOT, AC-activated carbon, GF-graphene foam, GNPs - graphene
nanoparticles, FezOs- iron oxide, LoD — Limit of detection.
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4.5.6 Interference study on uric acid and dopamine

Lastly, to evaluate the anti-interference ability of AC-Fe304/GF/GCE, the following are some
foreign compounds that were used as potential interference substances; ascorbic acid, tartaric acid,

glutamic acid, cysteine, lysine, and glucose.

Although the concentrations of both DA and UA mixture were the same, they possess different
diffusion coefficients, and that signifies their different mass transportation from the electrolyte
medium to the surface area of the electrode where the redox process takes place. Therefore we
cannot anticipate getting the same electro-oxidation peak current for both dopamine and uric acid
as depicted in Figure 4.24.

Figure 4.24 illustrates the variation of oxidation peak currents for interfering compounds
concerning dopamine (DA), and uric acid (UA) at AC-Fe304/GF modified electrode in 60 uM of
DA and UA mixture prepared in 0.1 M PBS of pH 6. Eighty uM of each interfering compound
was prepared in a 0.1 M phosphate buffer of pH 6. The addition of 100 yL into a 10 mL buffer
solution containing a 60 UM mixture was analyzed under differential pulse voltammetry. The
modified electrode had anti-interfering behavior towards the electro-oxidation of dopamine and
uric acid, in the presence of interfering compounds with an average of only a 1.4% and 3.04%
current drop on the DPV current response for DA and UA respectively. While only a 0.63% current

increase was observed for UA in the presence of the I-lysine compound.

Thus, these results indicate that the proposed sensor can be used to monitor real-time sample
analysis, and another predominant factor is that the results do not exhibit any significant
interference signals. This indicates the excellent selectivity of the modified electrode towards
simultaneous electroanalysis of DA and UA. As depicted in Figure 4.24, these materials had no
significant effects on the UA and DA sensing ability of the electrode at the tested concentrations;
thus suggesting that the developed electrode has an outstanding selectivity toward both UA and
DA determination.
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Figure 4.24: The variation of oxidation peak current intensity for interfering compounds
concerning 60 pM dopamine and uric acid by DPV at AC-Fe;04/GF/GCE modified
electrode in 0.1 M PBS at a scan rate of 50 mV s™'.

4.5.7 Determination of dopamine and uric acid in the urine sample

For the evolution of the applicability of the proposed sensor, DA and UA in human urine samples
were analyzed at the AC-Fez04/GF /GCE. The differential pulse voltammetry method was used
under optimized conditions to ascertain the dopamine and uric acid concentrations present in the

urine sample.

The standard addition method was used to determine dopamine and uric acid concentrations from
a human urine sample. The peak currents were recorded after each of the prepared concentrations

of 20, 40, 60, and 80 uM of the mixture was spiked into the sample for 100 pL. The peak current
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responses were observed to rise when known concentrations of the mixture were added. Linear
equations were derived by plotting the oxidation peak currents against the concentrations. The
straight-line equations from the extrapolated plots were used to estimate the sample’s uric acid and
dopamine concentrations to be 1.606 puM and 0.522 uM, respectively. As a result, the findings

demonstrate that the prepared modified electrode can be utilized in actual sample analysis.

The prepared different concentrations of 10, 20, and 30 uM of DA and UA were each spiked into
the prepared human serum samples, and the DPV experimental results are shown in Table 4.12.
The recoveries of the spiked samples were detected within the range of 95.6% — 100.3%,
indicating that the assay could be potentially used for the determination of dopamine and uric acid

in real samples.

Table 4.12: Determination of dopamine and uric acid in human urine samples by differential
pulse voltammetry less than 3.0%, indicating that the assay could be potentially used for
the determination.

ool Spiked / Found ? / (nM) Recovery (%) R.S.D. (%)
P (M)
DA UA DA UA DA UA
10.0 9.56 9.75 95.6 97.5 0.58 1.25
Urine 20.0 20.06 19.62 100.3 98.8 1.396 1.76
30.0 28.84 29.74 96.13 99.13 2.94 3.94

2 Average value of four determinations.

The application of AC- Fe304/GF/GCE for simultaneous determination of uric acid in urine
samples (n = 3). All concentrations are in pM.
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4.5.8 Conclusion

Uric acid and dopamine were simultaneously investigated using the modified glassy carbon
electrode, AC-Fe304/GF/GCE. The oxidation of these two analytes was found to be resolved by
both GF/GCE and AC-Fe304/GF/GCE, with the latter being superior in terms of its increased
surface area and current sensitivity. The electroanalytical performance of the AC-Fes04/GF/GCE
was evaluated in comparison to a bare GCE, and GF/GCE using cyclic voltammetry and other
reported literature. The differential pulse voltammetry provided linear calibrations with detection
limits of 1.75 uM for uric acid and 2.7 uM for dopamine. The modified electrode was found to be
a good sensor for directly determining both dopamine and uric acid in real urine samples due to its
high selectivity and good antifouling ability. A new sensor prototype that can selectively detect
dopamine and or uric acid in a variety of foods, pharmaceuticals, and human serum samples is

anticipated to emerge from the fabricated sensor.
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Chapter 5
Conclusion and Recommendations

5.1 Conclusion

Through chemical vapor deposition of graphene foam (GF), co-precipitation of iron oxide (Fez04),
and use of activated carbon (AC), the AC-Fe3O4/GF electrochemical sensor was successfully
developed, resulting in a high product yield, cost-effectiveness, and environmentally green
catalytic composite. This exploration work describes the fruitful fabrication of an electrochemical
sensor based on activated carbon, iron oxide, and graphene foam-modified electrodes for the
electrochemical detection of a few chosen biological molecules (uric acid and dopamine). Various
characterization methods, such as Energy Dispersive X-ray Spectroscopy (EDS), Fourier
Transform Infrared Spectroscopy (FT-IR), X-ray diffraction Spectroscopy (XRD), and Scanning
Electron Microscopy (SEM), were used to investigate the AC-Fez04/GF composite's distinctive

characteristics.

Cyclic voltammetry studies of a variety of modified electrodes revealed that, in contrast to the
other electrodes, the AC-Fe304/GF/GCE electrode had well-defined peak resolution and peak
separation in the ferrocyanide redox system, as well as rapid electron transfer. The voltammetry
measurement of physiologically related molecules like uric acid and dopamine is made possible

by the AC-Fe304/GF/GCE electrode's enhanced electrocatalytic performance.

The bare glassy carbon electrode (GCE) and the modified AC-Fe304/GF/GCE electrode had
electroactive surface areas of 0.0596 cm? and 0.210 cm?, respectively, indicating that the modified
electrode was easier to transfer electrons. According to the voltammetric data that were obtained,
the GF/GCE electrode had a lower AEp value of (114 mV), which lends credence to numerous
publications' claims regarding graphene-based materials' demonstrated improved electron
transport properties. However, the AC-Fez04/GF/GCE electrode's current response was the highest
(125 pA).

The optimal buffer conditions (0.1 M phosphate buffer solution), pH, scan rate, and differential

pulse voltammetry parameters were used to create this modified electrode for the dopamine and
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uric acid sensors, allowing for a satisfactory current response and rapid detection of the target

analytes.

The electrocatalytic redox process of the individual uric acid (UA) and dopamine (DA) was
performed using the cyclic voltammetry technique and the redox peaks at the AC-Fe304/GF/GCE
electrode were observed at 0.44 V for UA and (0.28 V and 0.21 V) for DA. That is, only an anodic
peak current was observed for uric acid (5 mM) and both anodic and cathodic peak currents were
observed for dopamine (185 uM). About 7.2 YA current response was observed for uric acid on
AC-Fe304/GF/GCE while on bare electrode 3.4 pA current was observed. For dopamine
electroanalysis, 22.5 YA anodic peak current and -16.5 pA cathodic peak current were observed
on the modified electrode and 5 YA anodic and -4.8 WA were observed on bare GCE. The
developed electrochemical sensor proved an outstanding high sensitivity and improved catalytic

property of the modified GCE.

Cyclic voltammetry conducted a scan rate study on uric acid and dopamine, and linear graphs
defined by equations were produced by plotting oxidation peak currents as a function of the square
root of the scan rate: with correlation coefficients of R? = 0.989 and R? = 0.994, I, = -9.5 x 10°®
VY2 4+ 6.94 x 105, 1, = 2.42 x 10* VY2 3.28 x 10°®, respectively. On the AC-Fes04/GF/GCE
electrode, these relationships suggested a diffusion-controlled process for uric acid and dopamine.
The modified electrode was used to calculate the diffusion coefficients for uric acid and
dopamine,12.8 x 10°cm? st for Uric acid, and 3.97 x 10" cm? s for dopamine were obtained, which
were comparable to the diffusion coefficients that were reported for these candidates using various

modified electrodes.

Plots of current versus UA and DA concentrations using an AC-Fes04/GF/GCE electrode were
used to determine the LoD (2.55 pM), LoQ (7.703 pM), and LoD (1.47 uM), LoQ (4.91 uM)
respectively, for individual uric acid and dopamine detection. For these individual measurements,
the linear range for UA was (1630 to 5 uM, and for DA, it was 2.5 to 450 uM). Again, differential
pulse voltammetry (DPV) was used at the modified electrode to perform simultaneous uric acid
and dopamine measurements. Uric acid's LoD (1.75 puM), LoQ (5.84 uM), and dopamine's LoD
(2.7 pM) and LoQ (8.07 pM) were calculated. The measurement was made at concentrations
ranging from 450 to 2.5 uM for UA and 400 to 5 uM for DA.
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In addition, the proposed sensor demonstrated excellent selectivity and anti-interference behavior
when it came to detecting selected biological samples even when some species were interfering.
The real sample analysis was set up to see if the new AC-Fe304/GF/GCE sensor could be used in
human urine samples. The constructed sensor's percentage recoveries for uric acid and dopamine

concentrations indicate its potential for determining the analyte in urine samples.

5.2 Recommendations

v The adaptability of the modified electrode utilized in this research work can be additionally

studied by applying it to various redox species.

v" While metal oxide coupled with carbon-based materials used in this work enhanced the
peak current of uric acid and dopamine, it will be good to try different types of carbon
nanomaterials since they are economically accessible and possess lesser negative

environmental effects.

v' The development of inexpensive, simple, and readily available sensors that can detect
biological molecules down to nanomolar concentrations with high selectivity can be a

focus for future work.

v’ The effect of particle size on the materials used for electrode modification can also be

studied for optimization.
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Appendices

Formulae used:

e LoD =3.3(s/m)
e LoQ=10(s/m)
o AEp = Epc - Epa

e 1,=2.69x10°n%2 ACDY2VY2 at25°C.
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