ANTIFOULING PHYSICALLY SMALL
CARBON ELECTRODES FOR
DOPAMINE DETECTION

By

Shajahan Siraj

Master of Science, University of Dhaka

A thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy

Department of Chemistry and Biomolecular Sciences
Macquarie University

Sydney, Australia

19 August 2016



Abstract

In this work, we have developed physically small carbon electrodes that show
antifouling behaviour during detection of the neurotransmitter dopamine in a biological
medium to achieve meaningful detection results. In such an experiment, amphiphilic
proteins, peptides and lipids present in extracellular fluid can easily adsorb on a
hydrophilic electrode surface. This prevents dopamine from making direct contact with
the electrode for electron transfer reactions, leading to electrode fouling in which a
gradually diminishing transient detection signal is observed. In this study, we have
developed antifouling conical-tip carbon electrodes by hydrogenating the carbon using
an n-butylsilane or a diethylsilane reduction method, followed by a 4-sulfobenzene
layer. These modified electrodes were subjected to dopamine detection in the presence
of a simulated biological environment to assess their effectiveness in such a detection
experiment. In addition, we have also discovered in this work that the n-butylsilane
reduction method is capable of activating non-functioning carbon electrodes by
removing carbon-oxygen functionalities from an electrode surface prior to terminating

the defect sites with carbon-hydrogen.

In our laboratory, physically small conical-tip carbon electrodes are routinely fabricated
by thermally pyrolysing acetylene in a nitrogen atmosphere to deposit carbon at the tip
and on the shank of quartz capillaries already pulled down to a tapered end, typically ~2
um in tip diameter and ~15 um axial length. These electrodes were characterised by a
sigmoidal-shaped cyclic voltammogram of [Ru(NH3)g]3* with a small charging current
between the forward and backward scan. Occasionally, a non-sigmoidal shaped cyclic
voltammogram with an appreciable charging current was obtained, indicating a non-
functioning conical-tip carbon electrode. These electrodes were then treated in a one-
pot reaction involving n-butylsilane reduction capable of reducing carbon—oxygen
functionalities present on a carbon surface, e.g. aldehydes, ketones and primary,
secondary and tertiary alcohols, polycarboxylic acid group to their corresponding alkyl
functionalities, leaving carbon—carbon double bonds and the graphitic structure
undisturbed. Phenolic hydroxyl groups, however, were not reduced but were instead

silanised to form a dendrimeric butylsiloxane. After such a hydrogenation treatment,



these electrodes were found to vyield an expected sigmoidal-shaped cyclic
voltammogram of [Ru(NH3)g]3* with negligible charging current, indicating a
characteristic functioning microelectrode. In this way, the fabrication success rate of
carbon microelectrodes was improved to nearly 100%. X-ray photoelectron
spectroscopy was used to systematically characterise the surface of hydrogenated
carbon electrodes. We also studied the electrochemistry of anthraquinone-2,6-
disulfonate (AQDS) at these hydrogenated carbon electrodes to provide evidence for
the removal of the carbon-oxygen functionalities from the electrode surface. In
addition, after a one-week storage in air and in a pH 7.4 citrate/phosphate buffer, there
was a minimal change in the corresponding [Ru(NH3)g]3* reduction signal of ~1.1%

and ~2.8%, respectively, observed at these hydrogenated carbon electrodes.

The n-butylsilane hydrogenated carbon electrodes were further characterised using
[Fe(CN)g]3- and dopamine as redox markers. To support the cyclic voltammetric
results, electrochemical impedance spectroscopy was also conducted at the
hydrogenated carbon electrodes. The results obtained indicated sluggish electron
transfer kinetics for both redox markers at the electrodes due to the formation of an sp3
enriched, defect free hydrophobic surface. The electrode surface was also examined
using atomic force microscopy. Raman spectroscopic results also confirmed a larger
proportion of sp3 hybridised carbon at these hydrogenated carbon electrodes, compared
to the corresponding carbon electrodes that were not hydrogenated. Hydrogenated
carbon electrodes with such a hydrophobic surface have demonstrated their capability
in determining dopamine with minimal interference from ascorbic acid at concentration
as high as 500 uM generally expected in an extracellular fluid. Upon incubating
hydrogenated carbon electrodes in a synthetic fouling solution containing 1.0% (v/v)
caproic acid (a lipid), 4% (w/v) bovine serum albumin and 0.01% (w/v) cytochrome C
(both are proteins), and 0.002% (w/v) human fibrinopeptide B (a peptide) for 30 min,
they were used in the cyclic voltammetric detection of dopamine in order to assess their
degree of antifouling capability. A ~35% decrease in dopamine oxidation current was
observed. However, the magnitude of this oxidation current remained almost

unchanged even after incubating the electrodes in the same synthetic fouling solution



for one week. The dopamine oxidation product, dopamine-o-quinone, is itself a well-
known fouling reagent. However, there was no observable interference at the
hydrogenated carbon electrodes when the dopamine concentration was kept below 1.0
MM, which is a 100-fold higher concentration than that generally expected in the central
nervous system. These results support minimal fouling at n-butylsilane hydrogenated

electrodes during dopamine detection in vitro.

Next, a 4-sulfobenzene layer was immobilised on hydrogenated conical-tip carbon
electrodes to achieve improved dopamine detection sensitivity and to further enhance
the fouling resistance at the electrodes. Cyclic voltammetry and X-ray photoelectron
spectroscopy confirmed the grafting of 4-sulfobenzene on n-butylsilane modified
electrodes. Similar results in the voltammetric studies of [Fe(CN)g]3- at the electrodes
to n-butylsilane hydrogenated electrodes were obtained. However, a ~4% improved
[Ru(NH3)]3* detection signal and a ~10% improved dopamine detection signal were
estimated at 4-sulfobenzene modified electrodes that were hydrogenated by n-
butylsilane reduction, compared to hydrogenated electrodes without any 4-sulfobenzene
modification. The former electrodes also displayed a ~13% higher dopamine detection
sensitivity over the latter electrodes. We have attributed all these observations to
electrostatic attraction between the negatively charged 4-sulfobenzene groups on the
electrode surface and positively charged [Ru(NH3)g]3+ and dopamine (a cation under
physiological pH). By assessing the antifouling property of the 4-sulfobenzene
modified electrodes in the same fouling solution described above, there was only a 15%
sensitivity loss, compared to ~38% at hydrogenated electrodes without 4-sulfobenzene
modification. In addition, a limit of detection of 52 + 8 nM was estimated at 4-
sulfobenzene modified electrodes, which is approximately a three-fold improvement
relative to 138 + 12 nM estimated at hydrogenated electrodes without any 4-

sulfobenzene modification.

In this work, we have also conducted carbon electrode hydrogenation using a branch-
chained alkylsilane, diethylsilane, in place of the linear-chain n-butylsilane, to evaluate

their antifouling capability. These diethylsilane hydrogenated carbon electrodes



showed a ~36% decrease in the dopamine oxidation signal after a one-week incubation
in the fouling solution, which is comparable to 35% obtained at n-butylsilane
hydrogenated carbon electrodes. In a similar experiment, a 38% decrease in dopamine
signal was observed at a 4-sulfobenzene layer immobilised carbon electrodes that were
hydrogenated by diethylsilane reduction. We have also observed faster electron transfer
kinetics at both diethylsilane hydrogenated carbon electrodes and those that were
subsequently modified by 4-sulfobenzene compared to all other electrodes studied in
this work. More significantly, 100% 4-sulfobenzene modified carbon electrodes that
were hydrogenated by diethylsilane reduction (compared to 66% of diethylsilane
hydrogenated, 33% n-butylsilane hydrogenated, and 33% 4-sulfobenzene modified
carbon electrodes that were hydrogenated by n-butylsilane reduction) were found to be
stable and demonstrated consistent fouling resistance throughout the experiments after

being incubated in the fouling solution for 0, 10, 30 min and 1 week.

Finally, all electrodes studied in this work were assessed in their feasibility in the
analysis of dopamine in a real-life human serum sample, into which dopamine was
spiked and then the recovery was evaluated. In this way, a 97.2 — 129% recovery of
dopamine was obtained at all modified electrodes. These results support the potential
applications of all the above modified electrodes for determination of dopamine in real-

life samples.
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Chapter 1

Introduction

1.1 Neurotransmission and neurotransmitters

In the mammalian brain, the central nervous system processes a tremendous amount of
information received from the surrounding through senses such as sight, hearing, and
touch, which is then integrated within the body. Signalling in the brain is transmitted
between the neurons using small biomolecules as messengers and this transmission is
known as neurotransmission. A neurotransmission process occurs in the central
nervous system by cell-to-cell communication upon an electrical or a chemical
stimulation. The process involves exocytotic events through which chemicals are
released by presynaptic cells, followed by reuptake by presynaptic reuptake carrier
proteins embedded in the membrane of the nerve terminal.! In this way, information
from the surroundings is extracted through an action potential triggered
neurotransmission, resulting in corresponding behavioural changes.? Dopamine,
serotonin, y-aminobutyric acid (GABA), glutamate, epinephrine and norepinephrine
(their structures are shown in Table 1.1) are some of the common chemicals involved in
the neurotransmission process. Each of these neurotransmitters has its unique source or
generation site as well as its characteristic removal or degradation process within the
tissue. For example, there are three major dopamine systems well presented in a
mammalian brain® including (i) the cell bodies of the nigrostriatal pathway that reside in
the substantia nigra pars compacta and project to dorsal striatum (caudate-putamen); (ii)
the mesolimbic pathway that originates in the ventral tegmental area and terminates in
the nucleus accumbens; (iii) the mesocortical pathway that originates in the ventral
tegmental area but terminates in the prefrontal cortex. The brain anatomy in terms of
the projection of neurotransmitters described by Berke et al.* is reproduced in Figure
1.1. For example, the flow of dopamine to the striatum is mostly obtained by a dense
network of axon terminals arising from cell bodies in the substantia nigra pars compacta
and ventral tegmental area. The striatum receives glutamatergic input from all cortical

areas, while GABA is projected to globus pallidus-external and subthalamic nucleus
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from striatal neurons as ninety percent of these neurons are medium-sized GABAergic
cells.* In a review on vesicular exocytosis and microelectrode arrays, Amatore et al.®
described the neurotransmitter release process in the extracellular medium.
Accordingly, the arrival of an appropriate stimulation increases the intracellular Ca2*
concentration, which in turn causes the vesicles to move from the cell cytoplasm toward
the cell membrane, where they dock through protein assemblies called soluble N-
ethylmaleimide sensitive fusion protein attachment receptors. These vesicles then fuse
through the membrane to release their content in extracellular medium. As described
by Xu et alb, an amperometric system comprising of a recording system and a
stimulation system are often employed in dopamine detection in vivo. The recording
system includes an amplifier, a filter and an AD/DA converter. Electrical stimulation
(e.g. potential pulses) can then be easily generated through the AD/DA converter and an
isolator. In the experiment, a sensing / working electrode is positioned in the striatum
area of interest, while a bipolar stimulation electrode is placed in the medial forebrain
bundle in a rat brain. In this way, stimulating pulses are applied to trigger dopamine
release in the striatum and the corresponding signals are recorded by adjusting the depth

of the working electrode.

Neocortex
Frontal

s

Thalamus

Hippocampus
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Figure 1.1. Anatomy of cortex-basal ganglia circuits. Adapted from reference 4.
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Table 1.1 Redox reactions for electrochemically detectable neurotransmitters in the

brain. Adapted from reference 7.

Oxidation potential

Molecule Electrochemical oxidation
(versus AglAgCl)
Dopamine :©/V””3_e,°D/VNH3 +02V
+2H *
(o]
-+
L-DOPA* o coo +04V
g g 02V
i i HO NH; o NH; + 0.
Norepinephrine @ s 2 L
HO (o]
OH OH y,
Epinephrine HOJQ)VNZ\ 20 ° NG +0.2V
+2H
HO (o]
*k HO coo _ 2e ° coo . +0.2V
DOPAC j@A 2o, s 2m .
HO (o]
] HO NH .
Serotonin | 2 OWNfszH* +0.35V
H SN
HO - o ,
(ef0]0]
5-Hydroxy W -2e W\;j\\—r‘ll/\ﬁcoo+ - 4035V
H .
indolacetic acid
NH, NH,
N7~ 2H N7 -2e -2H
L Ly ALy T |
N o7 "N” N First step
Ad . R4 H R,
enosine
NHz NH, +1.2V
N +
N -2e -2H N =
)\ | >=0 —_ 41\ _ >=0
0~ "N~ _N 0~ "N N
H R, R,
OH OH
. . (o] (o]
Ascorbic acid 0 .2 H\;_(o +0.2V
OH /— OH
HO OH o] o)
(o]
Uric acid +03V

2\ \ \>—O—> )\ /EO

* L-3,4-dihydroxyphenylalanine; ** 3,4-Dihydroxyphenylacetic acid
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Neurotransmitters play a crucial role in the central and peripheral nervous system.
They play a key communication process between neurons. They are also involved in
action initiation, timing, control, learning and memory via striatal generation of
neuronal activity that initiates and terminates action sequences.” Any disorder of
neurotransmitters, e.g. glutamate, acetylcholine, dopamine, and serotonin, in a specific
brain region may cause many neurodegenerative diseases.® These disorders may be
caused by primary and secondary defects in the biosynthesis, degradation, or transport
of neurotransmitters.® While there are many types of neurotransmitter, the majority of
researches involving direct electrochemical detection are concentrated on mononamines
including dopamine, serotonin, epinephrine and norepinephrine because they are easily

oxidised.

Dopamine is a neurotransmitter belonging to a catecholamine group present in the
dopaminergic area.!® It is strongly implicated in higher-order cognitive and motor
functioning®! and it also plays important physiological roles in the peripheral nervous
system as the regulator of olfaction, retinal processes, hormonal regulation
cardiovascular functions, sympathetic regulations, immune system and renal
functions'?2.  The main dopamine source is the dopaminergic cells located in the
midbrain region called the substantia nigra pars compacta. The number of
dopaminergic cell bodies varies from 45,000 in the rat, 165,000 in the macaca monkey,
and as high as 590,000 in the fourth decade of human life.!* However, this number
drops to 350,000 during the sixth decade of life.!* Decrease in concentration of
dopamine in striatum may cause extrapyramidal disorders and neuropsychiatric diseases
such as Parkinson’s Disease, addiction, schizophrenia, obsessive compulsive disorder,
and Tourette’s syndrome.®® Dopamine also acts as a modulator of mood and
depressive symptoms.* Dopamine concentration in striatum can also be triggered by
psychomotor stimulants such as cocaine and amphetamine.*  Additionally,
dopaminergic neurons in the ventral tegmental area are activated by several types of
aversive stimuli and dopamine release is triggered in the dorsal striatum and nucleus
accumbens core by tail pinch.’® In the central nervous system, dopamine is found in

basal ganglia where its concentration is approximately 10 nM, while fast burst can
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increase dopamine concentration from 0.1 pM to 1 pM.'® Under stress, dopamine
concentration in urine may rise several times higher than the physiological
concentration of 1.3 uM.1"1® On the other hand, dopamine concentration in blood may
lie between 0.07 to 0.13 nM depending on diet.!® Dopamine concentration can also

dramatically reach 50 uM in the caudate nucleus after drug consumption.*®

Serotonin, otherwise known as 5-hydroxytryptamine (5-HT), is also an indoleamine
that acts as a modulator of gastrointestinal motility, peripheral vascular tone, cerebral
vascular tone, and platelet function. It has been implicated in the pathophysiology of
mood disorders, emesis, migraine, irritable bowel syndrome, and pulmonary and
systemic hypertension.?® Irregular serotonin concentration is responsible for the
development of neurological disorders such as anxiety and depression.?® It is
predominantly found in gastrointestinal tract released by enterochromaffin cells located

in the mucosa.??

Two other neurotransmitters are norepinephrine and epinephrine. Norepinephrine is a
biochemical messenger and one of the major central nervous system effectors of the
human stress response. It has a potential role in panic, anxiety and posttraumatic stress
disorder.®?* A progressive degeneration of norepinephrine in the basal forebrain and
of noradrenergic nuclei in the brain stem causes Alzheimer’s diseases.?® Epinephrine,
also known as adrenaline, is a neurotransmitter secreted by the medulla of the adrenal
glands. It is a catecholamine (pKa 8.55)?% existing as a cation in a physiological
environment.  This neurotransmitter is triggered into the bloodstream under
physiological stress and low blood sugar level.?” It is also secreted in responding to
fear, anger or excitement. Thus, a quantitative determination of epinephrine
concentration, such as in human plasma and urine, is significant for developing nerve

physiology, pharmacological research and life sciences.?
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1.2 Neurotransmitters detection in vitro and in vivo

1.2.1 Significance of neurotransmitters detection

The above discussion has demonstrated the importance of neurotransmitter analysis,
particularly with respect to the rapid and early detection of neural disorders.
Appropriate analysis would contribute to addressing many important issues of interest
to neuroscientists, for example,
e the quantity of neurotransmitters released in an individual action potential and
if this is a quantised amount;
e the half-lives of neurotransmitters;
e possible effects of pharmaceutical agents on neurotransmitter release and
reuptake.?®
An improved understanding of the chemical interactions that play key roles in the
functioning brain may be understood by in vivo measurement of neurotransmitter and
related compounds.®® Most of the techniques for in vivo measurements involve
microdialysis sampling techniques, followed by analysis using liquid chromatography —

mass spectrocopy, fluorescence technique or electrochemical methods. 33

1.2.2 Microdialysis and chromatographic determination of
neurotransmitters

Microdialysis sampling is among the techniques used to collect sample from a brain.
Microdialysis sampling is therefore readily applied to neuroscience, particularly the
neuro-intensive care of brain-injured human patients. Moreover, in microdialysis, the
simultaneous implantation of multiple probes in different brain regions enables the
technique in revealing region-dependent dynamics of released neurotransmitters.®
Segovia et al.** monitored dopamine release in the nucleus accumbens and in the
striatum of a rat brain to elucidate the effects of environmental enrichment in adulthood
on dopamine release. In such an experiment, a microdialysing probe of 2 mm length
with active dialysis membrane was accommodated in a bilateral guide-cannulae and
was implanted in the nucleus accumbens. The probe was implanted such that the

dialysis membrane of the probe ran almost through the core of the nucleus accumbens.
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The probe was perfused with artificial cerebrospinal fluid for 3 h and the sample was
subsequently collected over a 20-min period and was stored at -800C until analysed.
Finally, the collected sample was analysed by reverse-phase high performance liquid
chromatography (HPLC) using a C18 column, where a mobile phase consisting of an
actate-citrate buffer, EDTA, sodium octyl sulfonate and methanol was used. In this
work, a limit of detection of 0.15 nM dopamine was estimated. In other work, a
method based on liquid chromatography-mass spectrometry/mass spectrometry (LC-
MS/MS) was developed to simultaneously determine dopamine, adenosine,
acetylcholine, and 5-HT in mouse brain microdialysates. The limit of quantification
was estimated to be 0.05 nM.%® Suominen et al.* validated an ultra-performance LC-
MS/MS method for the determination of serotonin, dopamine, and their metabolites in
human brain dialysate and cerebrospinal fluid sample. Meanwhile, dopamine and
enkephalins were monitored in rat globus pallidus by implanting a probe of 2 mm
dialysing membrane and the dialysate was subsequently analysed by capillary liquid
chromatography/mass spectrometry.®” In a separate work, a probe of 4 mm dialysing
membrane was implanted in the striatum in a dyskinetic rat and the probe was perfused
for approximately 12 h with artificial cerebrospinal fluid.*® The dialysate was analysed
by HPLC and LC-MS/MS using reverse-phase column to measure dopamine and L-
DOPA. Ferry et al.*® employed electrochemical detection coupled with HPLC for
monitoring norepinephrine, dopamine, and serotonin in brain dialysate. The experiment
was carried out in a single run using micro-volumes of dialysate obtained from dorsal
hippocampus and basolateral amygdala in a rat brain. However, the technique has
limitation in temporal and spatial resolution and also considerable tissue damage arising
from the implantation of a ~200 um diameter dialysing probe that triggers gliosis and
ischemia.*®#14243  To minimise penetration injury, Jaquins-Gerstl et al.** conducted
dialysis in a rat brain using already synthesised glucocorticoid dexamethasone, an anti-
inflammatory and immunosuppressant substance, in the perfusion fluid. After 5 days of
dialysis to collect a dopamine sample, dexamethasone was found to reduce penetration
injury by almost 100% around the probe track and minimise both gliosis and ischemia.
Notably, the probe has no significant effect on dopamine flux. However, Wang et al.*

found a significant disruption on dopaminergic activity near the probe track where a
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dialysing probe of 200 um diameter and 4 mm active length was positioned in the rat
striatum. In this work, they have found that, although the cells survived around the
probe track, the dopamine terminals experienced altered presynaptic inhibition. The
method involves a two-step process, extraction of analyte from the dialysate and then
purification by capillary electrophoresis or chromatography before the actual
measurement. Hence, the measurement process was slow and it required a considerable
time scale from minutes to hours. Thus, this technique is not quite suitable for real-time
measurement in vivo as the analyte concentration is known to fluctuate within fractions

of seconds.*

1.2.3 Fluorescence techniques for neurotransmitter detection

Fluorescent probes have recently been found as promising tools in life science research
owing to their ultrasmall size and biocompatible property. They have a wide range of
applications as biosensors, in molecular imaging, as optoelectronics and
nanomedicine.*® Wu et al.*” reported a fluorescence quenching based dopamine and
other catecholamine detection method where they used phosphate-modified titanium
dioxide nanoparticles and fluorescein for sensing the catecholamines. By measuring
fluorescence quenching of fluorescein occurring in the presence of dopamine, the limit
of detection was estimated as 33.5 nM. Liu et al.*® developed a fluorescence probe
consisting of CulnS, ternary quantum dots functionalised with 3-aminophenyl boronic
acid that emits fluorescence at 736 nm. The reaction between the boronic acid group of
the probe and dopamine caused fluorescence quenching that was quantitatively related
to dopamine. A fluorescent nanosensor capable of quenching and recovering the
photoluminescence was constructed by Xiangzhao et al.*® for the simultaneous
detection of dopamine and glutathione. In this work, the binding of the oxidised form
of dopamine (dopamine-o-quinone) to a silica-coated CdTe quantum dot surface caused
the quenching of fluorescence. In the next step, glutathione recovered the luminescence
by reducing the adsorbed dopamine-o-quinone. The authors found a linear relationship
between dopamine concentration and glutathione and the intensity of the

photoluminescence of the quantum dots during both quenched and regenerated forms.
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CdSe/znS quantum dots were modified by adenosine for selective and sensitive
detection of dopamine in human urine samples without any interference from amino
acid, ascorbic acid, and uric acid at a 100-fold higher concentration than dopamine.®
The fluorescence of the modified probe was quenched when dopamine was non-
covalently bound to the receptor adenosine on quantum dots. Another fluorescence
probe consisting of 3-aminopropyl triethoxylsilane modified ZnO quantum dots was
developed and performed with similar fluorescence quenching mechanism to detect
dopamine in serum samples.>* No effect was detected on fluorescence of emission was
observed when the interference experiment was conducted using ascorbic acid, uric
acid, and several other amino acids. A bovine serum albumin stabilised Au nanocluster
fluorescent probe was prepared to detect dopamine down to as low as 10 nM.>? The
probe displayed fluorescence at 615 nm, which was completely quenched upon addition
of dopamine to the probe. The developed probe also demonstrated selectivity towards
dopamine as no emission from the probe was found in the presence of dopamine, when
the sample was excited by a UV trans-illuminator but emission was observed in the
presence of ascorbic acid, uric acid, and DOPAC. In other work, DNA mediated silver
nanostructures were used as a platform for sensitive and selective detection of
dopamine.®® In the presence of dopamine, silver nanoparticles were found to be
released from the DNA scaffold and dopamine was chemisorbed on the silver
nanoparticles. Next, Genefinder dye was intercalated in DNA caused approximately
20% increase in fluorescence, which was then used as a dopamine detection signal.
Zhang et al.>* developed a (3-aminopropyl) trimethoxysilane silicon nanoparticle based
fluorescent probe that was used to selectively determine dopamine. In this work, only
dopamine was found to quench the fluorescence of the probe and the diminishing
fluorescence intensity was directly proportional to the dopamine concentration. This
work has demonstrated an excellent method with a limit of detection as low as 0.3 nM

of dopamine.
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1.2.4 Electrochemical detection of neurotransmitters

In conjunction with anatomical, physiological, and pharmacological evidence,
neurotransmitters are easily analysed by electrochemical techniques because they offer
high sensitivity, rapid response, simple operation, real time detection, and low expense.
The main challenge of such a detection technique is to achieve adequate sensitivity as
the concentration of biomolecules of interest in vivo is often in the nanomolar to
picomolar range. Another challenge is that a bare electrode often does not exhibit
sufficient selectivity towards analyte of interest because of other similar coexisting
species in a complex biological environment can easily interfere with the detection.
Therefore, modified electrodes are of great physiological importance to obtain
meaningful determination of analyte. In the last decade, there is a significant

improvement of electrochemical techniques with considerable modification processes.

1.2.4.1 Electrochemical detection of neurotransmitters by modified
conventional/macro-electrodes

Carbon materials are widely used in electrochemistry due to their wide potential
window (generally +3V to -3V) and low cost. Carbon-based electrodes are extensively
used for in vivo and in vitro electrochemical analysis of neurotransmitters. Owing to
the presence of various functional groups on a carbon surface, carbon nanomaterials can
be chemically modified with ease so that different molecules are immobilised on the
surface for diverse applications. In addition, their inherent electrocatalytic activity will
aid in enhancing the detection sensitivity of electrochemical techniques. Therefore,
carbon nanotube-based microelectrodes may be useful for modification because of their
high detection sensitivity arising from the large surface area, antifouling property, and
high conductivity, rapid electron transfer kinetics compared to bare electrodes. In
contrast, carbon nanotubes display extraordinary mechanical and electronic properties.
Coupled with their electrocatalytic activity, nanometre-sized dimension, good electrical
conductivity, and low capacitance, carbon nanotubes have also been incorporated on
electrodes for neurotransmitter sensing to achieve high sensitivity through improved

electron transfer kinetics.’® For instance, a polylysine-functionalised single walled
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carbon nanotube-modified glassy carbon electrode was demonstrated to measure
dopamine at nanomolar level concentration due to dopamine preconcentration
facilitated by carbon nanotubes.!® In their work, poly(lysine) was used to increase the
dispersion of the single walled carbon nanotube in HoO:EtOH (2:1, v/v). As ascorbic
acid was unable to penetrate the layer and it was poorly adsorbed on the modified
electrode surface, no signal was observed at 1.0 mM concentration of ascorbic acid. A
per-6-amino-B-cyclodextrin-modified glassy carbon electrode that was then coated with
carboxyl functionalised single-walled carbon nanotubes was also used to determine
dopamine in the presence of ascorbic acid.®> The catalytic activity of functionalised
single-walled carbon nanotubes and =m-m interactions between the phenyl group of
dopamine and the hexagonal carbon structure of single-walled carbon nanotubes was
responsible for the enhanced electron transfer reaction. The dextrin derivative
improved the selectivity towards dopamine by forming an inclusion complex with
dopamine as a guest molecule. In a separate work, multi-walled carbon nanotubes were
functionalised with Ceo-fullerene and enhanced dopamine detection signal with high
specificity was obtained with no interference even in the presence of 10 mM ascorbic
acid.®® A carbon nanotube modified screen-printed electrode was coated by an
electrochemically polymerised polythionine film to determine L-DOPA, a precursor of
dopamine in undiluted human serum.®” This electrode was further modified by the
enzyme tyrosinase that catalyses the oxidation of L-DOPA to ortho-quinone. The
electrode was finally coated by a Nafion film to enhance its fouling resistance during

the detection of L-DOPA in human serum.

Among the other modified electrodes, using a 10-nm porosity carbon material modified
glassy carbon electrode, Veerakumar et al.®® obtained an extraordinary sensitivity of
2.56 mA um-1 cm-2 to dopamine with a desirable limit of detection of 2.9 nM. High
surface area (approximately 2660 m2 g-1) of the carbon porous materials, synthesised
from carbon precursors consisting of formaldehyde and resorcinol, contributed to the
enhanced detection sensitivity. In other work, a natural clay doped with zinc
hexacynoferate modified glassy carbon electrode was used to detect dopamine.>® The

doped zinc hexacynoferate has reportedly increased the sensitivity towards dopamine,
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accompanied by approximately a 5% reduced overpotential along with a 160 mV peak
separation between the oxidation signal of dopamine and uric acid and 400 mV
between the oxidation signal of uric acid and tryptophan. Suresh et al.®® modified a
glassy carbon electrode with Ni-doped V5,05 to obtain enhanced sensitivity towards
dopamine detection. The modified electrode also demonstrated selectivity towards
dopamine in the presence of uric acid. Sun et al. modified a glassy carbon electrode
with a gold nanoparticle impregnated MoS, nanocomposite for the simultaneous
determination of dopamine, ascorbic acid, and uric acid by differential pulse
voltammetry with a peak separation of 151 mV and 137 mV.%* The modified electrode
exhibited a recovery of 98-102% of dopamine spiked in human serum. In other work, a
hybrid material consisting of silver nanoparticles in a SiO,/graphene oxide composite
was immobilised on a glassy carbon electrode for the simultaneous detection of
dopamine and epinephrine.’> The modified electrode was capable of detecting
dopamine and epinephrine with no interference in the presence of a 30-time higher
concentration of uric acid and ascorbic acid. Also, a recovery of 99-101% and 99-
100% of dopamine and epinephrine, respectively, was obtained in applying the

electrode to their detection in human urine as a real-life sample.

Tan et al.®® compared the effectiveness of dopamine oxidation at an sp3 hybridised
boron doped diamond electrode relative to that at an sp? hybridised boron doped
graphene electrode. These authors found that a more positive dopamine oxidation
potential of 0.628 V at diamond electrode, compared to 0.272 V at the corresponding
graphene electrode. It was determined that the dopamine was less sensitive to H-
terminated diamond surface, in contrast to surface oxide/oxygen functionalities present
on graphene surfaces. Porous diamond-like carbon was deposited on vertically aligned
multi-walled carbon nanotubes from n-hexane as a source material by a plasma
enhanced chemical vapour deposition method.** When a diamond-like carbon-
vertically aligned multi-walled carbon nanotube modified electrode was applied to
determining dopamine and epinephrine, the authors obtained a high analytical
sensitivity (0.2-0.3 pA mol-1) and a limit of detection (2.9 umol L-1 for dopamine and

4.5 pmol L-1 for epinephrine) arising from the high surface area of the composite on the
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electrode. Diamond nanowires were grown on a planar silicon substrate by microwave
plasma enhanced chemical vapour deposition using 6% CH,/94% N, gas as a source.®®
The voltammetric signals of co-existing ascorbic acid (0.0 V), dopamine (at 0.15 V),
and uric acid (0.28 V) in a solution were found to be well-resolved at these diamond
nanowires. This electrochemical property was accounted by the presence of sp?2
graphitic phase and new C-N bonds at the diamond grains, which increase the electrical

conductivity at the grain boundary of the developed wires.

Graphene, an allotrope of carbon, has recently attracted tremendous research interest in
electrode modification because of its large specific surface area, superior mechanical
strength, excellent thermal or chemical conductivity, high stability, and
environmentally friendly nature.®® Accounted by the n-r stacking interaction between
dopamine and graphene surface that accelerates dopamine electron transfer, but
weakens the ascorbic acid oxidation, the graphene modified electrode surface exhibited
selective dopamine detection in the presence of ascorbic acid.®” A disposable screen-
printed graphene electrode displaying a wide potential window (-1.8 - +1.8 V) in
different buffer electrolytes including 0.1 M KCI, 1.0 M HCI, 0.5 M NaOH, 0.1 M
acetate buffer (pH 4.5), and 0.1 M phosphate buffer (pH 7.0), low background current
and fast electron kinetics was developed by Ping et al.®® A high density of defect sites
at the edge planes of chemically reduced graphene oxide provides remarkable
properties in electron transfer kinetics that permit the simultaneous differential pulse
voltammetric detection of ascorbic acid, dopamine, and uric acid at the corresponding
oxidation potential of -50 mV, 150 mV, and 300 mV. Three-dimensional reduced
graphene oxide was employed for selective sensing of dopamine in the presence
ascorbic acid and uric acid.®® Initially, a hybrid of graphene oxide and polystyrene
spheres was prepared through n-m interaction, before graphene oxide in the hybrid was
reduced by hydrazine. The polystyrene spheres were then removed and three
dimensional reduced graphene oxide was obtained. Owing to the high surface area and
open pore structures, three dimensional graphene oxide has offered more advantageous
features than other graphene materials. Yu et al.”® used the electrochemically reduced

three-dimensional graphene oxide for simultaneous determination of dopamine,
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ascorbic acid, and uric acid. They obtained a recovery of 99.7% in detecting dopamine
in human serum without any observable interference by proteins and amino acids in the
serum. In other work™, a graphene derivative of ferulic acid was synthesised by a
condensation reaction of graphene oxide and ferulic acid. Next, the electrochemically
reduced derivative was employed to determine dopamine in the presence of interfering
species including serotonin, glucose, ascorbic acid, hydrogen peroxide, and uric acid.
While glucose, hydrogen peroxide, and uric acid have no influence on determination of
dopamine, the presence of 20 puM of serotonin and 20 pM ascorbic acid have
contributed a ~17% increased dopamine signal. Gutierrez et al.”? successfully used a
graphene paste electrode for quantification of 60 UM dopamine using differential pulse
voltammetry-adsorptive stripping technique in the presence of 1.0 mM ascorbic acid
and 2 mM serotonin. A graphene/Pt composite modified glassy carbon electrode was
used to simultaneously determine ascorbic acid, dopamine and uric acid by cyclic
voltammetry and differential pulse voltammetry.” In their work, 1.7-nm diameter Pt
particles were self-assembled by allowing 10 pL of the graphene/Pt composite to air
dry on a-graphene surface at room temperature. At this modified electrode, a potential
separation of 160 mV was observed between ascorbic acid and dopamine, 120 mV
between dopamine and uric acid, and 280 mV between ascorbic acid and uric acid. A
tryptophan/graphene composite modified glassy carbon electrode was also developed
for the simultaneous detection of dopamine, ascorbic acid and uric acid in a human
serum sample and a urine sample.”* The composite material also demonstrated
electrocatalytic activities and enhanced sensitivity towards the analytes, which was

attributed to the high density of defect sites at the edge plane on the composite.

1.2.4.2 Electrochemical  detection of  neurotransmitters by
microelectrodes

In neurotransmitters detection, advanced electroanalytical methods and devices are

readily applicable to precise studies of exocytotic events at a single-cell and an

individual-vesicular level in real time. However, an existing challenge in this field is to

obtain micrometres/nanometres of spatial resolution as the distance between a neuronal
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synapse are approximately 20 nm and distances between blood capillaries are
approximately 30-70 um.3! Also, neurotransmitters in extracellular fluid often exhibit a
millisecond time scale lifespan before their concentrations are rapidly restored to their
originally low levels by metabolism or cellular uptake.” To-date, electroanalytical
techniques are among the most promising techniques used to study exocytosis at a
single-cell level. In these techniques, a micro/nanometric electrode is positioned at the
top and near the emitting cell. An appropriate constant potential is applied to the
electrode so that species released by exocytosis (mainly catecholamines) will be readily
oxidised at the electrode surface to yield a current peak for each individual vesicular
release. As a consequence, the cell release at the cell apex will correspond to a
succession of amperometric peaks. Detailed analysis of the entire set of current peaks
during amperometric analysis will present important data related to the whole cell
activity, the dynamics and the quantity of biomessengers released for each exocytotic
event.> The main features of this amperometric technique are (i) very high temporal
resolution even at sub-millisecond, (ii) the high signal-to-noise ratio, which allows
estimation of the quantity of released molecules and the fusion pore formation, and (iii)

the ability to provide a direct measure of exocytosis.®

In amperometric experiments conducted in vivo, carbon fibre microelectrodes are
widely used for neurotransmitter detection because of their availability, excellent
electrical conductivity, and biocompatibility. They are also amenable to diameter
miniaturisation (5-30 um in diameter), which aids in spatially and temporally resolved
determination of neurotransmitters in a subsecond time frame to facilitate a real time
analysis. In the following sections, a review on some of the recent work involving the
detection of dopamine at various types of carbon microelectrodes will be presented.
For example, a 10-um diameter carbon fibre microelectrode was first time employed to
amperometrically determine the exocytotic event at BON, a cell line derived from a
metastatic human carcinoid tumour of the pancreas.”” Wightman’s group’® measured
dopamine at a 5-um diameter carbon fibre electrode in zeptomole quantities released
from individual vesicle of dopaminergic amacrine cells isolated from genetically

modified mouse retina. Park et al.”” employed fast-scan cyclic voltammetry at a carbon
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fibre microelectrode to study the role of dopaminergic and noradrenergic transmission
within the caudal nucleus accumbens shell in regulating the behavioural and
physiologic responses associated with drug abuse, physical stressors and other
rewarding and aversive stimuli. Their results indicated a weaker exocytotic activity of
neurotransmitters in BON cells than that in chromaffin cells. An adsorption and
desorption kinetic study of dopamine by the same group at a bare carbon fibre
microelectrode found a delayed response to concentrations of species that adsorbed on
the electrode surface. Estimation of the response time by such experiment is crucial in
the acceptable interpretation of the transient dopamine release and reuptake in
biological systems.®® However, the detection sensitivity of dopamine by fast scan
cyclic voltammetry is limited by adsorption or diffusion of dopamine on the electrode
surface, and as the scan repetition frequency increases, the sensitivity of the carbon
fibre microelectrode dramatically decreased.®* In other work, a 1,2-phenylenediamine
modified carbon fibre microelectrode was used to simultaneously detect dopamine and
ascorbic acid in vitro.82 At this modified electrode, dopamine was determined without
any interference from ascorbic acid (0.3 mM) when 0.7%(w/w) human serum protein
was deliberately added, indicating that the modified electrode can potentially be used in

in vivo and in vitro measurements of dopamine and ascorbic acid in brain.

Jacobs et al.®! discovered that dopamine oxidation at a carbon nanotube yarn
microelectrode was independent of scan repetition frequency of a fast scan cyclic
voltammetric experiment. In such an experiment, a temporal resolution of two orders
of magnitude was obtained compared to that using a carbon fibre microelectrode in the
corresponding fast scan cyclic voltammetry experiment. In a separate work, the
sensitivity of carbon fibre disc microelectrode to dopamine was enhanced 36-fold by
growing an aligned single-walled carbon nanotube forest using a chemical self-
assembly method.8 Carboxyl acid functionalised single-walled carbon nanotubes were
assembled from a dimethylformamide suspension on a carbon disc that was initially
modified by a thin iron hydroxide-decorated Nafion film.2® The modified electrode
was capable of determining dopamine in the ventral nerve cord of the fruit fly,

Drosophila melanogaster, with a high oxidation current sensitivity of 29 nA uM-1 of
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dopamine and very low limit of detection of 17 nM. The high sensitivity of the

electrode was ascribed to the exposure of the carbon nanotube terminals to the analyte.

In addition, a chitosan modified carbon fibre microelectrode was employed to
determine serotonin in live embryonic zebrafish intestine.8* Chitosan was considered as
an alternative to Nafion for measuring serotonin with minimal interference from anionic
ascorbic acid due to electrostatic repulsion at the negatively charged chitosan film.
Using differential pulse voltammetry, the limit of detection was estimated as 1.6 nM
with a sensitivity of 5.12 nA uM-l.  The chitosan film on the carbon fibre
microelectrode was found to be stable even after four consecutive implantations in vivo.
A vertically aligned carbon nanotube modified carbon fibre electrode was developed to
monitor ascorbate in the striatum of a rat brain, while the ascorbate was evoked by
intracerebral infusion of glutamate.®® This electrode was reproducibly fabricated by
growing vertically aligned carbon nanotubes on carbon fibre on a carbon fibre via the
pyrolysis of iron(Il) phthalocyanine at 800-1100°C. This strategy was reported to have
avoided variations from person-to-person or electrode-to-electrode by eliminating such
manual manipulations as dip-coating and drop-coating techniques. A vertically aligned
carbon nanotube-sheathed carbon fibre microelectrode of 20-30 pm diameter was
developed by pyrolysising iron(ll) phthalocyanine on a carbon fibre support.2> After
coating this microelectrode with an eletropolymerised film of 3-amino-5-mercapto-
1,2,4-triazole (p-AMTa), it was implanted in the striatum of a Sprague-Dawley rat to
selectively determine ascorbate with coexisting neurotransmitters including dopamine,
uric acid, and serotonin.®® A gold nanoparticle deposited carbon fibre disc electrode
that was modified by the enzymes, acetaylcholinesterase and choline oxidase, was
employed to determine the nonelectroactive neurotransmitter acetylcholine in an
artificially formed single cell.®” The 30-um diameter electrode selectively determined
acetylcholine in the presence of other neurotransmitters, e.g. dopamine, norepinephrine,
glutamate, and ascorbic acid at lower physiologically relevant concentrations (sub-puM
to low puM). The modified electrode exhibited a stable sensor response after repeated

15-20 acetylcholine injections over the course of a 4-h experiment.
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In the last decade, diamond based biosensors have attracted a lot of attention in
neuroscience research as doped diamond has demonstrated excellent electrochemical
properties, especially with a wide potential window, yet it is chemically inert but
biocompatible and exhibited long-term stability in contact with biomolecules.®®
Additionally, owing to a relatively oxygen free surface, there is a low background
current at diamond electrodes, negating any pretreatment before use.  The
electrochemical characteristics of a diamond electrode surface are also independent of
solution pH.8 Suzuki et al.*® deposited a diamond film on a 5-um diameter tungsten
wire from acetone/methanol in the presence of B.Os by microwave plasma assisted
chemical vapour deposition. The anodically oxidised electrode was implanted into the
corpus striatum of a mouse brain to detect dopamine by differential pulse voltammetry,
while 100 pulses at 50 Hz for 2 s were applied to a stainless bipolar stimulating
electrode positioned in the medial forebrain bundle. In other work, a diamond-coated
76-um diameter Pt wire microelectrode was employed to determine serotonin from the
intestinal mucosal layer of enterochromaffin cells by continuous amperometry.3® An
ultrananocrystalline diamond microsensor was implanted in the dopamine-rich striatal
region of the forebrain of an anesthetised rat to measure dopamine.®® Simultaneously, a
stimulation electrode was implanted in the medial forebrain bundle to electrically
activate action potentials in dopamine neuronal axons in the striatum so that after
exocytotic event dopamine is released in extracellular fluid. The implanted electrode
was capable of monitoring extracellular dopamine in real-time in the implanted area
and this demonstrates its viability as a brain-implantable sensor. Moreover, the

electrode exhibited a limit of detection as low as 27 nM of dopamine.

Apart from carbon based electrodes, there were also many other materials used to
fabricate electrodes before they were applied to dopamine detection. A self-assembled
monolayer of 3-mercaptopropionic acid was immobilised on a gold-ring microelectrode
to improve the specificity and sensitivity toward dopamine with a limit of detection of
50 nM.*? The same electrode was used for recording neurochemical release from a rat
striatum that was stimulated by locally injected high KCI concentration. An

ultrasensitive indium tin oxide-based microsensor was fabricated by immobilising
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already synthesised carbon nanotubes on the electrode by chemical vapour deposition.®®
The modified electrode exhibited a three-fold improvement in sensitivity compared to a
corresponding bare electrode in the amperometric monitoring of dopamine release from
single PC12 cultured cells at 300 mV versus a Ag|AgCI reference electrode. In such an
experiment, the cells were stimulated by a K* saline solution filled micropipette

introduced within 100 pum in proximity to the cells.

1.2.4.3 Electrode arrays for neurotransmitter detection

The detection of neurotransmitters by a single electrode, e.g., a carbon fibre
microelectrode, is limited to single-cell experiments and is therefore difficult to obtain a
quantitative view of the regional diversities of cells. This limitation can be overcome
by using an electrode array that simultaneously records exocytotic events from different
cells. Such a multi-site array capable of detecting secretion from a single cell will
improve the spatial resolution of secretory events. Thereby, a clear picture of cell to
cell communication can be well understood by analysis in depth on spatial diversity of
biological events. In a microelectrode array, the electrodes are connected together and
the individual electrodes can identify secretion from individual cells. In this respect, a
large-scale integrated amperometric sensor array was developed by Abe et al.®* to
measure dopamine from three dimensionally cultured PC12 cells. The device was
composed of 400 sensing electrodes positioned 5 um away from PC12 cells. The
device was also able to identify the effect of dopaminergic drugs L-DOPA and
reserpine on dopamine release from PC12 cells. A fast scan cyclic voltammetry
compatible microelectrode array with 16 channels was developed by Zachek et al.*® to
investigate heterogeneous release of dopamine in the striatum of an anesthetised rat.
The fabricated electrode array was capable of studying the dopamine release from
multiple brain locations in vivo. However, the planar electrode geometry has limited
the diffusion of analyte to electrode surface compared to a single carbon fibre electrode.
A polystyrene sulfonate anion doped polypyrrole film modified interdigitated gold
microelectrode was employed to measure dopamine released from rat PC12 cells.%

Using polystyrene sulfonate anion, the modified electrode exhibited electrostatic
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attraction towards dopamine and yielded a 2.6-fold signal amplification compared to
that at a bare electrode. Patel et al.%” fabricated a gold microelectrode array to measure
electrically evoked dopamine released at multi-sites of single neuron isolated from
dopaminergic somas from pond snail. The array with twelve 25 x 150 um gold
electrodes was demonstrated in conducting a 4-h experiment without a significant
signal attenuation and yielding an 11 nM limit of detection. Kim et al.®® designed a
disposable array consisting of 2400 gold ultramicroelectrodes that were divided into
two sets, each set with a gold counter electrode and a reference electrode. The 15-mm
diameter circle of electrodes was employed to simultaneously determine nitric oxide
and peroxynitrite in HL-60 cells. This disposable unit can also be integrated within cell
culture wells and plates, resulting in an easy-to-handle tool for cellular biology. A
planar nanocrystalline diamond electrode array consisting of nine ultra-microelectrodes
was developed for amperometric detection of dopamine and several other
neurotransmitters.”® Using this array, single quantal exocytotic events were recorded in
mouse and bovine chromaffin cells. This electrode array was suitable for multi-site
recording within single living cells and was able to determine micromolar level
concentration of neurotrasmitters by both chronoamperometric and voltammetric
methods. Ewing’s group developed a thin-film platinum ultramicroelectrode array
consisting of 16, 25, and 36 square electrodes on a glass substrate.®® PC12 cells were
cultured on a poly(dimethylsiloxane) and a collagen 1V modified platinum array was
used to measure dopamine released at every exocytotic event in the PC12 cells. The
same group developed an array with a tuneable number of 8-15 electrodes, with each
electrode corresponded to a carbon ring electrode formed by depositing pyrolysed
carbon on already pulled and bevelled tip of glass capillary that was then insulated.®
The array of 10 to 50 um dimeter electrodes was employed to measure dopamine
release at individual neuronal cells or cell networks. A total mapping of exocytotic
events of PC12 cells was also determined by electrochemical imaging, while each cell
was addressed by individual electrodes of the developed array. Individually
addressable array of Ti/Pt (5 nm/45 nm) microwells was also fabricated on a glass
wafer for spatially and temporally resolved neurotransmitter release across a single

PC12 cells.!®® Each photoresist microwell was constructed such that it would
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accommodate only one cell to record the subcellular heterogeneity in that single cell.
During a 5-s amperometric recording of exocytosis of stimulated cells, the events were
produced by different vesicles simultaneously released at different membrane regions in
the single cell, which would otherwise be not possible to be recorded by traditional
carbon microelectrodes. Another advantage of this array is that it was able to record the
events even when it was further than 700 nm away from cells. On the other hand, the
sensing capability at a carbon fibre microelectrode decreased rapidly when the electrode
edge was also away from cells at a similar distance. A Pt microelectrode array was
modified by dipping it in Nafion to repel ascorbate before it was used for detecting
glutamate in the prefrontal cortex of awake rats.!% After depositing poly(3,4-
ethylenedioxythiophene) (PEDOT)-carbon nanotube (CNT) composite on a gold
microelectrode array, the array demonstrated excellent biocompatibility and adhesion to
cultured cells.’®® In this modification, PEDOT was electropolymerised from
ethylenedioxythiophene in an aqueous suspension containing 1% poly(sodium p-
styrenesulfonate) and a CNT suspension (0.3 wt%). Using the modified electrode, a
doubled signal-to-noise ratio was achieved compared to that at PEDOT modified

electrode.

1.3 Fabrication of microelectrodes

Microelectrodes are defined as electrodes having at least one dimension that is smaller
than 100 pm.2%* The diverse applications of microelectrodes can be found in, for
example, electrochemistry, neurophysiology, and scanning probe microscopy. Very
often, they are applied to monitor the secretion from single cells, neurons, membrane
pores, and liposome. Notably, the rate of damage of cells can be reduced by using
smaller probes in such work. For example, a microdialysis probe of ~250 pum in
diameter causes damage to local cells and blood vessels during an in vivo detection
experiment, resulting in tissue ischemia and initiation of an inflammatory cascade.%®
On the other hand, the rate of damage is reportedly much smaller around a carbon fibre
microelectrode of ~7 pum diameter.X%® In addition, the small dimensions of sensing

electrodes allow investigations at single cells or single vesicle in cells during an



Chapter 1 Introduction 22

exocytosis event.!%® At these small electrodes, the concentration changes during

chemical events within an intact animal can also be monitored.” Besides, there are

well-known advantageous features associated with microelectrodes’:

(@) the small size allows the measurement of analyte in very small volumes ranging
from nanolitres to picolitres;

(b) radial diffusion of an analyte towards the electrode results in a rapid steady state
signal for a Faradaic process, which then permits time-independent measurements
of analyte;

(c) an improved Faradaic-to-charging current ratio will assist in measuring analyte of
interest at very low concentrations;

(d) small Faradaic currents result in a small Ohmic potential drop between the working
electrode and the reference electrode, permiting a two electrode arrangement used
during in vivo analysis;

(e) an improved signal-to-noise ratio is attained due to convergent or edge diffusion of
analyte, especially when the diffusion layers are overlapped in a microelectrode
array;

(F) amperometric current is enhanced at microelectrode arrays through recharging

depletion layer during detection of analyte in flowing liquids.

1.3.1 Fabrication of carbon microelectrodes

Nobel Laureate Hubel is widely known to be the first scientist credited with fabricating
the first metal microelectrode over 50 years ago.’®® Since then, many techniques have
been developed to fabricate microelectrodes. During microelectrode fabrication,
several aspects including the electrode size to minimise cellular damage, the
compatibility in biological environment, the stability of the insulator in the electrolyte
so that it does not contaminate the analyte and the geometry to obtain enhanced
sensitivity during analysis, and also the simplicity of the fabrication technique must be
taken into consideration. A neuronal synapse is a ~20 nm gap. As a result, the sensing
electrode must be at least smaller than the synaptic gap to conduct an uninterrupted

experiment in the synapse.3! High sensitivity and high spatial resolution can be
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obtained during non-invasive analysis of single living cells and intracellular detection
of neurotransmitter using nanometer-sized electrodes. Moreover, the flux of the analyte
to the electrode surface from the target source also depends on the size and geometry of
electrode.'® Carbon fibre microelectrodes are widely used in electrochemical detection
because of their availability, excellent electrical conductivity, and biocompatibility.
They are also amenable to miniaturisation (5-30 pm in diameters), which aids in
spatially and temporally resolved measurement of analyte in a microenvironment.
Recently, there is a growing interest on carbon nanomaterials that include carbon
nanohorns!t®, carbon nanofibrest!, different forms of graphene on metal wires!!?, and
carbon nanospikes!™® have been considered as an alternative to carbon fibre
microelectrodes owing to their high sensitivity, anti-fouling property, and high
conductivity, which can lead to rapid electron transfer reactions. In this respect, Zestos
et al.'*® grew a uniform layer of carbon nanospikes on different metal wires, e.g.,
tantalum, niobium, palladium, and nickel of ~25 um diameter in a DC plasma-enhanced
chemical vapour deposition chamber, where ammonia gas at 100 cm® min-! and
acetylene at 80 cm3 min-! were used as a carbon source. Ewing’s group* has
pioneered the development of nanotip conical carbon fibre microelectrodes by
thermally etching a carbon fibre in a blue butane flame for less than 2 s to obtain 50-
100 nm tip diameter. This represents a significant advancement in microelectrode
fabrication as these electrodes have now enabled the direct quantification of vesicular
transmitter content in the intracellular environment. In other work, a single carbon fibre
microelectrode was modified with branched carbon nanotubes for enhanced sensing
performance.!®® Initially, a carbon fibre was annealed at 250°C for 3 h. Fe was then
introduced on the fibre by reducing Fe(lll) acetylacetonate. The fibre was next
carbonised at 850°C for 30 min. Finally, hexane vapour at 600 mL min™ together with
argon carrier gas was delivered into the furnace at 700°C to grow carbon nanotubes on
the carbon fibre. At the end of this process, an electrode with a 10-15 pum tip diameter
was obtained. Similarly, a carbon nitride film of ~150 nm thick was deposited on 10 —
100 um diameter glass capillary from a graphite target in a plasma of an argon-nitrogen
mixture.!® In other work, the biopolymer chitosan was used to modify a carbon fibre

electrode before it was used to detect serotonin in live embryonic zebrafish intestine.®*
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Low toxicity and biocompatibility of chitosan make the modified carbon fibre electrode
to function more satisfactorily as an implantable device. Cheng et al.!*” modified a 9-
pm diameter carbon fibre microelectrode with an already assembled nanocomposite of
thionine/ketjen black for the determination of ascorbic acid in the cortex of a living rat
brain. In a separate work, a nanostructured carbon electrode was obtained by
pyrolysing photoresist SU-8 in combination with polystyrene and poly(styrene)-block-
poly(dimethylsiloxane) on silicon wafer as a substrate and the kinetics of the modified
electrode was compared with that at the electrode modified by only pyrolysing

photoresist SU-8.118

1.3.2 Fabrication of diamond microelectrodes

More recently, diamond microelectrodes have emerged as electrodes that offer superior
analytical advantages in terms of linear dynamic range, wide potential window,
improved signal to noise ratio, limit of detection, response precision, and stability,
compared to carbon fibre and other metal microelectrodes. Several diamond
microelectrode fabrication approaches!'® have been reported including (i) conformal
diamond coatings on small-diameter wires, (ii) coatings on the end of capillary
columns, (iii) deposition of diamond on lithographically patterned substrates, and (iv)
oxygen-based ion beam plasma etching of bulk diamond material. Notably, a great deal
of work involving diamond microelectrodes has been reported by Swain’s
group!t®12012L122 = As an example, using chemical vapour deposition from a 0.5%(v/v)
CHy/H, source, a diamond film was deposited on a 76 pm diameter platinum substrate.
In their work, BoHg mixed with H, gas was also incorporated as a boron doping source
in the deposited diamond film. Very recently, the same group*?® demonstrated
enhanced  selectivity and  sensitivity of a  hemin-polymerised  3,4-
ethylenedioxythiophene film modified diamond electrode (76 pum diameter) towards
detection of peroxynitrite. In other report, diamond films were grown on a sharp
tungsten filament tip by chemical vapour deposition.*** Here, a hydrogen rich CH4-H,
gas was used as a source of diamond and B,Og dissolved in ethanol carried by argon

gas to facilitate boron doping in the diamond film to enhance conductivity. This
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diamond film was subsequently exposed in a hydrogen stream to convert the diamond
to an H-terminated surface if there were any C—O impurities present on the diamond
surface. This electrode was reported to be ~15 pum in axial length and ~2 pm in tip
diameter. An all-diamond microprobe was firstly reported by Silva et al.'?®, where an
800 nm thick undoped diamond film was coated around the tip of a conducting boron
doped diamond electrode. Finally, the tip of the electrode was cut using focused ion
beam to expose an electroactive boron doped diamond disc of ~1.5 um diameter.
Macpherson’s group?® also pioneered work involving diamond hydrodynamic flow
microelectrodes for electroanalysis. After insulating both sides of a 90-pum thick layer
of polycrystalline boron doped diamond disc by mechanical grade diamond, a 10-mm
diameter disc was cut from the prepared diamond wafer. A 500-pum diameter hole was
introduced at the centre of the disc to facilitate analyte flow. Ultrananocrystalline
diamond microsensors on a tantalum and a tungsten substrate of 50 um and 1 pum
diameter, respectively, were reported by Arumugam et al.t. These electrodes were
fabricated by chemical vapour deposition from a CH,/H, gaseous mixture as the

diamond source and trimethylboron for doping in nanocrystalline diamond.

1.3.3 Fabrication of gold microelectrodes

Although gold electrodes are not as ideal as carbon electrodes for neurotransmitter
detection in vivo, they have strong affinity with molecules containing thiol/amine
groups.®? Therefore, a great deal of work has also been carried out to develop gold
microelectrodes for measurements in vitro and in vivo. A 5-um thick gold microring
was fabricated on an aminated polycarbonate rod by Wu et al.!?’. Initially, gold
nanoparticles were deposited on the rod by chemically reducing HAuCl, by NaBH,.
Next, a thin gold film was plated on the deposited gold nanoparticles. The rod was then
insulated by epoxy glue. A fresh electroactive ring was exposed by successively
cutting the rod. Lin et al.®? developed a gold-ring microelectrode of 15-50 pm
diameter at the tip of a pulled glass capillary. These authors initially treated a pulled
glass capillary in piranha solution to obtain a hydroxyl group functionalised surface

followed by grafting adhesive polydopamine film on hydroxyl group surface. Then, a
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monolayer of gold nanoparticles was deposited by reducing HAuCl, on polydopamine
and the monolayer of gold nanoparticles was covered by a thin gold layer. In other
report!?®, a gold substrate was electrochemically etched to obtain a 6-nm diameter
nanodisc electrode housed in a borosilicate capillary that was sealed using
electrophoretic paint and polyimide. Nanoband microelectrodes consisting of a 100-nm
thick gold or copper film was fabricated on poly(dimethylsiloxane).}?® The gold or
copper conducting film was sandwiched in between two layers of poly(dimethlsiloxane)
so that the cross section of the band was used as an electrode, which was then used to
detect amino acid, protein and neurotransmitter molecules. Jiang et al.** introduced a
nanopurous gold microelectrode from an alloy phase of gold and zinc. A 50-pum
diameter gold disc was positioned in a glass pipette before Zn was electrochemically
deposited to prepare a gold-zinc alloy. In the next step, Zn was selectively oxidised,
leaving 100-500 nm pores on gold surface. Chu et al.'®* fabricated an integrated
microelectrode accommodating an IrO, working electrode, a AQ|AQCI reference
electrode, and a counter electrode eliminate the electrode size limitation during

microscale measurement in vivo.

1.4 Fabrication of microelectrodes of different geometry

1.4.1 Disc/Ring-shaped microelectrodes

In the conventional design of microelectrodes, they are very commonly fabricated as a
disc shaped electrode embedded in an insulating substrate. For example, a gold disc or
a platinum disc microelectrode is fabricated by sealing a corresponding gold wire and
platinum wire, in a glass pipette, followed by polishing the end of the electrode to
expose the electroactive surface.’® The wire was then connected to a Ni/Cr wire with a
silver ink conductive paint to obtain electrical conductivity. Harvey et al.*® developed
a Pt ring-disc microelectrode on a polyimide insulated platinum substrate. In their
process, the substrate was mounted in a furnace of high negative voltage (2.5 kV),
where argon was ionised. The ionised argon atom collided with a platinum target
material in the furnace to produce a cloud of platinum. The insulated substrate was

then passed through the cloud so that the vaporised platinum was deposited at the tip
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and around the substrate. Upon coating with platinum, the wire was cut into 3-cm axial
lengths. For electrical conductivity, the inner metal disc and the outer ring was

separately connected with silver wires.

Lin et al.1® fabricated an electrode array, as shown in Figure 1.2, consisting of 10-15
carbon-ring microelectrodes to individually address the secretion of single cells. In this
fabrication process, the required number of capillaries was packed and held together
using epoxy. A butane / oxygen torch was used to heat up the middle of the capillaries
so that they were separated into two bundles. Then a mixed stream of nitrogen and
acetylene gas was delivered through these pulled capillaries while acetylene was
pyrolysed to obtain pyrolytic carbon as a shiny carbon ring on the inner wall of the
capillaries. The ring thickness was demonstrated to increase proportionally with

pyrolysis time.

In other work, a platinum wire insulated in a quartz capillary was pulled to produce a
platinum disc as small as 3 nm diameter.'** The tip of the assembly was then polished
by a variable speed polisher rotating at 400 rpm to expose the platinum disc. The glass
substrate and the disc was thermally sealed at 6850C for 40 s. A copper wire was

connected to the platinum wire to accomplish electrical conductivity.

A metal trilayer consisting of Ti, Ni, and Au and SiO, or SizN4 was deposited on a
silicon wafer by Laczka et al.®*® The microdisc-ring shaped electrode of deposited
metals of 10 um diameter was then exposed after applying a series of photolithographic
steps on the device. Approximately eighty microdisc-rings were then stacked on top of
each other with a 200-um gap to form a comprehensive device for application. Xiao et
al.’®® fabricated a random array of nano boron doped diamond discs that were coated by
molybdenum (1V) dioxide nanoparticles. Then, an insulating 4-nitrophenyldiazonium
film was deposited on top of the assembly. Finally, the disc was exposed by dissolving
away the molybdenum oxide nanoparticles such that remaining part of diamond

platform was covered by the 4-nitrophenyldiazonium film.
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Figure 1.2. (A) Fabrication of a carbon-ring microelectrode array that includes (1)
fused silica multibarreled capillary, (2) a carbon film deposited in the inner-side of the
capillary by pyrolysis of acetylene, (3) epoxy sealing between the capillaries, (4)
electrode array positioned at a single cell. (B) Scanning electron micrographs of a
carbon-ring microelectrode array consisting of (1) 8, (2) 10, (3) 12, and (4) 15

microring electrodes. Adapted from reference 100.

A gold ring-disc ultramicroelectrode array consisting of seven individually addressable
electrodes was reported by Kim et al.®®*" In their work, a 50-um diameter gold disc
surrounded by a 200-um diameter gold ring was deposited on a glass substrate. Copper
was then electrochemically deposited on the gold disc to obtain a Au/Cu ring-disc
ultramicroelectrode. However, electrochemical study at the disc-shaped electrode is
sometimes difficult as the two dimensional geometry and the disc-insulator boundary of
the electrode produce an edge effect that restricts mass transport of analyte towards the
electrode surface.’® This prompted Ellison et al.*® to study the effect of insulating
sheath thickness on the steady state current at micro-disc electrodes. As shown in
Figure 1.3, they found that the thinner the insulating sheath, the higher the mass
transport of the analyte to the electrode surface was observed. Results from the

modelling at carbon micro-disc electrodes suggested that, to obtain a reasonable steady
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state current, the insulating sheath thickness was required to be at least two times
smaller than the disc radius. This conclusion supported Daniele et al.’s* earlier study
involving a similar investigation on a platinum microdisc electrode and on a cylindrical

platinum wire electrode.

Figure 1.3. A micro-disc electrode with (A) an infinite sheath and (B) an infinitesimal

sheath. Adapted from reference 139.

1.4.2 Conical shaped microelectrodes

The geometry of an electrode dictates the nature of mass transport to its surface. In
general, the diffusion-limited current is enhanced dramatically at a conical shaped
electrode owing to the nonplanar diffusion at both the edge and the apex of the cone.*
Therefore, conical shaped electrodes are often considered an alternative choice to disc
shaped electrodes for electrochemical detection to obtain enhanced sensitivity in a
resistive biological environment. Hermans et al.1*? prepared a conical tip tungsten
substrate by the etching the metal in a saturated solution of NaNO3 in 1 M NaOH using
an AC potential of 10 V. The tip was then placed in a photoresist, which was pyrolysed
to deposit carbon on the tip. Before depositing the pyrolysed carbon, oxide
functionalities on tungsten (which may aid in increasing the resistance between the
substrate and the deposited carbon) was removed by treating with concentrated
hydrofluoric acid. The entire electrode was finally insulated with epoxylite but leaving
the tip undisturbed. Similarly, Morton et al.1*® have also developed a carbon electrode

using parylene as a carbon source. They conducted the pyrolysis in a furnace of 900°C



Chapter 1 Introduction 30

for 1 h to deposit carbon on the tip of a pulled pipette with an inner diameter of 150 nm.
The process was repeated twice to minimise possible pinhole leaks. The remaining
body of the pipette was insulated by poly(dimethylsiloxane). Park et al.!?
electrochemically etched a platinum wire to obtain a conical tip and then deposited
electrically-conducting diamond by a microwave plasma chemical vapour deposition
method from a CH,4/H,/BoHg source gas mixture. In other work, a silicon microtip
array was fabricated by anisotropic etching and a deep reactive ion etching process to
attain a high aspect ratio of the probe.}** A conducting indium tin oxide layer was then
deposited on each tip to form a modified electrode array. A NH,-terminated silane
monolayer and single walled carbon nanotube modified conical glass/platinum
micropore electrode was developed to achieve an electrocatalytic effect and a low
background current when the electrode was used to detect dopamine.*® Rees et al.146
fabricated a carbon electrode using already pulled conical tip glass nanopipette of 50 to
400 nm diameter. In this work, the already pulled pipette was placed in a chemical
vapour deposition chamber with a flow of methane and argon at 900°C such that carbon
selectively deposited inside the pipette. Finally, the tip was etched using buffered
hydrofluoric acid for 1 min to expose carbon of 5 to 10 um length. A nanotip conical
carbon-fibre micorelectrode of 50-100 nm diameter and 30-100 pm length was
developed by Li et al.!* for quantitative measurement of transmitters in individual
vesicles. As shown in the schematic fabrication process in Figure 1.4, a 5-um diameter
carbon fibre was aspirated into a borosilicate glass capillary that was then pulled. The
protruded fibre was next evenly etched in the blue part of a butane flame before the
fibre was sealed in the capillary using epoxy. The electrode demonstrated good
electrochemical characteristics and showed high sensitivity to the analyte. For
electrochemical measurement, this electrode was demonstrated to show minimal
damage to a cell after penetrating the cell membrane. Only electrodes that showed a

steady-state diffusion limited current were used in further experiments.
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Figure 1.4. A schematic diagram showing the processes for fabrication of nano-tip

conical carbon fibre microelectrodes. Adapted from reference 106.

1.5  Advantages of conical-tip carbon electrodes over carbon fibre
electrodes
A carbon fibre microelectrode is a significant development in the history of bio-
electrochemistry owing to several advantages. They have been used for decades to
understand basic neurobiological mechanisms as they are biocompatible, non-toxic to
cells and have good electrochemical properties. A miniaturised fibre (5-35 pm in
diameter) is clearly more suitable for implantation with minimum cell damage
compared to a larger conventional-sized electrode. During the fabrication process of
carbon fibre microelectrodes, the fibre is aspirated through a glass capillary such that
approximately 100 um of the fibre in length protrudes the capillary. Epoxy is usually
applied to the fibre-glass junction to secure the fibre in the glass capillary.'*” However,
unsatisfactory sealing and leakage of epoxy often compromise the quality of carbon
fibre electrodes, resulting in high noise, low sensitivity, short electrode life span and

sometimes contamination of solution of interest.14®

Our research group has previously reported on the development of conical-tip carbon
electrodes.!®® Briefly, in constructing such an electrode, we initially house a quartz
capillary that has already been pulled down to a fine tip before CoH, is thermally

pyrolysed to form carbon that is deposited both at the tip (~2 um diameter) and on the
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shank (~15 pum axial length) of the capillary. Graphite powder and a conducting wire
are introduced through the larger end of the pulled capillary to complete the
construction of a conical-tip carbon electrode. Compared to carbon fibre electrodes, the
quartz substrate of conical-tip carbon electrodes provides the mechanical strength,
whilst the sharp tips aid in easy biological membrane penetration during
implantation.®® In addition, the open-ended base edge on a conical-tip electrode is
more accessible to the mass transport of analyte to the electrode, compared to an
insulating plane at the finite fibre-capillary junction on carbon fibre electrodes.
Therefore, conical-tip carbon electrodes of a similar dimension to carbon fibre
electrodes were found to show an improved signal-to-noise ratio in detecting dopamine
in vivo."® Notably, there is also no epoxy sealing at the carbon-capillary junction,
which could otherwise have polluted solution of interest in a biological environment.4
A physical comparison of carbon fibre and conical-tip carbon electrodes is presented in

Figure 1.5.
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Figure 1.5. Scanning electron micrographs of a carbon fibre electrode (A) and a

conical-tip carbon electrode (B).
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1.6 Electrode fouling during electrochemical detection

Although most electrodes reported in literature so far have demonstrated effective and
reliable neurotransmitter determination in vitro, their stability and sensitivity are often
compromised when they are implanted in vivo in a complex biological medium.*?
Fouling of an electrode surface is such a phenomenon that is often a serious problem in
some electrochemical analyses. Electrode fouling is a broad term generally describing
the passivation of an electrode surface by a fouling agent that forms an increasingly
impermeable layer on the electrode.®>1%31%  This occurs by a wide range of
mechanisms predominantly depending on the identity of the responsible fouling agent.
The fouling agent may be a component of the matrix, the analyte itself, or a product of
the electrochemical reaction. Electrode fouling prevents an analyte of interest from
making physical contact with the electrode for electron transfer to elicit an
electrochemical response.®>156157.158  The fouling agent may specifically adhere to
certain structural features present on the electrode surface, such as edges and grain
boundaries.?>®1%9161  The fouling agent tends to adhere to the electrode surface as a
result of favourable interactions between the fouling agent and the electrode surface.
This includes hydrophobic, hydrophilic, and electrostatic interactions depending on the

particular chemistries of the fouling agent and the electrode surface.

Electrodes that tend to have hydrophobic surfaces, such as diamond, carbon nanotubes,
and some other carbon-based electrodes,*®® %2 can promote hydrophobic-containing
species such as aromatic compounds, saturated or aliphatic compounds, and proteins to
adhere to and foul the electrode. The hydrophobic interactions are entropically
favourable in an aqueous electrolyte because water molecules are released from the
solvation shell around hydrophobic compounds or regions.*®® 18 These interactions are
sufficiently favourable such that fouling by a hydrophobic mechanism is typically

irreversible in an aqueous electrolyte under mild conditions. 63164

Fouling that occurs by hydrophilic interactions tends to be more reversible than fouling
involving hydrophobic interactions.’>® 163165 This greater reversibility in agueous

electrolytes containing a strong polar solvent, for example water, is because the
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hydrophilic and electrostatic interactions are not exclusive to the fouling agent and the
electrode surface, as water also has compatible hydrophilic (dipole-dipole interactions
or hydrogen bonding) and electrostatic properties (ion-dipole interactions). In the case
of electrostatic interactions, the electrode surface may possess ionisable functional
groups, such as carboxylic acids, which will bind with a suitable fouling agent,1622 162
Electrode fouling that occurs by a hydrophilic or electrostatic interaction is associated
with polar, hydrophilic, or charged species, including proteins and other biological

molecules.

Electrode fouling that occurs by the adsorption of biological macromolecules is
frequently due to proteins as a result of their abundance in biological samples and
tendency to cause fouling. The adsorption of other biological materials, such as cells,
cell fragments, and DNA/RNA, can also foul an electrode. The binding of cells to an
electrode surface is often mediated by proteins.'® Soluble proteins are interesting
fouling agents, as they are often hydrophilic on the surface to interact with an aqueous
environment as well as hydrophobic on the inside to maintain protein folding or the
binding of hydrophobic materials. As a result of the dual nature of most proteins, they
can foul electrodes through both hydrophilic and hydrophobic interactions. To foul a
hydrophobic electrode surface, many proteins will unfold to allow the hydrophobic
residues to interact with the hydrophobic surface.?®*16% Due to the greater strength of
hydrophobic interactions in aqueous systems*>®16%® many antifouling strategies aimed
at reducing fouling by biological materials involve increasing the hydrophilicity of the

electrode surface.

Fouling agents discussed thus far have been monomeric species, where it is more
energetically favourable for the fouling agent to adsorb to the electrode surface rather
than be in solution. A fouling agent may also be a polymeric species that forms in the
electrolyte, usually as a result of an electrochemical reaction, 155157:166.167.168.169  Tha
product of an electrochemical reaction may be reactive, such that it forms dimers or
larger polymeric structures. These polymeric structures are often insoluble due to their

large size and high molecular weight and will precipitate from solution on the nearest
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surface, such as the electrode surface. Such adhesion of a polymer to the electrode
surface obstructs the ability of the analyte to reach the electrode surface, thereby
fouling the electrode.1>>166.167.168.169 The nolymer may be a dense and closed structure
that is impermeable, or it may be lighter and more open such that the polymer is
permeable or semipermeable.1®"168170 The permeability of the polymeric species will
depend on the starting monomer and the electrochemical system conditions. 1% The
important analytes of interest that foul electrodes by this route are phenols and
neurotransmitters. In the case of phenols, following anodic oxidation, radicals are
formed. Further reactions involving the radicals may produce soluble species, such as
hydroquinone/benzoquinone or catechol, or may undergo coupling reactions to form

dimers, then oligomers, and finally polymers.

1.7 Scope of the present study

As discussed in the preceding sections, an electrode may experience fouling during
detection of neurotransmitter dopamine in vivo due to nonspecific adsorption of large
biomolecules, which then prevents dopamine from reaching the electrode surface and
participating in an electron transfer reaction. In addition, during electrochemical
oxidation of dopamine, it forms a melanin-like polymer that tends to bind with
electrode surface, leading to fouling. All these often lead to a compromised dopamine
detection in vivo. Hence, there is a demand for developing fouling resistant sensing
electrodes for use in in vivo detection. A number of initiatives was presented in work
discussed above for developing strategies combating against fouling arisen from
polymeric molecules that originate from the oxidation products of neurotransmitters.
However, there has been very limited effort so far against biofouling during dopamine
detection in vitro or in vivo. Therefore, this work is primarily aimed at developing
fouling resistant physically small carbon electrodes modified by incorporating several
antifouling layers on electrode surface. Further, the ability of the electrodes to
withstand fouling effects and their suitability for use as an in vivo probe were also
evaluated by performing dopamine detection in a synthetic fouling solution that mimics

complex biological environment.
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Initially, conical-tip carbon electrodes will be fabricated by following a procedure
previously reported by our research group.}*®  These electrodes will then be
hydrogenated using an n-butylsilane reduction method to achieve an H-terminated
carbon surface with extended butylsiloxane dendrimers. In Chapter 3, this method will
demonstrate our finding that the n-butylsilane reduction method is also capable of
reactivating non-functioning carbon microelectrodes. The hydrogenated electrodes will
also be examined to assess their long term stability both in air and in a citrate/phosphate
buffer. A significant outcome of this part of the work is that n-butylsilane reduction
method would aid in improving the fabrication success rate of carbon microelectrodes
to nearly 100%. Notably, hydrogenation by n-butylsilane is conducted under ambient
laboratory conditions in the presence of a mild reducing agent. This method can
therefore be readily adopted as an alternative to hydrogenation of carbon surface by
plasma chemical vapour deposition that is often performed at very high temperature

(~700°C) and pressure (~6 kPa).

Next, the antifouling capability of the n-butylsilane hydrogenated electrodes will be
evaluated in a laboratory synthetic fouling solution in Chapter 4. The solution contains
bovine serum albumin, cytochrome C, human fibrinopeptide and caproic acid that
mimics complex biological environment. In this chapter, we will also demonstrate the
capability of the modified surface in detecting dopamine at a defined concentration
without any interference from its polymeric product originated during electrochemical
oxidation. In this chapter, hydrogenated electrodes are further functionalised with 4-
sulfobenzene in a controlled manner to enhance the electron transfer kinetics and
sensitivity of the electrode towards dopamine. We also demonstrate that an improved
fouling resistance can be achieved after grafting 4-sulfobenzene on a hydrogenated

electrode surface.

In chapter 5, we systematically compare diethylsilane hydrogenation with n-butylsilane
hydrogenation in terms of effectiveness of the modified carbon surface against fouling.
More specifically, we are interested in examining the effects of longer chain and

branched silane compounds on antifouling property. In this chapter, we will
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demonstrate the remarkable property of diethylsilane in aiding dopamine detection. In
addition, we immobilise 4-sulfobenzene on diethylsilane modified electrode similar to
that performed on n-butylsilane modified electrode. Finally, this electrode was
employed to achieve an improved fouling resistance due to combination effect of

butylsiloxane and 4-sulfobenzene layers.

Several redox markers including [Ru(NH3)s]3t, [Fe(CN)g]3- anthraquinone-2,6-
disulfonate and dopamine have been employed in this work to probe the surface
characteristics of hydrogenated electrodes and are discussed in separate chapter where it
is relevant. A range of spectroscopic analyses by X-ray photoelectron spectroscopy,
Raman spectroscopy, electrochemical impedance spectroscopy and atomic force
microscopy will be conducted to provide supporting results in characterising the surface

modification.

Chapter 6 will be devoted to an overall summary and concluding remarks from work

conducted in this thesis, followed by feasible future directions for this work.
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Chapter 2

Experimental

2.1 Introduction

The main aim of this work is to develop fouling resistant physically small electrode for
effective determination of the neurotransmitter dopamine. Initially, a physically small
conical tip carbon electrode was fabricated by depositing carbon on and in the fine tip
of already pulled quartz capillary by pyrolysing C,H, gas in the presence of a counter
flowing stream of N2. Then, the electrode was modified by introducing a hydrogenated
layer on the bare electrode surface to achieve a more effective antifouling surface for
the detection of dopamine in the presence of a laboratory synthetic fouling solution. In
general, all bare and modified electrodes were -characterised using different
electroanalytical, spectroscopic and microscopic techniques to evaluate the degree of
modification of the electrode surface. Successfully modified electrodes were employed
for the detection of dopamine in a fouling solution that mimics complex biological
environment. The present chapter is devoted to the detailed descriptions of the essential
materials, reagents, instrumentation and adopted experimental procedure such that the
electrodes can be modified systematically and the most reliable results can be obtained.
More specific experimental techniques and reagents are described in the respective

chapters devoted to specific aspects of work in this thesis.

2.2 Chemicals and Reagents
A list of chemicals and reagents used in this project is tabulated as below together with

their sources.

Acetonitrile (HPLC grade) Sigma Aldrich
Acetylene BOC Australia
Anthraquinone 2,6-disulfonate Sigma Aldrich
Bovine serum albumin Sigma Aldrich

n-Butylsilane Sigma Aldrich
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Calcium chloride Sigma Aldrich
Citric acid Sigma Aldrich
Cytochrome ¢ Sigma Aldrich
Dichloromethane (anhydrous, >99.8% Sigma Aldrich
Diethylsilane Sigma Aldrich
Diethyl ether Sigma Aldrich
Dopamine Sigma Aldrich
Ethanol Sigma Aldrich
Graphite powder Sigma Aldrich
Hexanoic acid (Caproic acid) Sigma Aldrich
Hexammine ruthenium (111) chloride Sigma Aldrich
Human fibrinopeptide B Sigma Aldrich
Methanol Sigma Aldrich
Perchloric acid Sigma Aldrich
Potassium chloride Sigma Aldrich
Potassium ferricyanide BDH

Sodium phosphate dibasic heptahydrate Sigma Aldrich
Sodium tetrafluoroborate Sigma Aldrich
Sodium nitrite Sigma Aldrich
Sulfanilic acid Sigma Aldrich
Tetrabutylammonium tetrafluoroborate Sigma Aldrich
Tetrafluoroboric acid (48% w/v) Sigma Aldrich
Tris(pentafluorophenyl)borane Sigma Aldrich
2.3 Instrumentation and apparatus

Physically small conical-tip carbon electrodes were fabricated by initially pulling quartz
capillaries (1 mm outside diameter x 0.5 mm inside diameter x 75 mm length; Sutter
Instrument Company, Novato, CA, USA) using a laser based Model P-2000 Sutter

micropipette puller (Sutter Instrument Co.). Similarly, carbon fibre microelectrodes
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were fabricated by aspirating a single fibre of XAS grade (7 um diameter, purchased
from Goodfellow Cambridge Limited, UK) through a thin walled without-filament
glass capillary (1.0 mm outside diameter x 0.78 mm inside diameter x 10.0 cm length)
that was pulled by the same Sutter puller. Voltammetric measurements were carried out
using a low current potentiostat (eDAQ Pty Ltd., Sydney, NSW, Australia) capable of
measuring picoamperes of current. This potentiostat was operated using EChem
version 2.1.2 software on a PC via an E-corder interface (eDAQ Pty Ltd.). The
electrochemical cell was a conventional three electrode arrangement with a conical-tip
carbon electrode or a carbon fibre microelectrode as the working electrode, a AglAgCl
reference electrode (3 M KCI) and a platinum wire counter electrode. All
measurements were carried out in an aluminium Faraday cage to avoid any possible

noise and interruption from the main.

2.4 General methods and procedures

2.4.1 Fabrication of conical tip carbon electrode

Physically small conical tip carbon electrodes are routinely fabricated in our
laboratory.>2 Initially, a quartz capillary was pulled down to a fine tapered end by a
micropipette puller. This study requires electrodes with a conical tapered quartz tip that
offers mechanical strength to facilitate easy penetration through a cell membrane in an
in vivo experiment.  Upon pulling, the capillary was left in the puller for 1 min to cool
before it was visually examined under an optical microscope (Meiji, Industrial &
Scientific Supply Company Pty Ltd, Australia, Model-VT-T-2) to ensure the diameter

and tapered length are as desired.

The procedure adopted to fabricate a conical-tip carbon electrode is schematically
shown in Figure 2.1. Initially, the pulled capillary was housed carefully in a nuclear
magnetic resonance (NMR) sample tube (internal diameter 5 mm) through a
inxskinxskin stainless steel union tee with the bolts intact (SGE Analytical
Science). An acetylene flow of 65 kPa was delivered through the larger end of the

pulled capillary using a rubber tubing, while a counter flow of ultrapure nitrogen gas
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was supplied through the NMR tube at a flow rate of 20 mL min-l. This setup was
flushed by nitrogen gas for 5 min to generate an inert atmosphere in the NMR tube
before acetylene was thermally pyrolysed using a Bunsen flame. In this way, the
acetylene gas was blown backward as the acetylene effused from the pulled tip of the
capillary and was reduced to carbon that eventually was deposited at the tip and on the
shank of the capillary. (Caution: The union tee, NMR tube, and the rubber tubing must
be set up such that there was no leakage of acetylene gas to the Bunsen flame during
pyrolysis.) During pyrolysis, heating was initiated at the far end of the NMR tube away
from the tip to avoid thermal shock that could lead to tip fracture. The flame was then
slowly moved towards the shank followed by the tip of the capillary, where heating
persisted for 3 min. Following pyrolysis, the capillary with carbon deposit was left in
the NMR tube for another 30 s for cooling before it was carefully removed and rinsed

with milli-Q water to remove any particulate matter prior to further use.

—

Pulled capillary
NMR tube

|
< - Acetylene

1 gas

Gas:oit controller

T-piece

N; gas CONtroller  ep

Ultrapure N gas

Figure 2.1 Fabrication of physically small conical-tip carbon electrode
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2.4.2 Hydrogenation of conical-tip carbon electrode

All conical-tip carbon electrodes were hydrogenated using an n-butylsilane reduction
method. A schematic diagram illustrating the procedure is shown in Figure 2.2. In this
experiment, 5.0 mg of B(CgFs)3 was dissolved in 5.0 mL anhydrous CH,Cl, (= 99.8%)
by stirring for 10 min before 20 uL (0.156 mmol) of n-butylsilane (99% pure) was
added. A conical-tip carbon electrode was placed in the reaction solution that was
continuously purged by N2, before the setup was sealed with parafilm. Hydrogenation

at the electrode was continued for 2 h at room temperature. The hydrogenated

electrodes were dried for at least 30 min before they were used for further analysis.

‘_' Ultrapure nitrogen

[

+

Bare electrode

Hydrogenation reagent
(DCM, n-Butylsilane, B(CgF 5)3)

Figure 2.2 Hydrogenation of conical-tip carbon electrodes by n-butylsilane

2.4.3 Electrochemical experiments

Cyclic voltammetry was employed to assess all fabricated electrodes. In these
experiments, several redox markers including [Ru(NH3)g]3*, [Fe(CN)gl3-,
anthraquinone-disulfonate and dopamine were used. Initially, the solution containing a
redox marker was continuously purged by N, for 10 min. Then, a N, blanket was

maintained over the solution during the experiment. In all experiments, a potential scan
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rate of 100 mV s1 was used. Conditions used in cyclic voltammetry of all redox

markers are summarised in Table 2.1.

Redox Couple Supporting Electrolyte Potential Scan Range
LOmM 1.0 M KCl +0.20 V t0—0.40 V
[RU(NH3)6]3* | YR
1.0 mM [Fe(CN)g]3- 1.0 M KCI +0.20 V to —0.60 V
1.0 mM AQDS 0.1 M HCIO,4 +0.20 V to +1.00 V
1.0 mM Dopamine citrate/phosphate buffer (pH 7.4) +0.20 V to +0.60 V

Table 2.1 Redox markers used for electrochemical characterisation of bare and

hydrogenated conical-tip carbon electrodes

2.4.4 Fouling Resistance Experiments

A laboratory synthetic fouling solution containing 1% (w/v) bovine serum album,
0.01% (w/v) cytochrome C (both are proteins), 1.0% (v/v) caproic acid (a lipid), and
0.002% (w/v) human fibrinopeptide B (a peptide) was prepared to mimic a complex
biological environment in vivo.>* The solution was homogenised by stirring before the
electrodes were incubated in this solution. All fouling experiments were conducted in
dopamine in citrate/phosphate buffer deliberately mixed with the laboratory synthetic
fouling solution at laboratory room temperature. Notably, phosphate based buffer was
chosen in these experiments to obtain higher electrode sensitivity to dopamine in
citrate/phosphate buffer compared to that in bicarbonate-based buffer. Previously, it
was also investigated by Kume-Kick and Rice (1998) in their work where they
observed 2-3 fold higher sensitivity of carbon fibre microelectrode to dopamine in

phosphate or HEPES buffer compared to that in a bicarbonate buffer.®
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2.4.5 Data Analysis

In this study, the statistical significance of all correlation coefficients at the 95%

confidence level was tested using Student’s t-test and the linearity of all straight line

plots assessed using the Wald-Wolfowitz runs test.> The uncertainties associated with

the slope and ordinate intercept of a linear plot were expressed as confidence intervals

at the 95% level.
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Chapter 3

Activation of conical-tip carbon electrodes by
n-butylsilane reduction

3.1  General Introduction on Microelectrodes

Microelectrodes are electrodes with <100 pum in at least one dimension.! They are of
general interest owing to their capability in spatially resolved measurements in a small
volume of a highly resistant analyte, and in investigating the chemistry of an analyte at
a submicrosecond time scale.>® For example, microelectrodes are particularly useful
for applications in biological micro-environments. Recently, diamond microelectrodes
were used to measure norepinephrine release from the mesenteric artery of a rat* and
serotonin uptake at lymphocytes extracted in monkey's blood.> These diamond
microelectrodes exhibit high temporal and spatial resolutions with improved sensitivity,
reproducibility and response stability required to monitor small changes of analyte
concentration during the analytical detection of neurotransmitters.  Similarly, a
microelectrode allows the selection of the recording site in single cells with minimal
damage during implantation through the cell membrane. All these features have
continued to stimulate and demand advancements in microelectrode fabrication

technology.

3.2  Applications of microelectrodes to bioanalytical chemistry

Developments in the area of microelectrodes have partly emerged due to basic needs for
fundamental studies in small biological cells. In this respect, microelectrodes are used
in electrophysiology for recording biochemical events occurring or the concentration of
biomolecules released from cells. For example, a carbon fibre microelectrode was
employed to investigate serotonin exocytosis in mast cells of 10-20 pum diameters in
varying cell culture conditions.®” For secretion, the cells were initially stimulated by a
secretagogue solution through a micropipette placed 20-100 um away from cells.

Then, the exocytosis events were monitored by applying +700 mV (versus a Ag|AgCl
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reference electrode) to an electrode placed in contact with the mast cell membrane.
Similarly, a carbon fibre microelectrode with a 7-um diameter and 300 um in length
was implanted in the striatum of a rat to measure striatal dopamine release in a
schizophrenia mouse model.2 In this work, dopamine release, reuptake and vesicle pool
recycling in striatal dopmaminergic terminals of the mouse model was systematically
analysed. The authors observed that the striatal dopamine signal was not altered in a
schizophrenia model. In other work, single adrenal chromaffin vesicles of 60 nm
diameter were adsorbed and spread over a disc-shaped carbon microelectrode of 33 pm
diameter such that the vesicular contents were trapped against the electrode surface.’
Subsequently, the contents were quantitatively detected at the electrode. The same
group developed a conical tip carbon-fibre microelectrode of 50-100 nm diameter.°
They demonstrated the detection of total electroactive neurotransmitters including
dopamine in individual nano-scale vesicles of single PC12 cells without any significant
damage. Samba et al.!* employed PEDOT-CNT modified microelectrodes of 25 pm
diameter for sensing dopamine in B27, a typical culture media for primary neurons.
The initial signal of dopamine was attenuated as proteins including bovine serum
albumin, insulin and other smaller molecules (e.g. biotin) present in B27 clogged the
pores of PEDOT-CNTs. A permselective poly(phenylene diamine)-L-glutamate
oxidase modified platinum microelectrode was implanted in Xenopus embryos for real
time measurement of adenosine triphosphate without interferences during L-glutamate
detection in rat brain.!?!3 In a separate work, a cytochrome ¢ entrapped terthiophene-
3’-carboxylic acid (a conducting polymer) modified platinum microelectrode of 100
pm diameter was positioned at 1 mm anterior to bregma, 2.5 mm right to midline, and 4
mm below the skull surface of adult male Sprague-Dawley rat to investigate NO
secretion after administering cocaine.!* The modified electrode showed high sensitivity
towards NO and the electrode was capable to determine as low as micormolar level of
NO in vivo in an intact brain. Further applications of microelectrodes to bioanalytical

chemistry have already been discussed in Chapter 1.
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3.3  Problems encountered during microelectrode fabrication

In many microelectrode fabrication techniques, inadequate insulation or the need for
sealing the junction between the electroactive surface area and the insulating substrate
contributes to substantial charging current in a cyclic voltammogram. For example, in
Zhang et al.’s work?®, a small charging current in the cyclic voltammogram of 5 mM
[Fe(CN)g]3- at a scan rate of 10 mV s-1 was used to indicate good insulation and sealing
of carbon fibre and glass capillary during fabrication of carbon fibre microelectrodes.
Similarly, fabrication of nanometer-sized carbon fibre cone electrodes by flame etching
at high temperature often produced a rough carbon surface that limits the utility of the
electrode.'® To overcome this problem, an ion beam etching method was developed to
obtain a smooth carbon surface on a fabricated electrode. A relatively small
background current was then achieved during characterisation of these electrodes by the
cyclic voltammetry of 1 mM [Fe(CN)g]3- over a scan rate range of 10-500 mV s-1. The
use of a thin layer of silicon dioxide also effectively reduced capacitive current during
fabrication of a carbon nanotube modified microelectrode array employed for neural
stimulation.'”  Swain and co-workers'® reported that capacitance at a hydrogenated
glassy carbon electrode decreased by 50% following hydrogenation using a hydrogen
microwave plasma method. Hydrogen terminated diamond ultramicroelectrode arrays
showed a lower background current compared to those that were electrochemically
oxidised.’® A nitrogen-doped cap layer was grown on a single crystal boron-doped
diamond electrode using nitrogen gas in a chemical vapour deposition method to obtain
less charging current.?® Metals were electroplated on tungsten substrate to fabricate
gold and platinum ultramicroelectrodes. A complete and smooth surface coverage was
attained by optimising deposition variables such as temperature, plating time and
plating potential.?* However, the oxides present on electrode surface were found to
produce a large background current that interfered with the Faradaic current from

species in solution.?!

Upon fabrication of microelectrodes, cyclic voltammetry of well-behaved redox
systems is commonly performed at the electrodes to assess their integrity. For example,

the outer-sphere complex ion [Ru(NH3)g]3* is often used to characterise carbon
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surfaces because of its independence on the type of carbon surface.?? Similar to
microelectrodes with other geometries, a typical response of [Ru(NHg)g]3* in KCI
supporting electrolyte showing (1) a sigmoidal shaped cyclic voltammogram (CV) and,
(2) a small capacitive charging current between the forward and backward scans, is
used to indicate a functioning conical-tip carbon microelectrode. Owing to the small
electrode surface area, in addition to linear diffusion, edge diffusion of [Ru(NH3)g]3*
becomes more prominent in the vicinity of the electrode, which maintains a constant
supply of [Ru(NH3)g]3* to the electrode for reduction. This constant supply of
[Ru(NH3)]3* results in a steady-state diffusion current, giving rise to a sigmoidal
shaped CV. Moreover, a good seal between the carbon film and the quartz substrate
with minimal cracks and crevices on the carbon surface yields a small capacitive
charging current between the forward and backward cyclic voltammetric scan. In many
cases, pinholes, cracks or crevices arising from carbon surface imperfections and/or
poor epoxy sealing, for example, between a fibre and the glass substrate in carbon fibre
microelectrodes, will yield non-sigmoidal CVs with appreciable charging current
between the forward and backward scans. When non-sigmoidal CVs were obtained at
Pt and Au microdisc electrodes, they were often mechanically polished to minimise the
imperfections, which could sometimes aid in subsequently achieving a sigmoidal-shape
CV.2 Laczka et al.?* developed a three dimensional disc-ring microelectrode array of a
trilayer metals consisting of Ti, Ni, and Au deposited on silicon wafer. The electrode
array was activated electrochemically by applying a series of potential pulses from 0 to
- 2 V versus Ag|AgCI (3 M KCI) in 0.1 M KNOg3 supporting electrolyte. ~ After
activation, if less than 80% of electrodes in the array were not active, they were simply
discarded. Alternatively, a pre-treatment involving scanning the potential from —0.2 V
to 1.8 V and back to —0.2 V (against a sodium saturated calomel reference electrode) at
200 mV s 1 was previously used to activate physically small, fragile carbon
electrodes.®® However, this pre-treatment was not known to yield a long-lasting
improved characteristic. In the event of unsuccessful activation of these

microelectrodes, they were simply discarded.
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3.4  Scope of the present study

Previously, Nimmagadda and McRae?®?’ reported a one-pot reaction involving n-
butylsilane reduction capable of reducing carbon—oxygen functionalities to chemically
modify an analyte for chromatographic separation. As shown in Scheme 3.1, in the n-
butylsilane reduction method catalysed by B(CgFs)3, carbon—oxygen functionalities
present on carbon materials, e.g. aldehydes, ketones and primary, secondary and tertiary
alcohols, polycarboxylic acid group were converted to their corresponding alkyl
functionalities, leaving carbon—carbon double bonds and the graphitic structure
undisturbed. Phenolic hydroxyl groups are, however not reduced but are instead
silanised to form a dendrimeric butylsiloxane.?® This work aims at investigating the
feasibility of activating non-functional conical-tip carbon electrodes by hydrogenating
the electrodes using the n-butylsilane reduction method. X-ray photoelectron
spectroscopy will be used to characterise the surface of the hydrogenated carbon
electrodes.  We will also study the electrochemistry of [Ru(NHg)g]3* and

anthraquinone-2,6-disulfonate (AQDS) at the hydrogenated carbon electrodes.

n-BuSiH;

S

CH,Cly. B(C4Fs),

Scheme 3.1 Hydrogenation of carbon electrodes by n-butylsilane reduction method.
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35 Experimental
3.5.1 Reagents and Materials

The list of chemicals and reagents used in this work is as tabulated in Section 2.2.

3.5.2 Fabrication of conical-tip carbon electrodes
Physically small conical-tip carbon electrodes were fabricated using the procedure

described in Section 2.4.1.

3.5.3 Determination of electrode dimensions
According to work reported by our group?, the chronoamperometric current (i) at a

conical-tip electrode can be approximated by the expression

r

Jot

where n denotes the number of electrons transferred, F the Faraday constant (96,485 C

i= nFADC {O.5+ ' } Equation 1

mol-1), A is the electrochemical area (cm?2), D is the diffusion coefficient (5.3 x 106
cm2s-1)?8, C the concentration of the redox species (mol cm=3) and r is the radius of the
disc at the electrode tip (cm). Accordingly, a linear plot of i versus t-1/2 will yield a
slope that estimates A, which will in turn allow the use of the ordinate intercept to
estimate r. In this way, we will be able to determine the tip diameter and the axial
length of the carbon deposit on the electrode shank. In such an experiment, a constant
potential in the reduction limiting current region in the cyclic votalmmogram of 1.0 mM
[Ru(NH3)g13* was applied to a conical-tip carbon electrode in 1.0 M KCI for 10 s, and
the corresponding current decay was then measured as a function of time. The
corresponding current decay was chosen in a steady state region of the
chronoamperomogram. The results were then processed as described to estimate the tip

diameter and the axial length of the carbon electrode.
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3.5.4 Scanning electron microscopy

Carbon deposited on the shank and at the tip of an electrode was visualised using
scanning electron microscopy. This also permits the examination of electrode integrity,
geometry, shape and size. In our study, bare electrodes were initially deposited with
gold before being examined using a JEOL-JSM 6480—LA variable pressure scanning
electron microscope at the Microscopy Unit, Department of Biological Sciences,

Macquarie University.

3.5.5 Hydrogenation of conical-tip carbon electrodes
The fabricated conical-tip carbon electrodes were hydrogenated by an n-butylsilane

reduction as described in Section 2.4.2.

3.5.6 Electrochemistry at bare and hydrogenated electrodes

Fabricated electrodes were next characterised by cyclic voltammetry of 1.0 mM
[Ru(NH3)g]3%in 1.0 M KCI supporting electrolyte between +0.2 V to -0.4 V, and 1.0
mM AQDS in 0.1 M HCIO4 supporting electrolyte between +1.0 V to -1.2 V, both at
100 mV s1, using a low-current potentiostat (eDAQ Pty Ltd., Sydney, Australia)
operated by EChem version 2.1.2 software on a PC via an E-corder interface (eDAQ
Pty Ltd.). A single compartment, three-electrode cell accommodating a Ag|AgCI
reference electrode and a platinum wire counter electrode was used for electrochemical
measurement. All measurements were performed at room temperature in a Faraday

cage to minimise any noise interference.

3.5.7 X-ray photoelectron spectroscopy

XPS was conducted using an ESCALAB250Xi spectrometer (Thermo Scientific,
Loughborough, UK) interfaced to a computer with data acquisition and processing
software (Avantage; Thermo Scientific). Samples were irradiated with a

monochromatic Al Ko X-ray source of 1486.68 eV energy. A vacuum system at 2 x
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10-9 mbar was operating at 73 W (13.8 kV x 5.25 mA) power. A sample of ~320 pum
spot size was used. The photoelectron takeoff angle was 900 with pass energy of 100

eV for survey scans or 20 eV for region scans.

3.6 Results and Discussion
3.6.1 Characterising bare conical-tip electrodes in 1.0 mM
[Ru(NH3)g]3+

After assembling a conical-tip carbon electrode together, cyclic voltammetry of 1.0 mM
[Ru(NH3)gl3* in 1.0 M KCI is always conducted. A typical sigmoidal-shaped
voltammogram with a small charging current between the forward and the reverse scan,
shown in Figure 3.1, is used to indicate a functioning electrode. As discussed earlier,
the features shown in the voltammogram were attributed to a radial diffusion profile of
[Ru(NH3)6]3* towards the conical-tip carbon electrode with minimal holes, cracks and

crevices.

I 0.5 nA

T T T T T
-0.6 -0.4 -0.2 0.0 0.2
Voltage / V versus AglAgClI

Figure 3.1 Cyclic voltammetry of 1.0 mM [Ru(NH3)g]3* at a functioning conical-
tip carbon electrode in 1.0 M KCI. Scan rate: 100 mV s-1,
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3.6.2 Determination of electrode dimensions

Previous work? in our group has shown that Equation 1 can be used to estimate the tip
diameter and the axial length of the carbon deposit on the shank of the conical-tip
carbon electrode. Figure 3.2 shows an example of a chronoamperomogram of 1.0 mM
[Ru(NH3)g]3* obtained at a conical-tip carbon electrode in a 1.0 M KCI supporting

electrolyte.

0.5 nA

Time /s
Figure 3.2 Chronoamperomogram of 1.0 mM [Ru(NH3)g]3* in 1.0 M KCI at a

carbon electrode (-0.4 V pulse of 10 s duration).

As highlighted in Section 3.5.3, the steady state current between 2.0 and 3.0 s in the
chronoamperomogram above was substituted into Equation 1 to estimate the tip
diameter and the axial length of the carbon deposit. Typically, the mean tip diameter of
these electrodes was estimated to be 2 um (standard deviation (SD) 1 um; N=7) and the
mean axial length of deposited carbon was 15 pm (SD 10 pum; N=7). We have next
attempted to estimate the geometric electrode dimensions from the scanning electron
micrograph of the electrode in Figure 3.3. A uniform carbon deposit is clearly visible
in this figure and a geometric tip diameter of ~1.2 um was estimated. Unfortunately,

the boundary of the upper end of the carbon deposit is not readily visible, making it
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difficult to estimate the axial length of the carbon deposit. Nonetheless, both the
electroactive tip diameter estimated using Equation 1 is in good agreement with the
geometric tip diameter. We have also performed a similar chronoamperometric
experiment using an electrode with a much larger dimension and the results are shown

in Figure 3.4.

17 38 SEI

Figure 3.3 Scanning electron micrograph of a bare conical-tip carbon electrode

5 pA

1 1 1 1 1 1 1
1 2 3 4 5 6
Time/s

Figure 3.4 Chronoamperomogram of 1.0 mM [Ru(NH3)]3* in 1.0 M KCI at a
conical-tip carbon electrode with larger dimension (-0.4 V pulse of 10 s

duration).
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Similarly, the steady state current between 2.0 and 3.0 s was substituted into Equation 1
to estimate the tip diameter and the axial length of the carbon deposit. Here, the
corresponding tip diameter was estimated to be 7 um (SD 3 pum; N=5) and the axial
length was 2290 um (SD 102 um; N=5). These results are again in good agreement
with the geometric tip diameter of ~2700 um and geometric axial length of ~5 pum

estimated from the corresponding scanning electron micrograph in Figure 3.5(a) and

(b).

XZT SB88rm 1=z 38 SEI

Figure 3.5 Scanning electron micrograph of a bare conical-tip carbon electrode to

determine the (a) axial length and (b) diameter.
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3.6.3 Characterising hydrogenated conical-tip electrodes in 1.0 mM
[Ru(NH3)g]3+
In contrast to the results shown in Figure 3.1, trace i in Figure 3.6 shows an example of
a non-sigmoidal shaped CV with an appreciable charging current occasionally obtained
at a conical-tip carbon electrode. At these electrodes, non-uniform deposition of
electroactive carbon on the quartz surface during pyrolysis would have resulted in
cracks and crevices on the electrode surface, allowing [Ru(NH3)]3* to travel through
by capillary action. Such “leaky” electrodes would exhibit a large charging current. On
a carbon electrode, edge planes resulting from cracks and crevices on the electrode
surface contain many oxygen functionalities, which would contribute to a large
background current.?® Similarly, oxygen functionalities present on hexagonal rings of
sp2 carbon atoms on an electrode surface?? will also contribute to a significant charging
current. This feature becomes undesirable when microelectrodes are used in detecting
low concentration analytes with the small detection signal masked by a large
background current. Similar to other microelectrodes, conical-tip carbon electrodes that
produced such non-sigmoidal-shaped CVs were just discarded, contributing to their

unsuccessful fabrication rate.

After hydrogenating the bare conical-tip carbon electrode that yielded trace i in Figure
3.6 by n-butylsilane reduction, the CV of 1.0 mM [Ru(NH3)g]3* at the electrode (trace
i) in 1.0 M KCI appears sigmoidal in shape with negligible charging current, indicating

a characteristic functioning microelectrode.
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Voltage / V versus AglAgClI

Figure 3.6. Cyclic voltammetry of 1.0 mM [Ru(NH3)g]3* at (i) a non-functioning
conical-tip carbon electrode that was (ii) hydrogenated and (iii) twice hydrogenated in
1.0 M KCI. Scan rate: 100 mV s1.

@iii)
(i i) [ 2 nA
@)
-0'.6 -Ol.4 -Ol.2 0?0 0?2

Voltage / V versus AglAgCI

Figure 3.7 Cyclic voltammetry of 1.0 mM [Ru(NH53)g]3* at (i) a non-functioning
conical-tip carbon electrode that was (ii) hydrogenated and (iii) twice hydrogenated in
1.0 M KCI. Scan rate: 100 mV s1.
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In some experiments, hydrogenation of a non-functioning carbon electrode, represented
by trace i in Figure 3.7, still produced a peak-shaped CV for [Ru(NH3)g]3*, as denoted
by trace ii in Figure 3.7, indicating unsuccessful modification in single hydrogenation.
In this case, after repeating an identical hydrogenation step at such an electrode, a
similarly sigmoidal shaped CV to that depicted in trace iii in Figure 3.7 was obtained.
In trace ii of Figure 3.6, the half-wave potential (E2) and waveslope (0.0592/n) were
estimated (based on the equation®, E=Eu,+(0.0592/n)log1ol(ljjim— 1)/1], where E
denotes potential, n the number of electrons transferred, 1}j, the limiting current and |
the current) to be -171 mV (standard deviation (SD) 15 mV; N=10) and 60.2 mV
decade1 (SD 4.2 mV decade-1; N=10), respectively. After a repeated hydrogenation at
the same electrode used to acquire trace ii in Figure 3.6, the Ei, and waveslope of the
corresponding CV (trace iii) in Figure 3.6 were -177 mV (SD 12 mV; N=10) and 63.9
mV decadel (SD 5.6 mV decadel; N=10). Therefore, no discernible Ei, and
waveslope shift was observed after repeated hydrogenation, which supports the
insensitivity of [Ru(NH3)g]3* to the electrode surface chemistry. Moreover, the good
agreement in waveslope to the expected 59 mV decadel for a one-electron transfer at
hydrogenated electrodes indicates a reversible electron transfer reaction of
[Ru(NH3)g]3*. Further, the charging current in the sigmoidal-shaped CV became
almost negligible after repeated hydrogenation. In their work involving the activation
of glassy carbon electrodes by vacuum heat-treatment, Fagan et al.®! suggested the
reduced charging current is due to removed surface redox species and microscopic
surface structure changes. Notably, the limiting current diminished by ~30-50% after
repeated hydrogenation, which is attributable to the silanisation of phenolic hydroxyl
groups on the electrode surface, leading to an increased electron tunnelling distance.??
Therefore, this clearly demonstrates the ability of n-butylsilane reduction to activate
electrodes by potentially filling in microfractures on the electrode surface. As the
electrochemistry of [Ru(NH3)g]3* is independent of surface chemistry, the
transformation of a peak-shaped voltammogram to a sigmoidal shape can be attributed
to a range of physical changes on the electrode surface. For example, the

hydrogenation process can result in the bonding of the silicon atom in a butylsiloxane
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group to the carbon structure and this might function as a mechanical support for

carbons on the electrode surface, as described by Amato et al.>?

3.6.4 Voltammetry of anthraquinone-2,6-disulfonate at a bare and a
hydrogenated electrode

In our work, cyclic voltammetry of 1.0 mM AQDS in 0.1 M HCIOy, often used to show
the presence of carbon-oxygen functionalities at edge plane of highly ordered pyrolytic

graphite and other carbon surfaces'®3®, was also conducted. As shown by Figure 3.8

(a),

(a)
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-1.5 -1.0 -0.5 0.0 0.5 1.0
Voltage / V versus AglAgClI
(b)
I 50 pA

T T T T T 1

-1.5 -1.0 -0.5 0.0 0.5 1.0

Voltage / V versus AglAgCI

Figure 3.8  Cyclic voltammetry of 1.0 mM AQDS in 0.1 M HCIO, at (a) a carbon

electrode and (b) a hydrogenated carbon electrode. Scan rate: 100 mV s,
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the CV obtained depicts a reduction current arising from physisorbed AQDS on
carbon-oxygen functionalities at carbon electrodes. However, a featureless, highly
magnified CV (Figure 3.8 (b)) at the corresponding hydrogenated electrode has
provided strong evidence for the removal of the functionalities from the electrode

surface.

3.6.5 Characterising bare and hydrogenated electrode by X-ray
photoelectron spectroscopy

XPS was next conducted to further probe the characteristics of the hydrogenated carbon

surface. Both the survey XPS spectra and Gaussian-fitted results obtained using bare

and hydrogenated carbon electrodes are presented in the following sections. In Figure

3.9, the survey XPS spectrum of a bare carbon electrode shows distinct C1s and O1s

peaks. However, in Figure 3.10, after hydrogenation, an additional Si2p peak was also

observed.
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Figure 3.9  XPS survey spectrum of a bare carbon electrode.
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Figure 3.10  XPS survey spectrum of a hydrogenated carbon electrode.

By deconvolution, the corresponding high-resolution spectra obtained at these
electrodes are displayed in Figure 3.11, 3.12, 3.13, 3.14, and 3.15. In Figure 3.11, 5
peaks were identified in the Cls spectrum of a bare carbon electrode. It is therefore
apparent that the carbon obtained from the pyrolysis of C,H, contributed several peaks
under C1s including sp2-like graphitic carbon and sp3-hybridised diamond-like carbon.
Among the fitted results in Figure 3.11, the most intense peak at ~285.0 eV is
attributable to aliphatic, sp3-like carbon (explicitly, quaternary C in long aliphatic
chain) by comparing to a peak at the same binding energy obtained using an
electrochemically and thermally oxidised boron-doped diamond film on a silicon
substrate.3 The peak at 284.5 eV is assigned to the presence of sp2 graphitised carbon
as this is analogous to that obtained using amorphous carbon films deposited by plasma
on a single crystal silicon substrate.>® Notably, the carbon film was exposed to air
while being deposited during pyrolysis, giving rise to oxidation products on the

electrode, which may account for carbon binding energies at 286.6, 288.0, 289.2 eV.



According to Zhou et al.*®, who examined chemically and thermally functionalised
carbon nanofibres, the 286.6 eV peak represents carbon in the form of phenols, alcohols
or ether groups, the 288.0 eV peak represents carbon in carbonyl or quinone groups,
and the 289.2 eV peak indicates the presence of carbon as carboxyl groups on the

electrode surface.
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Figure 3.11  Cl1s peak fitting of spectrum of a bare carbon electrode.
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Figure 3.12  Cl1s peak fitting of spectrum of a hydrogenated electrode.

As shown in Figure 3.12, the deconvoluted results at a hydrogenated carbon electrode
also yielded 5 peaks under C1s. Compared to Figure 3.11, a peak of similar intensity is
observable at 285.0 eV. However, the 284.5 eV peak in Figure 3.11 has slightly shifted
to 284.4 eV after hydrogenation due to an altered chemical environment on the
electrode surface.®®> Moreover, at the hydrogenated carbon electrode, the 284.4 eV peak
becomes ~60% more intense than that obtained at the bare electrode. This is attributed
to the composition of carbon films with mixed sp2 carbon as graphite and silane-like
carbon (—C-Si-O-) formed after hydrogenation, as illustrated in Scheme 3.1. This is
further supported by the presence of both the Si2p and Ols signals obtained at the
hydrogenated electrode surface, in agreement with Ferro et al.’s work involving a
boron-doped diamond film electrode grown on a single-crystal, p-silicon wafer.3

However, as expected, the intensity of the remaining three peaks is significantly lower
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after hydrogenation and these peaks have correspondingly shifted to 286.4, 287.3 and

288.8 eV due to different chemical environment after hydrogenation.*

Most functional oxygen groups would reportedly yield O1s binding energies within a
narrow 531-535 eV range.®**" In this work, the deconvolution of the O1s spectrum at a

bare electrode yielded two peaks at 532.25 and 533.7 eV, as shown in Figure 3.13, with
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Figure 3.13  O1s peak fitting of spectrum of a bare electrode.



Chapter 3 Activation of conical-tip carbon electrodes 85

1200 -
1000 - ﬂ

©
S 800-
(&]
3
L >
8 Qo
o 600- 8
5 S
(@] wn
O

400

200 - \

| ’ | » 1 Y:T?W
540 536 532 528

Binding Energy / eV

Figure 3.14  Ols peak fitting of spectrum of a hydrogenated electrode.

a relative abundance of ~7.13% and 3.10%, respectively. Using Ferro et al.’s work3*
as a guide, the 532.25 eV peak is assigned to etheric/alcoholic aliphatic functions and,
to a lesser extent, to carbonylic aliphatic groups, most likely originating from dangling
bonds on the sp3-carbon skeleton. On the other hand, the 533.7 eV peak is assigned to
oxygen present as ethers, alcohols, and esters in aromatic frames.®3  After
hydrogenation, binding energies arising from oxygen-bearing functionalities (carbonyl,
carboxyl, epoxy, etc) associated with carbon on an electrode surface, except phenolic
hydroxyl, have diminished when hydrogen atoms replaced these functionalities.
However, we observed a separate intense oxygen peak at 532.05 eV in Figure 3.14,
possibly arising from a large number of oxygen present in the dendrimeric

butylsiloxane derivative formed during hydrogenation shown in Scheme 3.1. Ferro et
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al.® also obtained a sharp oxygen peak at 532.8 eV that was assigned as oxygen present
in aliphatic —-C—O-Si— group when a boron-doped diamond film was deposited on a

single-crystal p-silicon wafer.
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Figure 3.15  Si2p peak fitting of a spectrum of a hydrogenated electrode. The red

trace denotes the baseline of the spectrum.

On the other hand, a characteristic Si2p peak at 102.18 eV is notably observable in
Figure 3.15, which was absent in the spectrum of the bare electrode. According to
Ferro et al.®, Si in aliphatic and aromatic species is expected to appear respectively at
102.1 and 102.0 eV, while the Si peak originated from the quartz substrate (SiO») is
expected to be located between 103.21 and 103.9 eV. Therefore, the Si2p signal at the
hydrogenated electrodes could be confidently assigned to aliphatic bonded silicon,

indicating the formation of a butylsiloxane group on electrode surface by hydrogenation



Chapter 3 Activation of conical-tip carbon electrodes 87

shown in Scheme 3.1. All XPS data above provided strong support for the proposed

electrode surface structure obtained by n-butylsilane reduction in Scheme 3.1.

3.6.6 Stability of hydrogenated electrodes

In the next experiment, 20 cyclic voltammetric scans of 1.0 mM [Ru(NH3)g]3* in 1.0 M
KCI were conducted at hydrogenated electrodes. The results obtained, depicted in
Figure 3.16, show repeatable sigmoidal-shaped voltammograms with negligible
changes in charging current obtained at a hydrogenated electrode, compared to a peak-
shaped voltammogram with high charging at non-hydrogenated electrodes. These
results demonstrate the stability of hydrogenated electrode surface. To further establish
the integrity of modified electrodes, cyclic voltammetry of [Ru(NH3)g]3* was
conducted at both bare and hydrogenated electrodes that were separately stored in air

and in a pH 7.4 citrate/phosphate buffer.
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Figure 3.16  Cyclic voltammograms of 1.0 mM [Ru(NH3)g]3* at non-functioning
(peak shaped) and functioning (sigmoidal shaped) conical-tip carbon electrodes in 1.0

M KCI. Scan rate: 100 mV s-1. Time between scans: 8 s.
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The changes in the [Ru(NH3)g]3* reduction signal obtained at these electrodes after a
week of storage are shown in Figure 3.17 and 3.18. The changes of the reduction signal
of [Ru(NH3)]3* was calculated using the mathematical expression ((I - 10)x 100)/Io,
where | denotes final reduction limiting current, I, initial reduction limiting current.
After storage, the reduction current at bare electrodes stored in air increased by 25%
(SD 27%; N=9).
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Figure 3.17  [Ru(NH53)g]3* detection signal change at bare carbon electrodes in air

and in pH 7.4 citrate/phosphate buffer.
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Figure 3.18  [Ru(NH3)g]3* detection signal change at hydrogenated carbon electrodes

in air and in pH 7.4 citrate/phosphate buffer.

In this experiment, exposure of carbon surface to air might have increased the specific
surface area by surface fragmentation, roughening and channels originated through the
deposited carbon, leading to the formation of surface oxides, as reported by Toebes et
al.®. According to Lee et al.>°, upon exposure to air, the number of functional groups
substantially increased on a carbon fibre surface, which would in turn enlarge the
surface area of a carbon fibre and thus the enhanced detection signal. In addition, the
charging current increased between the forward and backward scan in the
voltammogram after storage (data not shown). This may serve as evidence for surface
oxide formation after exposure to air.*’ Similarly, the bare electrodes were also stored
in an airtight condition as a control and their detection signal remained almost

unchanged at 0.11% (SD 1.6%; N=9) with a small charging current over the same
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period. In contrast, the bare electrodes stored in buffer showed a diminished detection
signal by 30% (SD 13%; N=9). Wang et al.*! also observed a gradual decrease in
detection signal and up to 50% loss of the detection signal after storing iridium and
glucose oxidase modified carbon fibre microelectrodes in phosphate buffer for one
week. Previously, polar functional groups (e.g. —OH) on a carbon surface reportedly
provide coordination sites for phosphate to bind onto a carbon surface.*?> Anions can
bind on a polar functional group-containing carbon surface by electrostatic interaction
or ligand exchange mechanism and therefore, carbon was previously used as an
adsorbent for removal of phosphate from aqueous waste.** In our work, we assume
citrate/phosphate ions in buffer can bind to the electrode surface and block the active
surface area that ultimately causes diminishing detection signal at the electrodes.
Hydrogenated electrodes were similarly stored in both air and buffer for 1 week. As
shown in Figure 3.18, very minimal detection signal change was observed at the
hydrogenated electrodes in air (1.1% (SD 3.3%; N=9)) and the buffer (2.8% (SD 3.2%;
N=9)). These results clearly indicated that hydrogenated electrodes were less prone to
both air and buffer exposure because of the formation of an H-terminated hydrophobic
surface in n-butylsilane reduction. Previously, H-terminated glassy carbon electrodes
showed long-term surface stability towards air oxidation and also demonstrated weaker
adsorption to polar compounds compared to bare glassy carbon electrodes. The
absence of surface oxide might have enhanced the stability of H-terminated glassy
carbon, which would otherwise increase adsorption to carbon promoted by local
electron withdrawal by oxygen and the possibility of ionic and covalent bonding of

adsorbates.**
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3.7  Conclusion

As illustrated in Scheme 3.1, during n-butylsilane hydrogenation, carbon-oxygen
functional groups on electrode surface are eliminated, except phenolic hydroxyl groups,
and are replaced by sp3 carbon-hydrogen. We attribute the reduction of charging
current at the hydrogenated carbon electrodes to the removal of carbon-oxygen
functionalities from the electrode surface, followed by terminating defect sites with
carbon-hydrogen, as described by Xu et al.*® for glassy carbon electrodes hydrogenated
by microwave plasma. Similarly, H-terminated diamond electrodes also show low
background current due to a lack of detectable electroactive surface carbon-oxygen
functionalities.* In this way, we postulate that hydrogenated conical tip carbon
electrodes surface behave similarly to a diamond electrode surface and produced CVs

with minimal charging current.

In summary, this work has demonstrated the application of the n-butylsilane reduction
as an effective activation of non-functional carbon microelectrodes to obtain sigmoidal-
shaped voltammograms with minimal charging current at these electrodes. Chemical
modification of these microelectrodes was confirmed by electrochemistry and XPS. In
this way, the fabrication success rate of carbon microelectrodes has been improved to
nearly 100%. Equally significant, these activated carbon electrodes have shown long-

term stability in air and in citrate/phosphate buffer.
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Chapter 4

Development of Antifouling Electrodes by
Hydrogenating Conical-tip Carbon Electrodes
using n-Butylsilane Reduction

4.1 Introduction

Dopamine is a neurotransmitter released in the forebrain well known for responding to
rewards, non-reward and positive motivation. It is also involved in brain networks for
seeking, evaluating, and value learning. In some cases, it is also implicated with
supporting brain network for orienting, cognition, and general motivation.! The
development of obesity is linked with the deficit in neural reward responses related to
dopamine concentration in the central nervous system.>? Dopamine serves important
physiologic functions in organs such as the kidney. Deficiency of intrarenal dopamine
may lead to hypertension and decreased longevity.> Disruption of dopamine in brain is
associated with common neurological disorders such as Parkinson’s and Alzheimer’s
diseases. Diabetes may cause a reduction in retinal dopamine and could cause early
visual defects.* Therefore, determination of dopamine is of interest to neuroscientists
studying the factors influencing neurotransmitter actions and the roles neurotransmitters

play in neuronal signalling.

4.2 Dopamine

Dopamine release in the central nervous system is involved with reward, and, to some
extent, risk as well, whereas punishment and salience have only limited effects on
dopamine activation.> Neurons in the central nervous system accumulate the
information, process and relay them within the brain. Such information moves through
the central nervous system as electrical impulses called action potentials. The action

potential propagates by travelling from the cell body to the axon and dendrites of a
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dopaminergic neuron as shown in Figure 4.1.° However, the action potential is unable
to pass from a neuron to an adjacent neuron because of a synaptic gap of ~300 nm by
~15 nm between the neurons.” Instead, the arrival of an action potential to the
dopaminergic nerve terminal evokes vesicular release of dopamine into the cleft,
wherein it crosses the gap to activate postsynaptic receptors to initiate the postsynaptic
neuron to fire its own action potential. Reuptake clears dopamine from the synaptic
cleft (gap) via presynaptic dopamine transporters (DAT). Thus, neurotransmission
processes these signals throughout the entire body. However, dopaminergic neurons are
only located in a limited discrete region of the brain. The cell bodies of the neurons are
embedded in the substantia nigra or ventral tegmental area and the axons are projected
to the caudate-putamen or the nucleus accumbens. A dopaminergic metabolic pathway
showing its synthesis in this part of the brain is presented in Figure 4.2. In the first step,
tyrosine (Tyr) is converted to L-DOPA in the presence of tyrosine hydroxylase (TH).
In the next step, in the presence of L-amino acid decarboxylase (AADC), L-DOPA is
transformed to dopamine, which can also be dissociated by catechol-O-
methyltransferase (COMT) and monoamine oxidase (MAO), resulting in 3-
methoxytyramine (3-MT) and 3,4-dihydroxyphenylacetic acid (DOPAC), respectively.
In the final step, both of them are further metabolised by MAO and COMT to
homovanillic acid (HVA) as a final product. Alternatively, dopamine is converted to
norepinephrine (NE) by dopamine beta-hydroxylase (DBH), then norepinephrine is

converted to epinephrine (E) by N-methyltransferase.®
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4.3  Chemistry of dopamine

Dopamine is one of the major neurotransmitters in the catecholamine group present in
the central nervous system. Understanding the chemistry involved with dopamine is
important not only in biomedical research, but also in diagnostic and pathological
research. In terms of electrochemistry, dopamine can easily be oxidised by applying a
potential and it undergoes a two-electron oxidation to produce dopamine o-quinone, as

shown in Scheme 4.1.

+ +
HO NH; Oxidation (o) NH;
= +
:@A/ D/v + 2e+2H
HO o]

dopamine o-dopaminoquinone

Scheme 4.1. Oxidation of dopamine

However, the oxidation product of dopamine is very reactive and it can undergo a series
of cyclisation reaction to form a melanin-like polymeric compound as depicted in
Scheme 4.2. Initially, dopaminoquinone cyclises to leukodopaminochrome, which then
undergoes a two-electron oxidation to form dopaminochrome.  Subsequently,
dopaminochrome polymerises to yield a melanin-like compound.®® Alternatively,
dopaminoquinone can also be polymerised to form polydopamine and

polydopaminoquinone as shown in Scheme 4.3.1112
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Scheme 4.2. A mechanism for the electrochemical oxidation of dopamine in aqueous

solutions. Adapted from reference 10. 1
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Next, owing to the presence of a catechol and an amine group in dopamine, it may
polymerise to form a compound that mimics a protein (Mefp-5) of blue mussel (Mytilus
edulis), as shown in Scheme 4.4, which can spontaneously deposit as a thin polymer

film on a bulk material surface.™®

Scheme 4.4 A schematic illustration of the interfacial location of Mefp-5 and a
simplified molecular representation of characteristic amine and catechol groups;

Adapted from reference 13. 1

4.4  Challenges to dopamine detection in vivo

A challenge in dopamine detection in vivo is to identify the target dopamine neurons
located in the substantia nigra pars compacta (SNC) and ventral tegmental area (VTA)
in the midbrain. Due to the presence of a minority population of non-dopamine neurons
(e.g., GABAergic neurons, glutamatergic neurons) in the same location that are not
readily distinguishable from dopamine neurons, selection of dopamine neurons using an
electrode implanted through several millimetres into the brain is a complicated process

and this may compromise the reliability of detection.’* Although the majority (70%) of
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neurons in SNC and VTA are dopaminergic neurons, it is crucial to identify the specific
neurons for reliable recording of dendritic release of dopamine. Another challenge in
detecting such neurotransmitters in vivo as dopamine or serotonin is that they are
present for a very short time (milliseconds) in the synaptic gap, while presynaptic and
postsynaptic events are taking place. However, microelectrodes give unprecedented

spatial and temporal resolution overcoming many aspects of the problems these days.*®

With their similar chemical structures and properties, dopamine, ascorbic acid, and uric
acid coexist in extracellular fluids of the central nervous system, human blood plasma,
and urine. As a result of overlapping oxidation potentials, it is always challenging to
detect them individually and/or simultaneously by electroanalytical methods.*®” In
order to overcome this problem, modification of the electrode surface is required to
obtain high selectivity to dopamine. However, while not perfect, selective detection of
dopamine at carbon fibre microelectrodes using fast-scan cyclic voltammetry does not

always require surface modification.'®

Another common challenge in detecting dopamine in vivo is electrode fouling. High-
molecular weight amphiphilic proteins, peptides, lipids or other biomolecules present in
extracellular fluid, can irreversibly adsorb on oxygenated sp? carbon electrodes through
dipole-dipole interaction, hydrogen bonding or ion dipole interaction. All these then
form a barrier on the electrode surface that deters dopamine from making direct contact
with the electrode surface for electron transfer reaction, leading to a transient attenuated
dopamine response, as illustrated in Figure 4.3.2° On the other hand, a non-polar, H-
terminated surface with no extended m electron system is reportedly less prone to
fouling.2° Meanwhile, other properties including stability and charging current at a H-
terminated surface are also expected to be much improved compared to an O-terminated

electrode surface. 1°
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Figure 4.3 Effect of fouling on a bare carbon electrode during dopamine oxidation.

In addition, the polymeric compound, polydopamine or melanin, originating from
dopamine oxidation during electrochemical detection, may also yield an insulating film
via strong covalent bonds with organic moieties and noncovalent bonds with inorganic
species present on the electrode surface. All the above will therefore jeopardise the

long-term stability of the electrode and compromise the detection process. 01320

4.5 Hydrogenation of Electrode surface

H-terminated electrode surfaces have recently received much attention due to their
potential use as a biosensing platform. One way to fabricate a H-terminated surface is
to reduce graphene oxide on a quartz glass using a flow of hydrogen in the presence of
argon in an autoclave at 500°C and 75 x 10° torr pressure.?! Graphene oxide can also
be chemically reduced using hydrazine.??> Similarly, polycrystalline diamond was
grown on a silicon wafer by microwave chemical vapour deposition at 700-900°C from
a mixture of 0.7% methane in 100 standard cm® min? hydrogen.?® After growing

diamond, the methane flow was stopped while a hydrogen plasma at 25 torr reactor
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pressure with 600 W microwave power at 700°C was maintained for an additional 30
min to obtain a H-terminated diamond surface. Kanazawa et al.?* deposited a
polycrystalline diamond film on a silicon substrate by microwave-plasma-assisted
chemical vapour deposition at 700 W and 50 torr, with a hydrogen and methane gas
flow of 198 and 2 standard cm® min, respectively. To obtain a H-terminated surface,
the deposited film was exposed to a hydrogen plasma for 10 min. By using a similar
strategy to form a diamond layer of 0.2 —1.0 um thick, Rezek et al.?® then hydrogenated
the diamond surface by maintaining only a hydrogen plasma for 5 min. Vanhove et
al.? treated a diamond film of 500 nm thick for 2 h in hydrogen delivered into a
microwave plasma enhanced chemical vapour deposition reactor. Alternatively, the
oxide layer on a silicon wafer substrate was removed before the diamond film was
deposited. For example, Biswas et al.?’ initially hydrogenated a silicon wafer for 15
min in a hydrogen plasma at 500 standard cm® min, at a pressure of 0.193 torr in 30 W
radio frequency power. In other work?, a similar diamond of 200 pum thick was
hydrogenated in a microwave plasma for 5 min at 500°C. Undoped diamond of 60-80
nm thickness was grown in a chemical vapour deposition reactor where the deposited
diamond was exposed in situ to a hydrogen plasma at 650°C for 10-30 min.®
Hoffmann et al.*® reduced a boron doped diamond electrode in a microwave induced
hydrogen plasma of 2500 W, while 75 torr hydrogen was fed into the reactor at a rate of
300 standard cm® mint. In the same work®, the electrode was cathodically treated at -
35V in 2 M HCI for 1-5 min to obtain a clean hydrogenated surface. Salazar-Banda et
al.3! reduced a boron doped diamond electrode in 0.5 M H,SO, by applying a potential
of +3 V to -3 V (versus a hydrogen reference electrode) at 0.1 V s scan rate for 30
min. In a separate work, graphene oxide was reduced at a glassy carbon electrode by
applying a potential of -1.1 V for 300 s and palladium nanoparticles were incorporated
in the reduced graphene.® The modified sensor was applied to measure dopamine in

commercially available dopamine injection at a lower oxidation potential (0.234 V
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versus Ag|AgCIl) than electrodes modified with reduced graphene or palladium

nanoparticles only.

4.6  Strategies to minimise fouling

In Section 1.6, we have briefly discussed about antifouling strategies. Due to the
diversity of the fouling agents and antifouling strategies, the evaluation or comparison
of one strategy over another for a particular application is not straightforward. In this
section, we will discuss antifouling strategies that are categorised according to the types
of electrode modification. These modification strategies are commonly conducted by
immobilising/developing antifouling film on bare electrodes. Films that have hitherto
been reported include carbon nanotubes, graphene, diamond or diamond-like and

polymeric materials.

4.6.1 Carbon nanotubes and graphene

Carbon nanotubes are commonly used due to their large surface area, electrical
conductivity, and electrocatalytic properties.>*3* Carbon nanotube-modified electrodes
exhibit antifouling properties in electrochemical analysis in vivo, where proteins of all
sizes could potentially foul the electrode surface. In an in vivo analysis, Xiang et al.®®
immobilised vertically aligned carbon nanotubes on SiO, passivated carbon fibres.
Such an electrode was prepared by the pyrolysis of iron phthalocyanine under an Ar/H,
atmosphere in which the temperature was increased from 800°C to 1100°C. In applying
the electrode to selectively monitor ascorbate in cerebrospinal fluid in vivo, the authors
reported a 2% loss of sensitivity in a 30-min experiment. A corresponding 21% loss
was observed at an unmodified carbon fibre microelectrode. The modified electrode
was also used to successively detect ascorbate in the striatum of an anesthetised rat

brain every 5 min.% Excellent reproducibility (relative standard deviation (RSD) 6.4%)
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and durability (after six consecutive scans with a 5-min time interval), along with well-
defined sigmoidal voltammograms of ascorbate in the rat brain, supported an
antifouling capability of the carbon nanotube-modified electrode in real time analysis.
The antifouling properties of carbon nanotubes may be due to their electrocatalytic
activity that arises from various defects at the ends of the nanotubes or on the
cylindrical walls.333* 3¢ These defects often undergo oxidation or other reactions

producing a variety of functional groups.

Zestos et al.*” also developed a carbon nanotube fibre electrode by pumping a
suspension  of single-walled carbon nanotubes in water and sodium
dodecylbenzenesulfonic acid into a rotating polyethylenimine solution in a custom-built
rotating stage. The polyethylenimine-carbon nanotube fibre modified electrode showed
higher conductivity than that at a poly(vinyl alcohol)-carbon nanotube fibre modified
electrode developed by the same group and a 6-fold greater oxidation current for 1 uM
dopamine was obtained at the former electrode. The fouling resistance of the
polyethylenimine-carbon nanotube fibre electrodes was examined by measuring
serotonin in the presence of its metabolite, 5-hydroxyindolacetic acid, which is also
known to cause electrode fouling during the detection of serotonin. Electrode fouling
from 5-hydroxyindolacetic acid is particularly important because its physiological
concentration is often 10 times higher than that of serotonin. The serotonin oxidation
peak at the polyethylenimine-carbon nanotube electrode was reported to remain almost
constant upon incubation in 5-hydroxyindolacetic acid for 2 h. The polyethylenimine-
carbon nanotube fibre electrode has also exhibited antifouling properties towards the
oxidation product of dopamine, as no significant change in dopamine oxidation current
was observed when a bolus of dopamine was injected every 2 h over a 10 h period.%’
When the polyethylenimine-carbon nanotube fibre electrode was applied to measure
exogenous serotonin concentration in rat brain slices of the caudate putamen for 10 min,

the peak-shaped cyclic voltammograms and the dopamine oxidation peak current
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remained unchanged. The authors proposed that the antifouling properties of the
electrode were due to the presence of additional edge plane sites arising from carbon
nanotubes. Similarly, Harreither et al.*° developed a 35 um diameter carbon nanotube
fibre electrode by continuously spinning single-walled carbon nanotubes dispersed in
sodium dodecyl sulfate in a co-flowing stream of aqueous poly(vinyl alcohol). Based
on a steady-state amperometric measurement of 1 mM and 100 uM dopamine at the
fabricated electrode, the electrode exhibited a loss of half of its initial steady-state
current in 15 min at the 1 mM concentration.’® However, the steady-state current
obtained in 100 uM dopamine was unchanged for 2 h. The results of these experiments
indicated the potential application of carbon nanotube fibres in the brain, although the
extracellular concentration of dopamine (0.01-1 pM) is much lower than that used in
this experiment. These results also indicated that fouling of dopamine is concentration
dependent and a lower concentration of dopamine may lead to decreased chemical
fouling. The authors also reported a slow growth of insulating patches on carbon

nanotube modified fibres compared to conventional carbon fibres.

Graphene is a two-dimensional single layer of sp? carbon atoms with very high
electrical conductivity, surface area, and mechanical strength.?® It can be considered
as an individual layer of graphite or an unrolled carbon nanotube and has been shown to
reduce electrode fouling. The most common graphene preparation involves oxidation
of graphite that is then separated into single layers of graphene oxide. The latter is then
chemically or electrochemically transformed to reduced graphene oxide. For example,
Alwarappan et al.*® studied the direct electrochemical activity of cytochrome ¢ at a
chemically reduced graphene-modified glassy carbon electrode. In addition to
improving electron transfer kinetics, the current at the modified electrode was found to
have reduced by only 7.5+0.3% after 50 repetitive cycles.>® The presence of graphene

protected the electrode from fouling by preventing cytochrome ¢ from reaching the
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glassy carbon electrode surface and provided electrocatalytic sites for the efficient

detection of the protein.

4.6.2 Diamond and other carbon-based materials

Diamond has a very low electrical conductivity due to a completely sp3 structure, but
doping with boron sufficiently increases the conductivity for use as an electrode
material.3® The extensive sp3 structure of a boron-doped diamond, together with the
typically low surface polar functional groups, results in a dramatic decrease in the
adsorption of fouling agents such as proteins.*®%° However, the electrode surface that
contains polar functional groups e.g. carbonyl, hydroxyl has reported offered high
sensitivity to catecholamine through improved adsorptivity of the compounds.** Thus,
the surface chemistry of an electrode has a major effect on the electrochemical
performance and antifouling characteristics. Indeed, Trouillon et al.*? demonstrated
that the boron doping level affects the antifouling properties of boron-doped diamond
electrodes. They investigated a range of boron doping levels (0.1, 1, and 5%, v/v) to
investigate the stability of electrodes employed for dopamine detection in the presence
of bovine serum albumin as a biological fouling agent. Albumin is commonly used to
assess the antifouling properties of electrodes and sensors because it is often considered
a biological fouling standard.**#44> A non-significant decrease of dopamine oxidation
current was observed at the 0.1% and 1% doping levels. However, a corresponding 25%
decrease was observed when the doping level was increased to 5%. These results
indicate that high-density boron-doped diamond electrodes are more prone to fouling.
A high level of boron doping would facilitate the formation of a high density of defect
sites that are electrocatalytically active. Consequently, the inactivation of these defect
sites by fouling agents would result in diminished electrochemical detection of the
analyte. Therefore, low-level boron-doped diamond electrodes should limit the

adsorption of fouling agents on an electrode surface. For example, Zhao et al.*f
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fabricated a conical-tip boron-doped diamond microelectrode with a low doping level.
No significant attenuation in the oxidation signal was observed during the amperometric
detection of serotonin in guinea pig mucosa in vitro for 100 min. As well as the doping
level, the surface termination and roughness affect the fouling resistance of boron-
doped diamond electrodes. The effect of electrode fouling was also investigated at H-
and O-terminated electrodes, which have low and high proportions of surface oxygen
functionalities, respectively. For the analysis of serotonin, Giiell et al.*’ observed that
O-terminated boron-doped diamond electrodes exhibited superior antifouling properties
compared to a carbon nanotube network electrode after 10 consecutive scans.
Similarly, Patel et al.* compared a boron-doped diamond electrode to several other
carbon-based electrodes in the analysis of dopamine. The O-terminated polycrystalline
boron-doped diamond electrode was considered the least susceptible to fouling even in
a high concentration of 1 mM dopamine compared to other electrode materials
including glassy carbon, edge plane pyrolytic graphite, basal plane pyrolytic graphite,
and basal plane highly oriented pyrolytic graphite.

Similar to boron-doped diamond electrodes, diamond-like carbon electrodes are
amorphous carbon with a high proportion of diamond-like bonds (sp3), which provides
good resistance to electrode fouling.*® The fouling resistance of a diamond-like carbon
electrode treated with oxygen plasma to increase hydrophilicity has been investigated
using bovine serum albumin, DNA, and human serum.*® There was a negligible change
in the current response to ferricyanide/ferrocyanide after incubation in solutions of
bovine serum albumin, DNA, and human serum for up to 24 h. The very strong
resistance to fouling at the electrode is likely the result of the generally inert sp3
diamond-like structure that reduces adsorption. On the contrary, Chandra et al.®
reported physically small conical-tip carbon electrodes (~2-5 um diameter and ~4 um
axial length) that were hydrogenated by plasma-enhanced chemical vapour deposition

to achieve an H-terminated diamond-like sp3 electrode surface. These electrodes
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retained 65% of dopamine oxidation current after they were incubated in a laboratory
synthetic fouling solution containing caproic acid (a lipid), bovine serum albumin (a
protein), cytochrome c (a protein), and human fibrinopeptide B (a peptide) for 7 days.
By implanting the electrode in the left striatum of a male Sprague-Dawley rat during
60-min in vivo experiments, more than 70% of the dopamine oxidation current
remained after the first 30 min and 50% remained over the next half period of the
experiment. Although these results can be attributed to the H-terminated hydrophobic
surface, the hydrophilic oxygen plasma-treated diamond-like electrode appeared to have

a greater resistance to fouling.

An electron cyclotron resonance-sputtered nano-carbon film is a carbon electrode with
similar properties to diamond-like carbon electrodes and it has both sp? and sp3
characteristics.’*® Kato et al.>* and Xue et al.>® both prepared oxidised electron
cyclotron resonance-sputtered nanocarbon films to resist fouling by bovine serum
albumin. The electrode used by Kato et al.>* was anodically pretreated to oxidise the
electrode surface. Coupled with flow injection analysis, there was a negligible decrease
in the current at this electrode after 12 injections (RSD 0.75%). At a bare glassy carbon
electrode, the current was highly variable, fluctuating over the 12 injections (RSD
9.28%). The authors suggested that the greater fouling resistance of the pretreated
nano-carbon film electrode was due to the increased hydrophilicity from oxidation. To
oxidise their nanocarbon film, Xue et al.> treated the electrode with oxygen plasma to
partially oxidise the electrode surface. After a 30-min incubation in bovine serum
albumin, the peak separation of ferricyanide/ferrocyanide increased from 80 to 120 mV
and the peak current decreased to 92.0% of the initial value. On the contrary, for a
pristine electron cyclotron resonance-sputtered nanocarbon film electrode without the
oxygen plasma treatment, the peak separation increased from 217 to 620 mV and the
peak current decreased to 71.7% of the initial value, which illustrated the requirement

of a partially oxidised surface for antifouling properties. Compared to glassy carbon
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electrodes, the treated nanocarbon film electrode also demonstrated superior fouling
resistance and was slightly improved compared to diamond-like carbon electrodes. The
nanocarbon film electrode treated with oxygen plasma remained relatively hydrophobic
compared to glassy carbon electrodes and diamond-like carbon electrodes, which
suggests that, in addition to hydrophilicity, there are other important factors influencing
the antifouling properties.>> For example, surface flatness is also believed to contribute
to the observed fouling resistance, as the nanocarbon films were much smoother than

diamond-like carbon electrodes.*?

The surface chemistry of electrodes can be altered to produce either H- or O-
termination. There is some disagreement as to which type of termination has superior
resistance to fouling, with some studies indicating O-termination*’*® and another
suggesting H-termination®*.  Although H- or O-termination can have a significant
impact on the fouling resistance of boron-doped diamond electrodes, few studies have
investigated the use of oxidised carbon nanotubes or other oxidised carbon-based
materials. Oxidation increases the number of oxygen functionalities on the electrode
surface and thus hydrophilicity. It is debatable whether surface hydrophilicity or
hydrophobicity increase fouling resistance, as it tends to depend on the analyte and
fouling agents. Surface roughness has also been identified as a possible cause of

electrode fouling.%2°35%

4.6.3 Polymeric films

The formation or presence of a polymeric film on an electrode surface can be
detrimental to the electrode performance during the analysis of neurotransmitters.
However, conductive polymers have been demonstrated to show antifouling properties.
For example, a polystyrene sulfonate-doped polypyrrole film modified interdigitated

gold microelectrode used for the detection of dopamine released from
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pheochromocytoma (PC12) cells has demonstrated stability under cell culture
conditions in long-term amperometric experiments.®® In this work, the three-
dimensional polypyrrole structure was speculated to decrease the freedom of movement
of the positively charged protonated amino group tail of dopamine and hence reduce
polydopamine fouling. There could also be a combination of steric and electrostatic
hindrance, limiting the intermolecular cyclisation, which is the prerequisite for the

polymerisation of dopamine on an electrode surface.

In addition to conductive polymers, non-conducting polymers may also be useful
provided they are porous, allowing the analyte to reach the electrode surface while
restricting the access of larger fouling agents, or mediate the electrochemical reaction
on the polymer rather than the electrode surface. The polymer formed from the
electropolymerisation of eugenol is known to be a nonconducting, porous polymer.>’
The application of this polyeugenol coating to a gold electrode preserved the electrode
from fouling while it was incubated in bovine serum albumin for 16 h.>” The pores in
the polyeugenol film were too small to allow bovine serum albumin to reach the
electrode surface, but oxygen was sufficiently small to travel through the pores.
Another nonconducting, porous polymer, chitosan, was immobilised on an electrode
simply by incubating carbon fibre microelectrodes in a chitosan solution for 15 5.8 The
fabricated electrodes showed no decrease in signal after four consecutive measurements
of serotonin. These modified electrodes were also satisfactorily used in four repeated
determinations of serotonin in a live embryonic zebrafish intestine with minimum
interference, while brief electrochemical reconditioning was performed between
determinations.  The authors observed similar current response after the four
consecutive determinations. As chitosan has excellent sieving properties, the chitosan
layer was likely acting as a protective barrier against the direct adsorption of biological

molecules or large polymeric molecules formed during the oxidation of serotonin.
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Individual polymer chains, such as poly(ethylene glycol), can be attached to an
electrode surface to provide a dense polymeric film that resists fouling by a diversity of
fouling agents. To protect against protein fouling, various poly(ethylene glycol)
monomethyl ether moieties were grafted on a hydrogenated silicon surface by Perez et
al.>® to investigate the adsorption of bovine serum albumin. The modified electrode
exhibited excellent anti-fouling properties toward bovine serum albumin after being
incubated in a solution for 1 h. With grafted moieties, the chain length, rather than the
number of ethylene oxide monomers, was reportedly related to the antifouling
behaviour. Similarly, Zhang et al.%® investigated the use of oligo(ethylene glycol) thiols
as an electrode coating for an electrochemiluminescent sequence-specific DNA sensor.
The use of oligo(ethylene glycol) thiols was found to reduce the nonspecific adsorption
of the glucose oxidase enzyme label. After incubating an oligo(ethylene glycol) thiol-
modified electrode in glucose oxidase for 30 min, there was only a minimal increase
in the electrochemiluminescent signal compared to the signal before enzyme incubation.
On the contrary, there was a 10-fold increase in signal at a comparable electrode
modified with the commonly used antifouling agent, 6-mercaptohexanol, indicating
significant nonspecific adsorption of glucose oxidase.®® In addition to neutrally charged
polymer chains such as poly(ethylene glycol), charged chains can be attached to an
electrode to provide fouling resistance. Li et al.®* have used surface-initiated
photoiniferter-mediated polymerisation to guide the growth of the amino acid-based
zwitterionic polymers, poly[N4-(2-methacrylamidoethyl)asparagine] and poly[N5-(2-
methacrylamidoethyl) glutamine], on gold surfaces. Using surface plasmon resonance,
the authors reported the effective resistance to nonspecific protein adsorption from
human blood serum and plasma when the polymer thickness was <11 nm. Moreover,
the surface was also resistant to cell adhesion after incubating these polymer-coated
electrodes in a culture medium with a concentration of 105 cells ml-1.51 These
polymers could be resistant to fouling due to the net balanced charge, which increases

hydrophilicity without placing a net charge on the electrode surface.
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4.7  Scope of this study

Most hitherto reported antifouling strategies in neurotransmitter detection involved
electrode surface modification. For example, carbon nanotubes'®**3’ or graphene®®2
have been used to develop an antifouling surface and to obtain enhanced
electrocatalytic properties. A range of polymeric films including polypyrrole®®,
poly(ethylene glycol)®3, and poly(vinyl chloride)®* was immobilised on bare electrode
surfaces to act as a barrier that prevented fouling agents from making direct contact
with the electrode surface, thus allowing dopamine to undergo electron transfer at the
electrode surface. Alternatively, the extensive sp3 structure together with low surface
polar functional groups of diamond materials, e.g., microcrystalline boron-doped
diamond, diamond powder, and detonation nanodiamond powder offered a significant
improvement in fabricating antifouling electrodes owing to the benefit of less
adsorption on a relatively inert surface.*?464853 |n the last two decades, diamond-like
carbon electrodes have replaced diamond electrodes as an alternative that not only
provides good resistance to fouling,*® but also acts as a good platform for cell culture
with an excellent survival rate.®® In our laboratory, we previously developed a
diamond-like surface on conical-tip carbon electrode using radio frequency plasma
enhanced chemical vapour deposition, where a stream of hydrogen atoms interacted
with a carbon electrode surface to produce a diamond-like C-H surface with diminished
C-O functionalities.®®®® However, a <50% success rate of fabricating diamond like
surface was achieved.’®% This was mainly caused by the damage of the fragile tips of

these electrodes by the high radio frequency radiation (13.56 MHz).

In this work, we report a method that effectively introduces an antifouling layer on a
carbon electrode surface in a relatively mild chemical environment and at laboratory
room temperature involving an n-butylsilane hydrogenation. In Chapter 3, we reported
the formation of an H-terminated carbon surface with dendrimeric butylsiloxane by n-

butylsilane hydrogenation in the presence of the catalyst, tris(pentafluorophenyl)borane.
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We demonstrated that the n-butylsilane hydrogenation successfully activated non-
functioning conical-tip carbon electrodes.  These hydrogenated electrodes also
exhibited superb stability while being stored in air or a citrate/phosphate buffer for one
week. The present chapter is aimed at

1. characterising the n-butylsilane modified electrodes using electrochemistry,

spectroscopy and microscopy;
2. investigating the fouling resistance of the hydrogenated electrodes;
3. detecting dopamine selectively in the presence of ascorbic acid at the hydrogenated

electrodes.

4.8 Experimental
4.8.1 Chemicals and Reagents
The list of chemicals and reagents used in this work is similar to that presented in

Section 2.2.

4.8.2 Instrumentation and apparatus
Instrumentation required for electrochemical measurement is as described in Section

2.3.

4.8.3 Differential pulse voltammetry
For differential pulse voltammetry, a pulse width of 0.05 s, an amplitude of 0.1 V, a

sampling period of 0.01 s and a pulse period of 0.25 s were used.
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4.8.4 Fabrication of hydrogenated conical-tip carbon and carbon
fibre electrodes
Physically small conical-tip carbon electrodes were fabricated as described in Section

2.4.1.

Carbon fibre microelectrodes were fabricated by adopting the procedure described by
Armstrong-James et al.%’. Initially, a bundle of carbon fibres of XAS grade (7 pm
diameter of a single fibre), purchased from Goodfellow Cambridge Limited, UK, was
cut at a length of 1.25 times the length of a borosilicate glass capillary (outside diameter
1.0 mm, inside diameter 0.78 mm, length 10.0 cm). The fibre was cleaned in 100 mL of
boiling acetone, followed by 50-100 mL fresh acetone to remove any possible
particulate materials. Then the fibres were air dried overnight. A single dried fibre was
aspirated into a borosilicate glass capillary before the capillary was pulled. Graphite
powder and a copper wire were used as described in Section 2.4.1 to accomplish
electrical connection. Epoxy was applied to the fibre-capillary junction to secure the
carbon fibre in the capillary. Finally, the carbon fibre was cut to achieve a length of

~100 pum protruding from the glass capillary.

The fabricated conical-tip carbon and carbon fibre electrodes were next hydrogenated

by n-butyl silane reduction as described in Section 2.4.2.

4.8.5 Raman Spectroscopic Analysis

Raman spectra were acquired using a Renishaw 1000 model confocal microscopy
Raman spectrometer with a Peltier cooled charge-coupled detector and a holographic
notch filter. For excitation, a 50 mW diode pumped solid-state laser operating at 532
nm (Renishaw model RL532C50) was used. The microscope attachment was based on

a Leica DMLM system, and a 50 x objective was used to focus the laser beam on a
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~lum diameter spot. The spectral resolution was ~0.7 cm™. Multiple peak Gaussian
fittings of Raman peaks were performed using Origin (Pro) 2016 statistical software

and the intensity was evaluated based on the peak area.

4.8.6 Atomic Force Microscopy

An atomic force microscope (Ntegra; NT-MDT, Moscow) equipped with a gold-coated
silicon tip (NSG 01, curvature radius 6-10 nm; NT-MDT) was used for imaging a
section of the shank of electrodes. Scanning was performed in a semi-contact mode
while the electrodes were anchored on a stage with two screwable clamps (NT-MDT).
A scanning cantilever was used to scan the shank area and an OPTEM ZOOM 125
positioning camera (Brook Anco Corporation, Rochester, New York) was used to

acquire images.

4.8.7 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was conducted using an Autolab PGStat12
potentiostat (MEP Instruments Pty Ltd, Australia), interfaced with a Frequency
Response Analysis v4.9.007 software (MEP Instruments Pty Ltd, Australia) and a
desktop computer. Electrochemical impedance spectroscopy measurements of 1.0 mM
[Ru(NH3)]3* were performed at bare and hydrogenated conical-tip carbon electrodes
in a 1.0 M KCI supporting electrolyte. An alternating potential of 10 mV peak-to-peak
amplitude over the 10 kHz — 0.1 Hz frequency range, spaced logarithmically, was
superimposed on an applied DC potential corresponding to the half-wave potential
independently determined by cyclic voltammetry. A Frequency Response Analysis
v4.9.007 software was used to fit simulated results to experimental results in all Nyquist

plots obtained based on a Randles circuit/modified Randles circuit model.
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4.9  Result and discussion

In this work, we are assessing the antifouling resistance of hydrogenated conical-tip
carbon electrodes in a laboratory synthetic fouling solution. Bare carbon electrodes
were fabricated by pyrolysing C,H, at the tip and on the shank of pulled capillaries.
All electrodes used here displayed a sigmoidal-shaped cyclic voltammogram for 1.0
mM [Ru(NH3)g]3* in 1.0 M KCI with a small charging current between the forward and
reverse scan. Using chronoamperometry (see Section 3.6.2), the mean tip diameter of
these electrodes was estimated to be 2 pm (standard deviation (SD) 1 pum; N=7) and the
mean axial length of deposited carbon was ~15 um (SD 10 um; N=7). The bare carbon
surface was then hydrogenated by subjecting the carbon electrodes to n-butylsilane
reduction. We have previously described in Section 3.6.5 that, based on X-ray
photoelectron spectroscopic results, the bare carbon surface obtained from the pyrolysis
of C,H, consisted of different types of carbons including sp2-like graphitic carbon and
sp3-hybridised diamond-like carbon. The surface also contained a range of carbon
oxidation products in the form of carbonyl, quinone, carboxyl, phenols, alcohols or
ether groups when the deposited carbon film was exposed to air. After hydrogenation,
the C-O bonds were converted to C—H bonds, but phenolic groups were converted to

butylsiloxane dendrimers.

4.9.1 Electrochemical characterisation of hydrogenated carbon
electrodes

In addition to cyclic voltammetry of 1.0 mM [Ru(NH3)g]3* in 1.0 M KCI reported in
Section 3.6.3, we have also performed cyclic voltammetry of 1.0 mM [Fe(CN)g]3- in
1.0 M KCI, and 1.0 mM dopamine in pH 7.4 citrate/phosphate buffer at hydrogenated
conical-tip carbon electrodes in this chapter. The results obtained were then compared
to those obtained at bare electrodes to probe the characteristics of the hydrogenated

electrode surface. Based on the cyclic voltammograms obtained, we estimated the half
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wave potential (Eq/,), waveslope as described in Section 3.6.3. In addition, the Tomes
criterion (Et) for the three redox markers at all electrodes was also estimated using the
equation Ey =1Eg;y — Eqy4 1 = (56.4 / n) mV at 250C, where Eg/4 and E44 correspond to
potentials at 75% and 25% of the diffusion current, respectively.® The results obtained

for all three redox markers are presented in Table 4.1.

4.9.1.1 Characterisation of modified electrodes in [Ru(NH3)g]3*

A sigmoidal-shaped cyclic voltammogram of 1.0 mM [Ru(NH3)g]3* in 1.0 M KCI was
obtained at a different bare (trace i) and a different hydrogenated conical-tip carbon
electrode (trace ii) from those used in Section 3.6.3 at a scan rate 100 mV s is
presented in Figure 4.4(a). The electrochemical parameters ljjm, E12, waveslope
determined from these cyclic voltammograms are already described in Section 3.6.3.
For completeness, these parameters are tabulated in Table 4.1 for comparison.
Additionally, the respective cyclic voltammograms obtained at bare and hydrogenated
carbon fibre electrodes are presented in Figure 4.4(b) and the three estimated

electrochemical parameters are included in Table 4.1.

Notably, the two sets of results (Eq/p, waveslope and Ey) obtained at the bare /
hydrogenated conical-tip carbon electrodes and carbon fibre electrodes are comparable
to each other, indicating a similar diffusion profile of [Ru(NH3)g]3* around these
electrodes. Also, hydrogenation exhibited minimal effect on the diffusion profile.°
Meanwhile, we observed a 16% decrease in the reduction limiting current at carbon
fibre microelectrodes after hydrogenation, compared to 20% at conical-tip carbon

electrodes after hydrogenation.
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Redox markers
[Ru(NHg)el3* [Fe(CN)g]3- Dopamine
Waveslope / Waveslope / Waveslope /
Electrodes Eqp/ mV Er/mV Eqyp/ mV Er/mV | Eyp/mV Et/mV
12 mV decade! T 12 mV decade-1 ! 12 mV decade! !

Esrfafggra" -171 (15) 60.2(42)  57(1.8) | 160 (11) 153(39)  198(29) | 237 (30) 136 (22) 140 (20)
Hydrogenated
conical-tip -177 (12) 63.9(56)  63(3.9) | 99.5(14) 210(37) 208 (28) | 337 (51) 182 (32) 193 (42)
Egi carbon 160 (20 49.0 (45)  52(39) | 250(14) 52(6.3)  52(6.9) | 137(12) 41 (9) 38.8 (9)
Hydrogenated 0/ (5 46.0 (44)  46(38) | 251(17) 60 (9.7) 57(11) | 165 (16) 60 (L1) 53.6 (10)

carbon fibre

Table 4.1. Summary of electrochemical parameters obtained for the three redox markers at bare and hydrogenated conical-tip

carbon and carbon fibre electrodes.

All values in parentheses are standard deviations estimated from seven electrodes.
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Figure 4.4  Cyclic voltammetry of 1.0 mM [Ru(NH3)g]3* at (a) a bare (i) and hydrogenated (ii) conical-tip carbon
electrode and (b) a bare (i) and hydrogenated (ii) carbon fibre electrode in 1.0 M KCI. Scan rate: 100 mV s-1.
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4.9.1.2 Characterisation of modified electrodes in [Fe(CN)g]3-

Hydrogenated electrodes were next characterised in 1.0 mM [Fe(CN)g]3- in 1.0 M KCI.
In Figure 4.5(a), trace i and trace ii represent the corresponding cyclic voltammogram
obtained at a bare and a hydrogenated conical-tip carbon electrode. In contrast to
[Ru(NH3)g]3*, [Fe(CN)g]3- is an inner sphere complex ion, the reduction of which is
very sensitive to monolayer adsorption.®® As shown in Table 4.1, there is a 60.5 mV
negative Eip shift in the voltammograms obtained at hydrogenated conical-tip carbon
electrodes compared to those obtained at the bare counterparts, indicating sluggish
kinetics at the former. The measured waveslope also indicates quasi-reversible
electron-transfer kinetics for the one electron transfer of [Fe(CN)g]3- at both bare and
hydrogenated electrodes, in agreement with kinetics observed at a diamond electrode
surface.”® The measured Er also supports quasi-reversible [Fe(CN)g]3- electron transfer
kinetics at both bare and hydrogenated electrodes. However, by examining the
corresponding cyclic voltammograms obtained at a carbon fibre electrode in Figure
4.5(b), there was no significant difference in E1» and waveslope at the carbon fibre
electrode before and after hydrogenation. In fact, both the waveslope and Et support a
reversible [Fe(CN)g]3- reaction at carbon fibre electrodes before and after
hydrogenation. ~ Additionally, the electron transfer kinetics of [Fe(CN)g]3- were
reportedly reversible at hydrogen-terminated diamond surface with a redox peak
potential separation (AEp) of 64 mV, which is almost half of that obtained at an oxygen-
terminated diamond surface.”*  After electrochemical hydrogenation of diamond
electrodes, Yang et al.” also found accelerated electron transfer kinetics of [Fe(CN)g]3
as indicated by a AE, of 90 mV, compared to 480 mV at oxygenated electrodes,
indicating that [Fe(CN)g]3- is not catalysed by surface oxides on an electrode and the
reduction of O/C ratio has also minor effects on the reduction potential of [Fe(CN)g]3-
89 Ji et al.” demonstrated that oxygenated species at edge plane sites may decrease the
electron transfer kinetics of [Fe(CN)g]3- at the electrodes. As the oxide functional

groups were removed from the electrode surface after hydrogenation in our work, the
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C-H surface termination might not exhibit any effect on [Fe(CN)g]3- kinetics. Instead,
as the kinetics of [Fe(CN)g]3- are sensitive to monolayer adsorption®, we propose that
the butylsiloxane layer formed on electrode surface has predominantly affected the
process and therefore the resultant hydrophobic surface may not be suitable for electron
transfer reaction for such a polar analyte as [Fe(CN)g]3-. The reduction limiting current
of 1.0 mM [Fe(CN)g]3- at hydrogenated conical-tip carbon electrodes was diminished
by 39% relative to bare electrodes, compared to 24% at carbon fibre electrodes.
Previously, plasma hydrogenated conical-tip carbon electrodes demonstrated a 39%

reduction limiting current of 1.0 mM [Fe(CN)g]3-.>°

4.9.1.3 Characterisation of modified electrodes in dopamine

Next, all electrodes were characterised in 1.0 mM of dopamine, a surface sensitive/inner
sphere redox marker, in pH 7.4 citrate/phosphate buffer. The results obtained at
conical-tip electrodes and carbon fibre electrodes are shown in Figure 4.6(a) and Figure
4.6(b), respectively. As tabulated in Table 4.1, the E4/, of dopamine voltammograms at
bare and hydrogenated conical-tip carbon electrodes are comparable to those at carbon
fibre electrodes. These results are also in good agreement with 421 mV obtained at
diamond microelectrodes at a scan rate of 20 mV s-1.”* E;;» of dopamine oxidation has
positively shifted by 100 mV at hydrogenated conical tip carbon electrodes, and by 28
mV at hydrogenated carbon fibre electrodes. The waveslopes in Table 4.1 indicate that
the reaction of dopamine at both bare and hydrogenated conical tip carbon electrodes is
irreversible. Eg at bare and hydrogenated electrodes also supports an irreversible
dopamine oxidation at these electrodes. Previously, Wang et al.”* reported that
dopamine redox system was electrochemically more irreversible at nanocrystalline
diamond thin-film electrodes (500 mV AEy) than at carbon electrodes (125-175 mV
AEp).  However, the waveslope and Er at bare and hydrogenated carbon fibre

electrodes suggest a quasi-reversible dopamine electron transfer reaction. A 15%
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decrease in oxidation current and also the reduced electron transfer Kinetics of
dopamine were attributed to the absence of ionisable carbon-oxygen functional groups
on a hydrogenated surface that facilitate dopamine oxidation at the electrode surface.”
We also observed a similar trend at plasma hydrogenated electrodes that exhibited an
18% loss in oxidation current.®® Moreover, the alkyl chain of butylsilyl group formed
during hydrogenation might also contribute to reducing the electron transfer kinetics
due to the hindrance of carbon chains on an electrode surface, as described by Chen et
al”™. In their work, the oxidation peak potential of dopamine shifted positively from
170 mV to 300 mV after modifying gold electrodes by 3-marcaptopropylphosphonic
acid accompanied by a ~20% decrease in the dopamine oxidation peak current,
attributable to a hindrance by the carbon chains of the organic acid. Kuo et al.”® also
reported the decelerated kinetics of dopamine in the presence of a nitrophenyl

monolayer on a glassy carbon electrode surface.
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Figure 4.5  Cyclic voltammetry of 1.0 mM [Fe(CN)g]3- at (a) a bare (i) and a hydrogenated (ii) conical-tip carbon
electrode and (b) a bare (i) and a hydrogenated (ii) carbon fibre electrode in 1.0 M KCI. Scan rate: 100 mV s-1.
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Figure 4.6 Cyclic voltammetry of 1.0 mM dopamine at (a) a bare (i) and a hydrogenated (ii) conical-tip carbon electrode

and (b) a bare (i) and a hydrogenated (ii) carbon fibre electrode in pH 7.4 citrate/phosphate buffer. Scan rate: 100 mV s-1,
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4.9.1.4 Characterisation of hydrogenated electrodes by electrochemical
impedance spectroscopy
Electrochemical impedance spectroscopy of [Ru(NH3)g]3* at bare and hydrogenated
conical-tip carbon electrodes was employed to investigate the interfacial impedance
changes at the electrodes. A representative Nyquist plot of 1.0 mM [Ru(NH3)g]3*
obtained at Ei» of +0.2 V at a bare electrode is shown in Figure 4.7(a), where a
semicircle in the high frequency region and a linear segment in the low frequency
region are observed. The diameter of the semicircle corresponds to the electron transfer
resistance (R¢) of [RU(NH3)]3* at the electrode interface, while the linear segment
corresponds to the capacitive behaviour of the finite thickness diffusion process.’”"
Very often, the electrical property of an electrode/solution interface is represented by a
Randles equivalent circuit shown in the inset of Figure 4.7(a). This equivalent circuit
consists of an electrolyte solution resistance (Rg) in a series arrangement with a constant
phase element (CPE; which incorporates the Helmholtz double layer and surface
roughness or heterogeneity of the electrode), which is in turn in a parallel arrangement
with R of the redox probe and a Warburg impedance (Z,,). Z,, generally arises from
the diffusion of ions from the bulk of the electrolyte to the interface. Notably, both R
and Z, are independent of the electrode surface modification”. In general,
theoretically generated Nyquist plots produced by manipulating Rt and CPE of such an
equivalent circuit are repeatedly compared to an experimental Nyquist plot until a
satisfactory fit (estimated error <10%) is obtained. The equivalent circuit can then be
used to describe the electrode/solution interface. In this way, the R, Rs, Z,, and Cy,

were estimated at the bare carbon electrode and their values are tabulated in Table 4.2.

At the hydrogenated conical-tip carbon electrodes, two semicircles were observed in the
Nyquist plot, as shown in Figure 4.7(b). A corresponding equivalent circuit, consisting
of similar elements present in the inset of Figure 4.7(a) and an additional resistance (R.)

in parallel with a double layer capacitance (Cg;), was found to be necessary to generate
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the most satisfactory Nyquist plot compared to the experimental Nyquist plot, as
depicted in Figure 4.7(b).8%8 In this circuit, R, denotes the resistance of a film on an
electrode, such as the butysiloxane polymer film on a hydrogenated conical-tip carbon
electrode. Accordingly, the diameter of the first semicircle in Figure 4.7(b) represents
the coating resistance originated from butylsiloxane group and that of the second
semicircle represents R¢.88283  The fitted parameters are presented in Table 4.2. In
this study, we observed a three-fold increase in Rgt at the hydrogenated electrode
relative to that at the bare electrode due to reduced electron transfer kinetics caused by
H-termination and butylsiloxane layer formed on the modified electrode surface during
hydrogenation. Notably, compared to that at a bare electrode, we found it necessary to
include an R; of 0.62 kQ in fitting the Nyquist plot obtained at the hydrogenated

electrode.

As expected, Rg in the Nyquist plot obtained at the bare electrode remained unchanged
after hydrogenation. However, the Warburg element at the hydrogenated electrode was
halved compared to that obtained at the bare electrode. Similar trend was also observed
at an electrochemically or a photocatalytically reduced graphene modified glassy
carbon electrode compared to a graphene oxide modified glassy carbon electrode when
C-OH, C-0, C=0, and O-C=0 functional groups were absent on the reduced electrode
surface.®* The double layer capacitance at a hydrogenated electrode was found to be
half of that at a bare electrode. A significant reduction of capacitance after n-

butylsilane hydrogenation was also observed, as explained in Section 3.6.3.
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Figure 4.7 (2) Nyquist plot for 1.0 mM [Ru(NH3)g]3* obtained at 0.2 V at a bare and (b) a hydrogenated conical-tip carbon
electrode in 1.0 M KCI supporting electrolyte. Frequency range is 100 kHz — 0.1 Hz with 10 mV wave potential amplitude. Inset
(@ A Randles equivalent circuit model representing a bare carbon electrode-solution interface, (b) A modified Randles
equivalent circuit model representing a hydrogenated carbon electrode-solution interface. Solid lines (—) correspond to the

fittings of the experimental data.
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Electrode Ret /kQ  Rg/kQ Ry /kQ Zy /1 kQ Cqi/ nF
Bare carbon 0.985 — 0.622 269 x 10* 19.4
(0.50) (0.16) (0.98 x 10%) (6.2)
Hydrogenated 2.90 0.615 0.651 1.30 x 10* 9.33
carbon (1.20) (0.31) (0.25) (0.60 x 10%)  (2.6)

Table 4.2 EIS parameters estimated from Nyquist plots of [Ru(NH3)g]3*at a bare
and a hydrogenated electrode.
All values in parentheses are standard deviations estimated from seven electrodes for

EIS parameters.

4.9.2 Characterisation of electrodes by atomic force microscopy

Surface flatness has previously been reported to contribute to electrode surface
resistance against adsorption of biomolecules®>2. A smooth hydrophobic nano-carbon
film surface was reported to be more resistant to fouling compared to a diamond-like
carbon electrode®®.  In our work, the surface morphology of bare and hydrogenated
electrodes was investigated using atomic force microscopy and the micrographs
obtained are depicted in Figure 4.8. Based on the feature heights of the carbon
formations on the quartz surface shown in Figure 4.8(a), the roughness of the carbon
deposit, was estimated to be 500 nm®. After hydrogenating the same electrode, the
feature heights in Figure 4.8(b) were estimated to be 300 nm, indicating a ~50%
decrease in surface roughness (N=5). This compared to a corresponding 90% decrease
in surface roughness at electrodes hydrogenated by plasma chemical vapour deposition
previously reported by our group. This indicates a flatter electrode surface after
hydrogenation relative to bare electrodes. This observation can be explained by the
presence of coarse hillocks in Figure 4.8(a), which became fine and smoother after

hydrogenation as observed in Figure 4.8(b), in agreement with observation reported by



Chapter 4 Physically small n-butylsilane modified carbon electrode 132

Rezek and Nevel® on a plasma hydrogenated diamond surface. A strip developed on
the surface is an indication of morphological distortion at edge plane sites of electrode
by hydrogen chemisorption, as suggested by Chen and Swain® who hydrogenated a
glassy carbon electrode using hydrogen microwave plasma. Similarly, an organosilane
modified silicon substrate was also found to be smoother compared to that before
modification®’ and hydrogenated diamond-like carbon films were described as smooth
and compact®. In our work, butylsiloxanes probably formed a monolayer that filled the

cracks on electrode surface and yielded a smoother electrode surface.

4.9.3 Raman spectroscopy

Raman spectroscopy is a useful, non-destructive tool for examining carbonaceous
materials, particularly in distinguishing ordered and disordered carbon structures. In the
Raman spectrum of a carbon material, two peaks are commonly observed, (i) a
commonly known D peak that arises from sp3-hybridised carbon and is associated with
the structural defects or partially disordered structures of graphite domains, and (ii) a G
peak representing the Epy zone centre mode of the crystalline graphite.*®®* For
amorphous carbon, the peak widths of the D and G peaks are generally broader and the
relative intensity of the sp3 peak to the sp2 G peak is often used as a qualitative
assessment of the diamond material.®? In addition, the relative intensity of the D peak

to G peak (Ip/ Ig) is proportional to the number of defective sites in graphite.*®

The n-butylsilane hydrogenation is known for its capability in converting sp2 C-O
functionalities to sp3 C—H and derivatising phenolic hydroxyl groups to butylsiloxane
dendrimers, as illustrated in Scheme 3.1. Accordingly, after hydrogenation a higher
sp3-to-sp? content is expected. In this work, Raman spectroscopy was conducted using
both bare and hydrogenated electrodes and the results obtained are shown in Figure

4.9(a) and 4.9(b), respectively. As expected, both the D and G bands are clearly
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identified in the spectrum obtained at the bare electrode at 1368 cm-1and 1592 cm-1,
respectively. In the corresponding spectrum obtained at the hydrogenated electrode,
both peaks were still present but they have shifted to 1349 cm-1 and 1582 cm-1,
respectively. Indeed, a hydrogenated amorphous carbon film was previously reported
to cause a slight downshift in the wavenumber of the D and G bands and this downward

shift in the D band was proportional to the increase in the sp3 / sp? ratio in the films.%*

In our work, the peak area under each peak was evaluated to determine the
corresponding intensity, Ip and lg, and hence the I/ Ig ratio for the electrodes. As
tabulated in Table 4.3, the Gaussian-fitted I/ I ratio at a bare electrode was estimated
to be 3.82, but this ratio was improved to 4.72 at the hydrogenated electrode. Similarly,
Lian et. al.®® obtained an I / Ig ratio of 0.982 at a graphene surface and 1.13 at
tryptophan modified graphene. They attributed this to an increase in the number of sp3
carbon on the tryptophan modified graphene. In work reported by Yu et al.*, the I/
I was determined to be 0.72 at a graphene oxide surface, which increased to 1.28 at the
corresponding electrochemically reduced graphene oxide surface. These authors
explained that the oxidised areas of a graphene sheet were partly restored upon
reduction to form small conjugated domains. Accordingly, the spectra and the
associated results in Table 4.3 strongly indicate a change in the surface characteristic of
the conical-tip carbon electrodes after hydrogenation, and the increased I / lg and
downshifting of the peaks supported the enrichment of sp3 carbon at the hydrogenated

surface.
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Electrode type Peak position / cm-1 Ip/ g
1368 (D)
Bare carbon 3.82
1592 (G)
1349 (D)
Hydrogenated carbon 4.72
1582 (G)
Table 4.3 Ip/ I ratio estimated based on Gaussian fitted Raman spectra shown in

Figure 4.9(a) and Figure 4.9(b).
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(b)

Figure 4.8 Atomic force micrographs of (a) a bare and (b) a hydrogenated conical-tip carbon electrode.
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4.9.4 Detection of dopamine and ascorbic acid at bare and
hydrogenated carbon electrodes
Ascorbic acid is a well-known interfering species in dopamine detection owing to their
co-existence in the central nervous system with a relatively high concentration of
ascorbic acid at 100-500 pM®¢ compared to dopamine at 0.01-1 uM dopamine®’. Their
similar oxidation potentials at ~0.198 V for dopamine and ~0.172 V for ascorbic acid
and comparable sensitivity make the selective detection of dopamine in the presence of
ascorbic acid at bare carbon electrodes very challenging. Thus, there have been a lot of
attempts in modifying bare carbon electrodes to selectively determine dopamine in the

presence of ascorbic acid.

In this study, we have conducted differential pulse voltammetry of 20 uM dopamine
and 500 uM ascorbic acid in pH 7.4 citrate/phosphate buffer at a bare conical-tip carbon
electrode and a corresponding hydrogenated electrode. Notably, the ascorbic acid
concentration represents the typical ascorbic acid concentration found in extracellular
fluid. 20 puM of dopamine concentration was chosen to obtain a reasonable dopamine
oxidation peak at bare electrode with minimum noise so that the peak can be easily
compared to that at electrode after hydrogenation. The results are shown in Figure
4.10(a) and 4.10(b). At the bare electrode, the voltammogram of dopamine (trace i,
Figure 4.10(a)) displayed a peak at 0.120 V, while that of ascorbic acid (trace i, Figure
4.10(b)) displayed a peak at 0.185 V. As expected, at the hydrogenated carbon
electrode, the dopamine oxidation peak current was reduced by 50% compared to that
observed at the bare electrode due to reduced electrostatic attraction of dopamine as
described in Section 4.9.1.3. Meanwhile, the hydrogenated electrode surface blocked
ascorbic acid and completely suppressed the ascorbic acid oxidation, as shown by trace
Il in Figure 4.10(b). At physiological pH of 7.4, with a pKa of 4.10, ascorbic acid exists
as a negatively charged compound in extracellular fluid.*® This suggests that the

anionic ascorbate might not be favourable at the H-terminated hydrophobic surface for
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electron transfer reaction. On the other hand, with its phenyl moiety, dopamine may
have relied on hydrophobic-hydrophobic interaction for participating in an electron

transfer reaction.

In another experiment, the dopamine concentration was kept constant at 100 uM, while
the ascorbate-to-dopamine concentration ratio was either increased from 1 to 5 (i.e., the
ascorbate concentration > the dopamine concentration) or decreased from 1 to O (i.e.,
the ascorbate concentration < the dopamine concentration). The corresponding
differential pulse voltammograms obtained at a bare and a hydrogenated conical-tip
carbon electrode are depicted in Figure 4.11 and 4.12. At the bare carbon electrode, the
voltammograms in Figure 4.11(A) and Figure 4.11(B) showed that the dopamine
oxidation peak increased with concentration of ascorbate in either option of the
concentration ratio. However, the voltammograms obtained at the hydrogenated carbon
electrode, depicted in Figure 4.12, showed that the dopamine oxidation peak increased
when the ascorbate concentration was less than that of dopamine (Figure 4.12(A)) but
there was no noticeable change in the dopamine oxidation peak when the ascorbate
concentration was higher than dopamine concentration (Figure 4.12(B)). We have also
plotted the relationship between the dopamine oxidation peak current and ascorbate
concentration at both the bare and hydrogenated electrodes in Figure 4.11(C) and
4.12(C). The results indicate that the dopamine oxidation peak current increased with
ascorbate concentration at the bare carbon electrode (Figure 4.11(C)). On the other
hand, the voltammograms obtained at the hydrogenated electrode showed that the
dopamine oxidation peak current increased with ascorbate concentration, which then
plateaued off when equal dopamine and ascorbate concentration was reached (Figure
4.12(C)).
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Figure 4.10. Differential pulse voltammogram of 20 uM dopamine (a) and 500 M ascorbate (b) at a bare (i) and a hydrogenated

electrode (ii). Scan rate: 20 mV s-1.
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In these experiments, ascorbate was not expected to be capable of penetrating through
the butylsiloxane layer. In addition, the H-terminated electrode would have also
discouraged the access of ascorbate to the electrode surface. However, ascorbate would
still be able to chemically reduce the dopamine oxidation product, dopamine-o-quinone,
back to dopamine outside the butylsiloxane film, leading to additional dopamine readily
available for oxidation in close proximity of the electrode and yielded increased
dopamine oxidation current than expected.®>1® The electro-reduction of dopamine-o-
quinone by ascorbate back to dopamine only occurred up to a certain 1:1 concentration
can be attributed to the diffusion pattern of dopamine-o-quinone and ascorbate to the
electrode surface and/or near to the butylsiloxane layer. When the ascorbate
concentration was lower than that of dopamine or dopamine-o-quinone, the limiting
current was controlled by the diffusion of ascorbate. This explains the fact that the
dopamine oxidation peak current increased as a function of ascorbate concentration
when the ascorbate concentration was lower than that of dopamine. However, when the
ascorbate concentration was higher than that of dopamine, the quantity of dopamine-o-
quinone produced would be lower than the ascorbate concentration and the
electrocatalytic current was then limited by dopamine. Hence, the electrocatalytic
current reached a plateau at a unity ascorbate-to-dopamine concentration ratio as shown
in our results. Similar findings were previously demonstrated by Xiao et al.,'® who
modified a gold electrode by 11-mercaptoundecanoic acid, further derivatised by
polyethylene glycol and was employed for detection of dopamine in the presence of

ascorbate.

From the above results, we have concluded that n-butylsilane hydrogenated conical-tip
carbon electrodes are capable of detecting dopamine while they completely blocked the
ascorbate oxidation. We have also demonstrated that there was no change in dopamine
oxidation current detected in the presence of ascorbate when the latter concentration

was higher than that of dopamine.
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Figure 4.11  Differential pulse voltammogram of dopamine at bare electrode in citrate/phosphate buffer with different
ascorbate:dopamine ratio of (A) (a) 0:1; (b) 0.1:1; (c) 0.2:1; (d) 0.5:1; (e) 1:1, and (B) (e) 1:1; (f) 2:1; (g) 3:1; (h) 4:1; (i) 5:1.
Dopamine concentration was kept constant at 100 uM in (A) and (B). (C) A plot of dopamine oxidation peak current against

ascorbate concentration. Scan rate: 20 mV s-1.
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Figure 4.12  Differential pulse voltammogram of dopamine at hydrogenated electrode in citrate/phosphate buffer with different
ascorbate:dopamine ratio of (A) (a) 0:1; (b) 0.1:1; (c) 0.2:1; (d) 0.5:1; (e) 1:1, and (B) (e) 1:1; (f) 2:1; (g) 3:1; (h) 4:1; (i) 5:1.
Dopamine concentration was kept constant at 100 uM in (A) and (B). (C) A plot of dopamine oxidation peak current against

ascorbate concentration. Scan rate: 20 mV s-1.
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4.9.5 Electrode Performance in Solutions Containing Fouling Agents

As discussed in Section 4.4, amphiphilic, high-molecular-weight entities present in
extracellular fluid can often adsorb on the surface of an implanted sensor and severely
affect the analytical characteristics of a technique or a sensor and thus compromise its
sensitivity, detection limit, reproducibility, and overall reliability. In general, proteins
are known*°! to occupy ~0.05% (maximum 45 mg/dL) of the cerebrospinal fluid, which
Is in direct communication with the extracellular fluid. Therefore, protein is the most
common agent responsible for electrode fouling. In this work, a laboratory synthetic
solution consisting of 4% (w/v) bovine serum albumin, 0.01% (w/v) cytochrome c (both
are proteins), 1.0% (v/v) caproic acid (a lipid), and 0.002% (w/v) human fibrinopeptide
B (a peptide) was prepared to mimic a solution with several major bio-fouling
components. The two proteins were chosen as bovine serum albumin (isoelectric point
of 4.8) exist as an anion and cytochrome c (isoelectric point of 10.0) as a cation at
physiological pH 7.4.12 In addition to large proteins with numerous residues, the short
peptide caproic acid with only a few residues was also included in the fouling solution
as such a peptide is also known to significantly foul an electrode surface!®. The lipid

fibrinopeptide B is added as it is known to be an integral part of cells.

All cyclic voltammograms of 1.0 mM dopamine obtained in the experiment involving
the laboratory synthetic fouling solution are shown in Figure 4.13. Here, trace (i),
Figure 4.13(a) represents the cyclic voltammogram at a hydrogenated conical-tip carbon
electrode. During cyclic voltammetric detection of 1.0 mM dopamine at hydrogenated
electrodes in the presence of laboratory synthetic fouling solution is shown in trace (ii),
Figure 4.13(a), the dopamine oxidation limiting current decreased by ~35% (SD 12%,
N=8).
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Figure 4.13  Cyclic voltammetry of 1 mM dopamine at (a) trace (i) a hydrogenated electrode; trace (ii) a hydrogenated
electrode after incubation in the fouling solution for 30 min; (iii) a hydrogenated electrode after incubation in the fouling solution

for 1 week; and (b) trace (i) a bare electrode; trace (ii) a bare electrode after incubation in the fouling solution for 30 min. Scan

rate: 100 mV s-1.
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The positive Eq/, shift of dopamine oxidation from 0.27 V at the hydrogenated carbon
electrode (trace i, Figure 4.13(a)) to 0.39 V at the corresponding hydrogenated carbon
electrode (trace (ii), Figure 4.13(a)) incubated in fouling solution also indicates more
sluggish dopamine electrode kinetics, most likely arisen from a range of electrode
fouling after they were incubated in the fouling solution for 30 min. However, based on
cyclic voltammograms of dopamine (trace (iii), Figure 4.13(a)) obtained after
incubating these electrodes for one week, there was no noticeable change in E12 and the
limiting current measured. In contrast, a featureless dopamine oxidation cyclic
voltammogram with high charging current, shown in trace (ii), Figure 4.13(b), was
obtained at the bare carbon electrode trace (i), Figure 4.13(b), indicating severe fouling

at the electrode.

Electrochemical impedance spectroscopy was also performed to gain an understanding
of the interfacial characteristics of the electrode surface during the fouling process.
These experiments were conducted at both bare and hydrogenated conical-tip carbon
electrodes in the presence of 1.0 mM [Ru(NH3)g]3t in 1.0 M KCI. All Nyquist plots
were recorded at a DC potential of - 0.2 V, which corresponds to the Eq/, of the
reduction of [Ru(NH3)g]3* in the corresponding cyclic voltammograms. In Figure
4.14(a), trace (i) shows the typical Nyquist plot of a hydrogenated electrode, consisting
of two semicircles in the high frequency region, and a linear Warburg impedance in the
low frequency region. First semicircle represents Rc, the resistance of butylsiloxane
film on an electrode, and the second semicircle represents Rc, the charge transfer
resistance of the electrode. Trace (ii), Figure 4.14(a) was then recorded after incubating
the same hydrogenated electrode in the fouling solution for 30 min. Here, based on the
diameter of the semicircle, an Ry of 2.2 kQ was estimated compared to 1.6 kQ
measured at in trace (i). This increase in R is not significantly different compared to
that at the hydrogenated electrode before fouling. Trace (iii) shows the Nyquist plot

obtained at a hydrogenated carbon electrode that has been incubated in the fouling
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solution for 1 week. In this Nyquist plot, Ry remained almost unchanged at 2.2 kQ.
This result also complements the cyclic voltammograms in trace (ii) and (iii) in Figure
4.13(a), where the dopamine oxidation signal initially decreased by 35% after 30 min
incubation and remained almost unchanged after 1 week of incubation. In contrast,
from the corresponding Nyquist plot shown in Figure 4.14(b), the R¢; of [Ru(NH3)g]3*
at the bare electrode (trace i) has increased 15 times after a 30-min incubation (trace ii)
and continued to increase by 45 times after a 1-week incubation (trace iii). We attribute
all these results to the formation of an insulating adsorbed layer by the fouling agents
that hindered the electron transfer. Similar increase in Ry was observed by Gui et al.*2
after incubating a bare glassy carbon electrode and a bare gold electrode in bovine

serum albumin for 1 hr.

In other work, Singh et al.1® reported no difference in fouling rate at Nafion coated
carbon fibre electrodes that were incubated in bovine serum albumin or implanted in
brain tissues for 2 h and overnight, suggesting the majority of fouling occured early in
the time course of electrode implantation. Our results above are also in agreement with
the suggestion of an initial rapid fouling rate at electrodes as the fouling agents in the
solution adsorbed on the surface, followed by a characteristic fouling resistance
property. These electrodes then became fouling resistant after the initial rapid fouling
period. Notably, the Nyquist plots in Figure 4.14(a) showed similar capacitances were
measured at a hydrogenated carbon electrode before (694 nF cm-2) and after (662 nF
cm-2) being incubated in the fouling solution for 1 week, indicating non-significant
adsorption of fouling agent at the electrode surface'®. Trouillon et al.*% also measured
similarly low capacitances at a boron doped diamond electrode before (452 nF cm-2)
and after (551 nF cm-2) incubation in albumin. In contrast, capacitance at bare
electrode (trace (i) in Figure 4.13(b)) increased significantly, as can be observed
qualitatively in trace (ii) in Figure 4.13(b), due to non-specific adsorption of fouling

agents.
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Figure 4.14  (a) Nyquist plots of 1.0 mM [Ru(NH3)g]3* at a hydrogenated electrode (trace i), a hydrogenated electrode after a
30-min incubation (trace ii) and a 1-week incubation (trace iii) in the fouling solution containing 1.0 M KCI supporting
electrolyte; (b) Nyquist plots of 1.0 mM [Ru(NH3)g]3* at a bare electrode (trace i), a bare electrode after a 30-min (trace ii) and
a 1-week (trace iii) incubation in the fouling solution containing 1.0 M KCI supporting electrolyte. Frequency range is 100 kHz

— 0.1 Hz with 10 mV peak-to-peak potential amplitude at the formal Eq/, of 0.2 V.
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The antifouling property of the hydrogenated electrode can be attributed to the several
aspects. The antifouling mechanism at the hydrogenated electrode is illustrated in
Figure 4.15. Firstly, the surface flatness or smoothness of hydrogenated electrodes, as
shown in Figure 4.15(a), also evident in atomic force micrographs shown in Figure 4.8,
may contribute to the adsorption resistance of biomolecules on an electrode surface.
According to Zhuiykov et al.,'® fouling agents may specifically adhere to certain
structural features present on an electrode surface, such as edges and grain boundaries
that contain exposed carbon-oxygen functionalities as shown in Figure 4.15(b). During
hydrogenation of our conical-tip carbon electrodes, oxygen-containing groups on their
edge planes have been terminated by C-H bonds, as confirmed by the AQDS
experiment reported in Section 3.6.4. Therefore, we similarly postulate that the
modified edge sites of our electrodes are neither readily available nor favourable for the
adsorption of fouling agents. In addition, the butylsiloxane dendrimers (see discussion
in Section 3.4) may have also restricted structurally large fouling molecules to approach
the electrode surface, while dopamine was able to penetrate the butylsiloxane layer to

participate in electron transfer reaction at the electrode surface (Figure 4.15(a)).



Chapter 4 Physically small n-butylsilane modified carbon electrode 149

(a) @)
0 0 O
@) O
Bu B ©) s
si- “u @® @ Bu\sf M Bu Micromalecules
u® n® w
BU/SIO‘SI Z O O BU’S|O-Si’O

TBu o) ® o Bu

* ——> Smooth surface

(b)

Rough surface

Figure 4.15 (a) Fouling resistance mechanism of a hydrogenated electrode surface and (b) fouling of a bare electrode surface.
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Electrode fouling will not only compromise the quantitative detection of an analyte, but
will also suppress the integrity and deteriorate the long-term application of the
electrode. It is therefore required to evaluate the limit of detection and sensitivity of
hydrogenated conical-tip carbon electrodes in a fouling experiment. Accordingly, we
have calibrated hydrogenated conical-tip carbon electrodes based on their cyclic
voltammetric responses of dopamine in a pH 7.4 citrate/phosphate buffer. To mimic
biological fouling at these hydrogenated electrodes, they were incubated in the fouling
solution for 1 week before they were used in the cyclic voltammetry of dopamine. A
plot of the dopamine oxidation limiting current at hydrogenated carbon electrodes
before incubation in the fouling solution and dopamine concentration is presented as
trace i in Figure 4.16. Based on a Student’s t-test, the correlation coefficient of 0.9938
(N = 7) of the plot was found to be statistically significant at the 95% confidence level.
Moreover, the Wald-Wolfowitz runs test was used to confirm a random sequence of the
positive and negative residuals of the ordinate values in trace i. All these support a

linear calibration plot, which may be expressed as

Current/ pA=23.7 £ 1.2 x [dopamine] / uM + 0.0752 + 0.65 Equation 4.1

where the uncertainties associated with the slope and the ordinate intercept denote the
95% confidence intervals. Using Equation 4.1, the limit of detection based on a signal-
to-noise ratio of 3 was estimated to be 138 £ 12 nM. Similarly, we have performed
cyclic voltammetry of dopamine at a hydrogenated electrode that has been incubated in
the fouling solution for 1 week. The corresponding calibration plot based on the
dopamine oxidation limiting current is shown in trace ii of Figure 4.16. Accordingly, a

statistically significant linear calibration plot can be represented by the expression

Current / pA=14.5 £ 0.83 x [dopamine] / uM + 0.389 + 0.45 Equation 4.2
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Figure 4.16. Calibration plots based on liim of dopamine cyclic voltammograms in pH
7.4 cittrate / phosphate buffer at a hydrogenated electrode (trace i) and after (trace ii)
incubation for 1 week in 1.0% (v/v) caproic acid (a lipid), 4% (w/v) bovine serum
albumin and 0.01% (w/v) cytochrome C (both are proteins), and 0.002% (w/v) human

fibrinopeptide B (a peptide). Scan rate: 100 mV s-1 in all voltammograms.

Using this calibration plot, the limit of detection of dopamine at the hydrogenated
electrode as 154 + 10 nM after being incubated in fouling solution for 1 week. The
limit of detection of dopamine at the electrodes was determined as 138 nM, which is
favourably comparable with those previously reported at other electrodes, as tabulated
in Table 4.4. Thus, our hydrogenated electrodes are expected to be able to detect low

dopamine concentrations approaching 0.2-2.0 uM generally encountered in vivo?’.
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Electrode type Limit of detection / uM References
Porous diamond-like carbon electrode 2.9 o
PEDOT-CNT microelectrode 1.0 108
Nitrogen doped graphene 0.25 109
Nanocrystalline BDD nanoelectrode
0.10 110
array
Carbon nanotubes modified tantalum
_ 0.091 108
microelectrode
Carbon nanotubes modified carbon fibre
_ 0.046 1l
microelectrode
Carbon nanopipette electrode 0.025 112
Hydrogenated conical-tip carbon electrode 0.14-0.15 This work

Table 4.4 Limits of detection at different electrode types.

The detection sensitivity (based on the slope of the linear calibration plot) was

estimated to be 23.7 and 14.5 pA uM-1 for hydrogenated electrode and hydrogenated

electrode after incubation, respectively. However, the sensitivity decreased by 38%

when fouling experiment was performed at hydrogenated conical-tip carbon electrodes

after they were incubated for 30 min. In our previous study involving conical-tip

carbon electrodes hydrogenated by plasma vapour deposition®, the detection sensitivity

decreased by 35% at electrodes that were incubated in a fouling solution of slightly

different composition (1.0% (v/v) caproic acid (a lipid), 0.1% (w/v) bovine serum
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albumin, 0.01% (w/v) cytochrome C (both are proteins), and 0.002% (w/v) human
fibrinopeptide B (a peptide)) for one week. In contrast, widely scattered dopamine
oxidation signals were obtained at a bare electrode that was incubated in the fouling
solution for 30 min and the corresponding calibration plot exhibited a statistically non-
significant correlation coefficient at the 95% confidence level, in agreement with our
previously obtained results®®!3,  Accordingly, the limit of detection and sensitivity
could not confidently be determined. We attribute this to extreme surface degradation,
leading to almost non-observable sensitivity to dopamine at the bare electrodes. These
results show that the hydrogenated electrodes exhibited a degree of fouling resistance in

the laboratory synthetic fouling solution compared to bare electrodes.

4.9.6 Electrode fouling during voltammetric cycling of dopamine

Next, we investigated electrode fouling caused by the oxidation products of dopamine
during electrochemical detection of dopamine. As described in Section 4.3, dopamine
is electrochemically oxidised to o-dopaminoquinone that is subsequently cyclised to
form leukodopaminechrome. In the next step, leukodopaminechrome is further
oxidised to yield dopaminechrome that may polymerise into melanin-like molecules.
These molecules of ~3.8 A in size!* can form strong covalent bonds with organic
moieties and non-covalent bonds with inorganic groups present on an electrode surface,
leading to electrode fouling and thus compromising the detection of dopamine in situ.
Previously, the sp3 structure of boron-doped diamond electrodes bearing low surface
polar functionalities was reportedly not favourable for adsorption of fouling agents.*
In other report, a diamond electrode was cathodically pre-treated to remove oxygen
functionalities that demonstrated antifouling properties in 1 mM dopamine.?® On this
basis, our sp3 enriched hydrophobic electrode surface and butylsiloxane dendrimers are
expected to repel the polar melanin-like polymers formed during dopamine oxidation.

In this work, we have studied the extent to which the response of hydrogenated conical-
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tip carbon electrodes changed during dopamine electro-oxidation by recording
consecutive cyclic voltammograms (typically 8 at 100 mV s-1). The voltammograms of
1.0 mM and 20 uM dopamine obtained at hydrogenated electrodes are displayed in
Figure 4.17(a) and (b). As expected, the electrode response deteriorated on subsequent
cycles, but these results were found to depend on dopamine concentration. More
specifically, after 8 consecutive scans at these hydrogenated carbon electrodes in the
presence of 1.0 mM and 20 uM dopamine, the oxidation signal decreased by 42% and
14%, respectively. It is noted that, after the 1% scan, the oxidation signal decreased only
by 5.2% and 2.5%, respectively. Although many studies on dopamine fouling seemed
to have focussed on millimolar levels of dopamine®2°115 detection at a lower level is
much more relevant to practical applications. Therefore, we have next considered
cyclic voltammetry for the oxidation of 1.0 puM dopamine and the results obtained are
shown in Figure 4.17(c). Most significantly, the oxidation signals in these
voltammograms remained stable without any obvious change even after 20 consecutive
scans, demonstrating the effectiveness of hydrogenated electrodes in determining up to
1.0 pM dopamine, which is much more concentrated than the generally known
concentration of 10 nM present in a mammalian brain'®. Similar results were reported
in the oxidation of 1.0 uM dopamine at the basal plane of a highly ordered pyrolytic
graphite electrode containing low oxygen functionalities, which was thus expected to be
inert toward adsorption of dopamine fouling products.® However, at the same
electrode, a 45% oxidation signal loss was observed after 8 consecutive voltammetric
scans in 1.0 mM dopamine*®. Figure 4.18 shows a typical plot of the peak current ratio
of the ™ cycle (liny) to that of cycle 1 (Iy(jnitia1)) Obtained at a hydrogenated conical-tip
electrode. In this figure, the hydrogenated conical-tip carbon electrode was clearly
unable to prevent the adsorption of dopaminergic products on the electrode. However,
the electrode showed improved resistance to dopamine fouling in the presence of 20

MM of dopamine and 1.0 uM of dopamine. A similar result trend was obtained when
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these experiments were repeated using other independently constructed conical-tip

carbon electrodes (N=5).

In summary, the results of this experiment support a dopamine concentration dependent
fouling taking place at the hydrogenated conical-tip carbon electrodes and low

dopamine concentration leads to less severe chemical fouling at the electrodes.
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Figure 4.18 A plot of Ii(n)/ 1,(i) versus the number of cycles, n, for the electro-

oxidation of dopamine (data in Figure 4.17) at hydrogenated electrode: 1 mM, 20 uM, 1
MM,

4,10 Concluding remarks

A major aim of this study was to develop physically small carbon electrodes with
antifouling property so that meaningful results could be achieved during the detection
of dopamine in vivo. In this respect, an n-butylsilane reduction strategy was adopted to
hydrogenate conical tip carbon electrodes to achieve an H-terminated electrode surface
with butylsiloxane dendrimers. These electrodes demonstrated antifouling property
during detection of dopamine in the presence a laboratory synthetic fouling solution
containing proteins, a peptide, and a lipid, all generally present in an extracellular fluid.

The surface property of these electrodes discouraged adsorption of melanin-like
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polymers originated from the oxidation products of dopamine. The hydrogenated
carbon electrodes were characterised using several redox markers including
[Ru(NH3)el3*, [Fe(CN)g]3-, and dopamine and the results were compared to those
obtained using the corresponding bare carbon electrodes. Hydrogenated carbon
electrodes were found to exhibit reduced electron transfer reaction due to the absence of
polar C-O functionalities or tunnelling distance generated by butylsiloxanes as
described in Section 3.6.3. For comparison, carbon fibre microelectrodes were also
hydrogenated by n-butylsilane reduction. The electrochemical behaviour of the same
three redox markers at hydrogenated carbon fibre electrodes also indicated comparable

kinetics to those observed at hydrogenated conical tip carbon electrodes.

In addition to conventional cyclic voltammetry, electrodes hydrogenated by n-
butylsilane reduction were also assessed by electrochemical impedance spectroscopy.
The results obtained supported the formation of a butylsiloxane film on a hydrogenated
carbon electrode surface. A three-fold increase in R¢; observed at hydrogenated carbon
electrodes, relative to that at bare carbon electrodes, also supported reduced kinetics.
The reduced kinetics was attributed to the removal of negatively charged oxygen
moieties from the edge planes of a carbon film at the bare carbon electrode after being
hydrogenated by n-butylsilane reduction. This has led to a surface smoothing effect,
giving rise to quasi-reversible reaction kinetics in all three redox systems. Using atomic
force microscopy, a relatively defect free surface was visualised at a hydrogenated
carbon electrode, which would be less favourable for adsorption of large biomolecules
that could cause electrode fouling. As a result, the physical surface changes of
hydrogenated carbon electrodes were expected to contribute substantial antifouling

properties at these electrodes.

Raman spectroscopy was employed to confirm a larger proportion of sp3 hybridised

carbon at hydrogenated carbon electrodes, compared to the corresponding carbon
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electrodes before hydrogenation. These sp3 hybridised moities of the carbon film
would cause hydrophobicity on the electrode surface to repel polar ascorbate. In this
way, we have demonstrated the feasibility of selectively determining dopamine in the
presence of ascorbate under physiological pH at hydrogenated carbon electrodes.
Moreover, there was minimal interference in the detection of dopamine even in the
presence of ascorbate at concentration as high as 500 uM generally expected in

extracellular fluid.

Finally, hydrogenated conical-tip carbon electrodes that have been incubated in a
laboratory synthetic solution containing 1.0% (v/v) caproic acid (a lipid), 4% (w/v)
bovine serum albumin and 0.01% (w/v) cytochrome C (both are proteins), and 0.002%
(w/v) human fibrinopeptide B (a peptide) for 30 min were applied to the detection of
dopamine. By assessing the dopamine oxidation limiting current at these hydrogenated
carbon electrodes, a 35% signal reduction was estimated. However, there was no
discernable change of dopamine signal and detection sensitivity observed at
hydrogenated carbon electrodes that were incubated in the same fouling solution for one
week. In investigating possible fouling caused by dopamine oxidation products, there
was no observable interference at hydrogenated carbon electrodes when the dopamine
concentration was kept below of 1.0 uM, which is a 100 fold higher concentration than

that generally expected in central nervous system.
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Chapter 5

A Comparative Study of the Antifouling
Characteristics between n-Butylsilane and
Diethylsilane Hydrogenated Conical-tip Carbon
Electrodes that were Subsequently Modified by
4-Sulfobenzene for Enhanced Dopamine
Detection

5.1 Hydrogenation of carbon-oxygen functionalities by silane
compounds

The reduction of functional groups in an organic compound, e.g., carboxyl, ketones and
aldehydes using such common methods as hydrazine reduction and electrocatalytic
reduction is typically a multi-step process. For example, ketones and aldehydes are
converted to the corresponding alkanes through a multistep reduction procedure in
which amalgamated zinc in a hydroxylic solvent containing HCI was used as a reducing
agent. “One-pot” procedures of converting functional groups in a single step to the
corresponding alkanes have been reported that resolved the problems involving
multistep reactions to a great extent.? Among such work, Nimmagadda and McRae**
reported on a silane reduction method, which can reduce carbon-oxygen functionalities
including primary, secondary and tertiary alcohols, aldehydes, ketones, carboxyls and
quinones to their corresponding alkanes on both aliphatic and aromatic systems. In
their work®, alkyl silanes, including triethylsilane, dimethylethylsilane, diethylsilane
and n-butylsilane were used to study the one-pot reduction of different functional
groups on aliphatic and aromatic compounds. The ability of various silanes to reduce
the functional groups was found to be dependent upon steric hindrance, thus the less
sterically hindered silanes (e.g., n-butylsilane and diethylsilane) proved to be more
efficient than sterically hindered silanes (e.g., dimethylethylsilane and triethylsilane).

Similarly, the duration of a reaction with less sterically hindered / less bulky
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substituents silanes was found to be shorter than that involving sterically hindered
silanes. This has prompted the use of n-butylsilane (long chained) and diethylsilane
(only two alkyl substituents) as reducing agents in their work. Although diethylsilane
was reportedly also capable of reducing the carbon-oxygen functional groups to the
corresponding alkane, the reaction did not yield the same alkane products as those by n-

butylsilane, as shown in Table 5.1, because of steric hindrance.

5.2 Functionalisation of electrode surface and dopamine detection

During electrochemical detection of neurotransmitters, improving the sensitivity and
selectivity of the working electrodes towards a specific species is a major goal of many
research efforts. In general, selective attraction of electroactive molecules towards the
electrode surface promotes the detection sensitivity. As an example, owing to its
sulfonic acid terminated side chains, Nafion offers selectivity and electrostatic
attraction towards such cationic species as dopamine in physiological conditions.®
Therefore, a Nafion-nano-TiO, composite immobilised glassy carbon electrode was
demonstrated to measure dopamine without interference even in the presence of 500
UM ascorbic acid.” At the modified electrode surface, the cationic dopamine was
selectively exchanged with Na* in the Nafion film, but the anionic ascorbic acid was
repelled and hence unable to participate in electron transfer reaction at the electrode
surface. More specifically, the bulky sulfonate (SO'S) terminated polymeric film was
able to electrostatically attract dopamine towards the electrode for oxidation, while the
porous and compact nano-TiO, facilitated fast electron transfer kinetics for dopamine.
All these were strategically designed to enhance the dopamine detection response.
However, Nafion is not completely impermeable to ascorbic acid that some ascorbic
acid would still undergo an electron transfer reaction.® Compared to a Nafion modified
electrode, sulfonated graphene sheets demonstrated superiority in terms of flexible film
thickness and a unique distribution of sulfonate on graphene sheet. Based on diazonium
chemistry, Li et al.® modified graphene sheets with sulfonate groups to exploit the
synergistic advantages arising from high conductivity of graphene and electrostatic

attraction from SO'3 towards dopamine to attain limit of detection as low as 20 nM.
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Percentage yield / %

Substrate Product
n-Butylsilane Diethylsilane
COOH CH,4
@coona C[CHg 71 34
COOH CH3
CH,OH CHs
© © 97 41
HOOC H4C
. (CHy) . (CHy) , .
(H2C) 11\4/ (CHp)qq / (H2C) 11\4/ (CHy)qq
OH H
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200 & °

Table 5.1. Reduction of carbon-oxygen functionalities using either n-butylsilane or diethylsilane. Adapted from reference 3 and 5.
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The sulfonated graphene also selectively detected dopamine in the presence of ascorbic
acid and uric acid with three well resolved oxidation potentials for the three analytes.
However, graphene can agglomerate and be precipitated out in an aqueous solution. By
exploiting the capability of carbon dots in preventing the agglomeration of graphene, a
graphene oxide/carbon dot composite film modified glassy carbon electrode was used
to enhance dopamine determination.® In such work, carboxyl groups present in carbon
dots electrostatically attracted dopamine and the n-n stacking force between graphene
and dopamine further strengthened the attraction. These features have aided in
achieving an excellent limit of detection of 1.5 nM dopamine. However, Zen et al.*
reported a ten-time higher double-layer charging current at a pre-anodised Nafion-
coated glassy carbon electrode, compared to an unmodified glassy carbon electrode, for
dopamine detection. Similarly, a carboxyl group functionalised single-wall carbon
nanotube modified glassy carbon electrode was developed to achieve an enhanced
sensitivity of 0.073 pA pM-1 for dopamine.** The modified surface demonstrated high
selectivity to dopamine in the presence of uric acid and ascorbic acid. Silica
mesochannels were developed on an indium tin oxide coated glass electrode for
selective and enhanced detection of ascorbic acid and dopamine.'? In such work, pores
of 2-3 nm in size were functionalised with ammonium groups to obtain electrostatic and
steric effects towards the analyte. The permselectivity of electrode surface towards

ascorbic acid and dopamine was controlled by monitoring the ionic strength of buffer.

5.3 Polymeric materials as antifouling agents

Nafion is a porous membrane that contains sulfonic acid functional groups, making the
membrane a negatively charged film. As an electrode coating, Nafion has demonstrated
some antifouling properties when it not only acts as a physical barrier, but also
electrostatically repels negatively charged fouling agents.*® Jolly et al.** demonstrated
that a thiol-terminated sulfobetaine modified sensor yielded a <1% Ry after the sensor
was incubated in human serum albumin. Trouillon et al.'® investigated the performance
of many polymeric membrane coatings including Nafion, cellulose acetate, chitosan,

fibronectin, and polystyrene sulfonate/poly(l-lysine) for a gold electrode in resisting
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fouling by bovine serum albumin. Their ability to resist fouling was evaluated by
performing cyclic voltammetry of [Ru(NH3)g]2t/3* and dissolved oxygen in the
presence and absence of bovine serum albumin. Based on the peak potential, peak
width, peak current, and capacitance, the [Ru(NH3)g]2*/3+ detection results obtained at
a fibronectin coated electrode was the only membrane that was not significantly
different in the presence of bovine serum albumin from a pristine bare gold electrode.™
All other coated electrodes showed some significant difference from a pristine bare gold
electrode in the presence of bovine serum albumin, suggesting that the other membrane
coatings provided less fouling protection. However, all of the tested membrane
coatings provided some protection from fouling by bovine serum albumin compared to
a bare gold electrode. Singh et al.’® also investigated the effectiveness of several
different polymeric film coated carbon fibre electrodes in resisting fouling during
dopamine detection in brain tissues. Polymers used included Nafion, base-hydrolysed
cellulose acetate, and fibronectin. While some 70%-80% dopamine oxidation current
was retained at all electrodes even after incubating these electrodes in bovine serum
albumin and then brain tissue for 2 h, base-hydrolysed cellulose acetate-modified
electrodes were found to be most resistant to fouling. The authors attributed this
finding to a steric barrier of cellulose film (with porosity easily manipulated by
controlled hydrolysis) that has prevented macromolecules from diffusing to the

surface.’

54 Grafting antifouling films on electrodes by diazonium
chemistry

There are several challenges associated with polymer modified electrodes including
film thickness control, poor reproducibility, slow response due to the low diffusion
coefficient of the analyte through the film, and memory effect due to the strong affinity
between a cationic analyte and the film. A feasible solution to these problems is to
functionalise compounds with suitable functional groups on a carbon electrode by
diazonium reduction so that the modified electrode will exhibit antifouling property

against large fouling materials, but allow the small analyte to participate in electron
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transfer reaction at the electrode surface. For example, Chira et al.® exploited
diazonium chemistry to covalently attach 1-[(4-nitrophenyl)methyl]-4,4-bipyridinium to
a glassy carbon electrode surface, yielding a stable 1-phenylmethyl-4,4"-bipyridine
film. After incubating this electrode in bovine serum albumin for 20 min, the change in
Rct before and after incubation was estimated to be <2.5 kQ. However, a
corresponding change in Rt of ~30 kQ was observed at a bare glassy carbon electrode.
The authors suggested that the antifouling property of the modified electrode was due to
the reduction of surface hydrophobicity, masking of functional groups on the electrode
by the immobilised film, and steric repulsion of fouling agents by the 1-phenylmethyl-
4.4 -bipyridine.  Similarly, Chandra et al.!® electrochemically deposited a p-
phenylacetate film on conical-tip carbon electrodes using diazonium chemistry to
enhance the antifouling properties of the electrodes. Their modified electrodes offered
a degree of protection for carbon electrodes against fouling during dopamine detection,
as the modified electrodes were found to retain 75% of the initial detection signal after
being incubated for 7 days in a simulated fouling solution containing caproic acid (a
lipid), bovine serum albumin (a protein), cytochrome c (a protein), and human
fibrinopeptide B (a peptide) that partially mimics the environment of extracellular fluid.
During their in vivo experiments involving Sprague-Dawley rats, 70% to 95% of the
dopamine oxidation current remained after the first 40 min and 50% remained over the
next 20 min, indicating that the electrodes were not as fouling resistant as in the in vitro
experiments. Therefore, the complex environment in vivo may need to be taken into
consideration in the development of electrodes for in vivo detection. Notably, a
polymer layer that passivates an electrode surface will tend to increase the impedance.
Therefore, the compromise between impedance and fouling resistance must be assessed
in considering the use of such films. As an alternative, Gui et al.?° (2013) reported a
low impedance phenyl phosphorylcholine based zwitterionic layer immobilised glassy
carbon electrode. Owing to the influence of the charge of proteins on fouling, the
adsorption of anionic bovine serum albumin and cationic cytochrome ¢ was monitored
at this modified electrode by fluorescence microscopy. Although the phenyl
phosphorylcholine modified electrode demonstrated a greater or similar resistance to

fouling by the two proteins compared to oligo(ethylene glycol)-modified glassy carbon
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or gold electrodes, the impedance was much lower than that at the oligo(ethylene
glycol)-modified electrodes. The results of this work suggest that complete charge
balancing and packing of the charged groups of phophorylcholine zwitterions provided

resistance to electrode fouling without producing a high impedance.

5.5  Antifouling and catalytic capability of the SO, functional group
Gui et al.?% investigated the resistance of a Ph-SO3 alone and a Ph-SO3 and Ph-N*(Me)s
modified glassy carbon electrodes towards nonspecific adsorption of bovine serum
albumin and cytochrome c. They found less adsorption (almost 0%) of bovine serum
albumin at the former electrode compared to the latter electrode, but the opposite was
observed in cytochrome c. Although cytochrome c is cationic at physiological pH, it is
also repelled by negatively charged Ph-SO;) and the reason was attributed to the
similarity of Ph-SO; coated surface to the kosmotrope-based protein resistant SOj’
kosmotropic anion. The term ‘kosmotrope’ refers to a group of salts of anions such as
SOi', Cl-, Br- that can interact with the charged group of the proteins through
electrostatic interaction. In addition, they may either affect protein folding or interact
with structurally bound water molecules in the proteins.?? Holmlin et al.?? also reported
antifouling behaviour at a N,N-dimethyl-amino-propane-1-sulfonic acid

(-N*(CH3)»(CH»)3 SO;) terminated self-assembled monolayer of thiol on a gold surface
in fibrinogen and lysozyme proteins. Trouillon et al.® found that a poly(styrene-
sulfonate)/poly(L-lysine) coated gold electrode exhibited fouling resistance against
4%(w/v) bovine serum albumin in a physiological concentration. In another work,
Herman et al.?* demonstrated a four-fold enhanced dopamine signal at a Ph-SO,
modified carbon fibre microelectrode compared to a bare carbon fibre microelectrode.
Similarly, Jin et al.?® observed an enhanced interaction between a negatively charged p-
aminebenzene sulfonic acid (p-NH,PhSO;) film on a glassy carbon electrode and
positively charged dopamine. They have also observed electrocatalytic activity of the

film during oxidation of dopamine.
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5.6  Scope of the present study

Based on the unique antifouling and catalytic capability of the -SO; functional group,
we have further attached a 4-sulfophenyl group (Ph-SO'S) to a conical-tip carbon
electrode already hydrogenated by n-butylsilane reduction to obtain a 4-sulfobenzene
modified electrode. For comparison, we have also attached a 4-sulfophenyl group (Ph-
SO;) to a bare conical-tip carbon electrode. We will hereafter refer to a bare conical-
tip carbon electrode as Electrode 1, a bare conical-tip carbon electrode modified with 4-
sulfobenzene as Electrode Il (see classification tabulated in Table 5.2). We will also
hereafter refer to a conical-tip carbon electrode hydrogenated by n-butylsilane reduction
as Electrode 11 and the corresponding 4-sulfobenzene modified electrode as Electrode
IV. Electrode IV will be achieved by the electrochemical reduction of 4-
sulfobenzenediazonium tetrafluoroborate (4-SBD) to enhance the antifouling property
already achieved at Electrode I1l. Additionally, as reported in Section 4.9.1.3, there
was still a ~15% decrease in the dopamine oxidation signal at Electrode 111. We aim at
achieving enhanced dopamine detection signal at Electrode IV arising from the
electrostatic attraction between the negatively charged surface and the positively

charged dopamine.

In this chapter, we will also compare the antifouling property of diethylsilane
hydrogenated carbon electrodes to that of n-butylsilane hydrogenated carbon electrodes.
We will also hereafter collectively refer to conical-tip carbon electrodes hydrogenated
by diethylsilane reduction as Electrode V. This experiment has been performed to
investigate the difference between branched and straight alkyl-chain silane compounds
on antifouling property. A 4-sulfobenzene was then immobilised on Electrode V
(denoted as Electrode VI) to maximise antifouling property during dopamine detection
in the presence of fouling agents. Finally, Electrode I11, Electrode 1V, Electrode V and
Electrode VI were used to determine dopamine spiked in human serum to demonstrate

their applicability to routine dopamine analysis in biological samples.
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Electrode Name Electrode type
Electrode | Bare conical-tip carbon electrode
Electrode 11 Bare conical-tip carbon electrode modified

with 4-sulfobenzene

Electrode 111 Conical-tip carbon electrode hydrogenated

by n-butylsilane

Electrode IV n-Butylsilane hydrogenated conical-tip
carbon electrode further modified by

4-sulfobenzene

Electrode V Conical-tip carbon electrode hydrogenated

by diethylsilane

Electrode VI Diethylsilane hydrogenated conical-tip
carbon electrode further modified by

4-sulfobenzene

Table 5.2. Summary of different types of electrodes investigated.

5.7 Experimental

5.7.1 Chemicals and Reagents

Tetrabutylammoniumtetrafluoroborate, sodium tetrafluoroborate, sulfanilic acid,
sodium nitrite, tetrafluoroboric acid (48%), acetonitrile (HPLC grade), diethylether,
ethanol, methanol, calcium chloride and human serum were purchased from Sigma-

Aldrich (Sydney, Australia). All reagents were used without further purification.

5.7.2 Hydrogenation of conical-tip carbon electrodes by diethylsilane
Bare conical-tip carbon electrodes were fabricated and then hydrogenated by n-

butylsilane reduction (Electrode 1) as described in Section 2.4.1 and 2.4.2. In this
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chapter, bare carbon electrodes were also hydrogenated by diethylsilane (Electrode V)
in a similar procedure adopted in the n-butylsilane reduction method with diethylsilane

replacing n-butylsilane.

5.7.3 Synthesis and characterisation of 4-sulfobenzenediazonium
tetrafluoroborate (4-SBD)

4-SBD was synthesised according to the method proposed by Herman et al.?* Briefly,
sulfanilic acid (17.3 g, 0.1 mol) was dissolved in tetrafluoroboric acid (48%(v/v), 37
mL, 0.2 mol). The solution was cooled in an ice-salt bath to -5 °C. Sodium nitrite (6.9
g, 0.1 mol) was then completely dissolved in water before it was added dropwise to
sulfanilic acid over a 30-min period with mechanical stirring. The resulting suspension
was vacuum filtered, and the white precipitate was washed with an ice cold
ether/methanol mixture (4:1), purified by washing with small amounts of ice cold
ethanol, and dried over calcium chloride in a desiccator. The compound was then
stored at 4°C. For characterisation, Fourier Transform Infrared (FT-IR) spectrum of 4-

SBD was recorded on a Thermo Scientific Nicolet iIS10 ATR FTIR spectrometer.

5.7.4 Construction of Electrode 1V and Electrode VI

Cyclic voltammetry?® of 1.0 uM 4-SBD was carried out at Electrode 111 and Electrode
V in 0.1 M tetrafluoroboric acid (48%) (HBF4; prepared in 1:9 water-acetonitrile
mixture) between +0.5 V and —1.2 V to graft 4-SB on to these electrodes to obtain
Electrode 1V and Electrode VI, respectively. The 4-SBD solution was deaerated with
nitrogen for at least 10 min prior to use. Electrode IV and Electrode VI were rinsed
with copious volumes of acetonitrile, followed by Mili-Q water and dried under a

stream of nitrogen before further use.

5.75 XPS Analysis

XPS was performed as described in Section 3.5.7.
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5.7.6  Electrochemical measurements and electrochemical impedance
spectroscopy

All electrochemical measurements were carried out as described in Section 3.5.6 and
Section 4.8.7. Differential pulse voltammetry was performed as described in Section
4.8.3.

5.8  Results and Discussion

5.8.1 Controlled grafting of a 4-SB film on Electrode 111

In this work, we have deposited a 4-SB film on Electrode 11l by electrochemical
reduction of 4-SBD. Before electrochemical reduction, the synthesised 4-SBD was
characterised by FT-IR. A strong band at 2298 cm-1 in the FT-IR spectrum shown in
Figure 5.1 indicates the presence of diazonium group. We have used this as an

evidence for the successful synthesis of 4-SBD.
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Figure 5.1 An FT-IR spectrum of the 4-SBD salt.
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For comparison, we have initially deposited 4-SB on a bare conical-tip carbon electrode
to obtain Electrode 11 and Figure 5.2(a) shows a cyclic voltammogram for the reduction
of 1.0 uM 4-SBD at Electrode I. In this voltammogram, we observed a reduction peak
at ~ - 0.78 V in the first scan, which then gradually became attenuated starting from the
second scan and the electrode was eventually passivated by 4-SB, in agreement with
observation reported by Gui et al.?® involving grafting of 4-SB on a glassy carbon
electrode. Herman et al.?* also modified a carbon fibre microelectrode by reducing 1.0
mM 4-SBD and they observed a completely attenuated reduction signal even just after
one scan. Therefore, our observation above was attributed to the formation of 4-SB-
derived Electrode I. We have further illustrated a possible mechanism for this reduction
process in Scheme 5.1(a). As shown, a covalent bond between Electrode | and the 4-SB
organic layer originates from the reduction of the diazonium salt 4-SBD. In the next
step, this same radical attacks the first grafted aryl group to yield a polyaryl layer
nanometre to micrometre in thickness. As a result, monolayers can not be obtained by
this method.?” The absence of the 4-SBD reduction wave in the second scan also
indicated that the electrode was already passivated by the molecular layer formed on the
surface during the first scan. Liu et al. proposed that a propagating multilayer could
form a poorly defined molecular-level structure on electrode surface®®, which may not
favour electron transfer reaction. Kariuki et al.?® % described the nucleation and growth
of functionalised aryl films on ordered graphite. Repetitive cycling has caused
continual deposition of aryl group multilayers through the formation of
electrochemically generated free radicals and polymerisation reaction. Notably, a thick
aryl film passivated the electrode and rendered it useless for redox process involving
the analyte. The effect of multilayer formation in our work is further discussed in
Section 5.8.2.1 - 5.8.2.3.

As a first option, the attachment of aryl groups and the thickness of the film through
electrochemical reduction of the corresponding diazonium salt can be controlled by
potential cycling or through diazonium concentration and electrolysis time.®!
Alternatively, a strategy to suppress the growth of multilayers is to use bulky diazonium

salts to prevent formation of bonds between the in situ generated radicals and the aryl
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groups already grafted on the surface, by way of steric repulsion between substituents
on the reagent. Previously, trimethylammonio®, and very recently, triisopropylsilyl?®
attached with diazonium moieties were used to obtain steric hindrance and sterically

controlled functionalisation of an electrode surface.

In our work, we observed complete passivation of bare electrodes after adopting the
first option, making these electrodes useless for further application. Hence, we have
decided to apply the alternative option involving steric hindrance during grafting of 4-
SB. In these experiments, we have sequentially prepared Electrode 111, and then grafted
4-SB on these electrodes to obtain Electrode IV. As shown in Figure 5.2(b), the
reduction of 4-SBD signal at Electrode 111 was attenuated slowly and the electrode was
only passivated after 10 cyclic voltammetric scans. As shown in Scheme 5.1(b), on
Electrode 111, the bulky butylsiloxane group was ideal to cause steric hindrance that in
turn prevented the free radicals from propagating multi/close packed layers of 4-SB,
and hence a slow passivation process during reductive adsorption. A similar pattern
was observed by Allongue et al.! at a 4-nitrobenze diazonium tetrafluoroborate grafted
highly ordered pyrolytic graphite electrode. These authors also found that the aryl
groups grafted on the electrode surface were closely packed and exhibited a self-
inhibition phenomenon during cyclic voltammetric reduction. This supported a slower
grafting rate of 4-SB at Electrode 11l compared to Electrode 1. Gui et al.*? also
observed that multiple scans required when bulky 4-(trimethylammonio)-phenyl
diazonium salt was reduced at a glassy carbon electrode. Although the edge planes on
an electrode are generally more reactive than the basal planes, the edge planes on
Electrode 111 were terminated to C-H with diminished C-O functionalities responsible
for fast electron transfer, giving rise to a lower rate of reduction of diazonium at

Electrode I11 compared to that at Electrode I.

Randriamahazaka et al.® extensively reviewed the electrografting of different
functionalities on an electrode by diazonium chemistry in a controlled manner. They
described that a drawback of diazonium chemistry is the possible formation of

multilayers from high radical intermediates when a diazonium salt was reduced,
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rendering it difficult to obtain a well-controlled interface for electrochemical analysis.
It was also found that 4-nitrobenzenediazonium tetrafluoroborate reduction produced a
broad, irreversible reduction peak on the first scan that then disappeared in the second

scan®®, Combellas et al.®* also reported the formation of aryl multilayers formed on a
nitrobenzene modified glassy carbon electrode using diazonium reaction. As a result,
large diazonium salts that facilitated steric hindrance on an electrode surface were
suggested for use in preventing the formation of multilayers. In an analogous manner,
the bulky butylsiloxane formed on Electrode I11 was expected to cause steric hindrance,
which then prevented the formation of 4-SB multilayers, facilitating a controlled

grafting of 4-SB on Electrode Il1.

5.8.2 Electrochemical characterisation of Electrode 1V

Similar to work reported in Section 4.9.1, we have characterised Electrode Il and
Electrode 1V using three redox systems: (i) 1.0 mM [Ru(NH3)g]3* in 1.0 M KCI, (ii)
1.0 mM [Fe(CN)g]3 in 1.0 M KCI and (iii) 1.0 mM dopamine in pH 7.4
citrate/phosphate buffer. In this section, all carbon electrodes were hydrogenated by the

n-butylsilane reduction method.
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Figure 5.2. Cyclic voltammetry of 1.0 uM 4-SBD in 0.1 M HBF, / (1:9 water-acetonitrile), at (a) Electrode I and (b) Electrode I11; scan
rate: 100 mV s-1,
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Scheme 5.1. Formation of (a) thick, dendritic polyphenyl multilayers on Electrode I and (b) a thin, isolated 4-sulfobenzene monolayer with

an n-butylsiloxane film on Electrode 111, while 4-SB was immobilised through diazonium reduction.
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5.8.2.1 Characterisation of Electrode 1V in [Ru(NH3)g]3*

Cyclic voltammograms of 1.0 mM [Ru(NHgz)g]3* in 1.0 M KCI at Electrode Il and
Electrode IV are shown in Figure 5.3. In Figure 5.3(a), a familiar wave (trace i) was
obtained for the reduction of [Ru(NH3)g]3* at Electrode 1. This experiment was then
repeated at Electrode Il and the voltammogram obtained is shown in trace ii.
[Ru(NH3)g]3* is generally known as an outer sphere redox marker and its
electrochemistry is not expected to be influenced by the type of carbon electrode
surface. However, we observed a 50% decrease of the [Ru(NH3)g]3* limiting current in
trace ii, compared to trace i. We attribute this to the formation of a closely packed,
thick aryl film functionalised with sulfonate groups (see Scheme 5.1(a)), causing the
electrode to lose its conductivity. Previously, Gui et al.3? also reported the complete
suppression of [Ru(NH3)g]3* reduction signal at a 4-(trimethylammonio)-phenyl group
modified glassy carbon electrode. The cyclic voltammogram of [Ru(NHz)g]3* obtained
at Electrode IIl is displayed in trace i of Figure 5.3(b), and the corresponding
voltammogram at Electrode IV is shown in trace ii. We observed a ~4% increase in the
[Ru(NH3)g]3* reduction limiting current in trace ii relative to that in trace i. This was
most likely caused by an electrostatic attraction of positively charged [Ru(NH3)g]3* by
the negatively charged 4-SB on the electrode surface. This would have in turn
enhanced the electron transfer rate, suggesting that the 4-SB layer was not sufficiently
closely packed on the hydrogenated electrode surface compared to that on the bare
electrode. Similarly, ~7% increase in the [Ru(NH3)g]3* reduction signal was also
reported at a 4-sulfophenyl diazonium tetrafluoroborate modified glassy carbon
electrode.”® Electrochemical parameters including Eq/,, waveslope, and Eg estimated
from the cyclic voltammograms obtained at Electrode 111 and Electrode IV are tabulated
in Table 5.2. All these parameters appear to be very similar at Electrode Ill and

Electrode 1V, which is expected for such an outersphere redox marker as [Ru(NH3)g]3*.
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Figure 5.3. Cyclic voltammetry of 1.0 mM [Ru(NH3)g]3* at (a) Electrode | (trace i) and (trace ii) Electrode Il (b) Electrode Il
(trace i) and (trace ii) Electrode 1V in 1.0 M KCI. Scan rate: 100 mV s
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5.8.2.2 Characterisation of Electrode 1V in [Fe(CN)g]3-

In general, the heterogeneous electron-transfer reaction of an inner-sphere redox-active
molecule on a modified electrode requires permeation of the redox marker through
pinholes in the molecular layer to the electrode surface. In this way, such work may
therefore help elucidate the presence and size of void spaces in the layer.® Initially, we
conducted cyclic voltammetry of 1.0 mM [Fe(CN)g]3- at Electrode | and the result
obtained is shown by trace i of Figure 5.4(a). The corresponding voltammogram
obtained at Electrode Il is shown by trace ii. In trace ii, the [Fe(CN)g]3 reduction
signal was completely suppressed, yielding a featureless cyclic voltammogram. This
result indicates a severe electrode passivation by multilayers of 4-SB. Similarly, Gui et
al.?® reported a featureless cyclic voltammogram of [Fe(CN)g]3- at a 4-SB modified
glassy carbon electrode, attributable to the barrier effect of the 4-SB layer to
[Fe(CN)g]3~. However, the cyclic voltammogram of [Fe(CN)g]3- at a 4-SB modified
gold electrode showed only a 20% decrease in the redox current suggesting the layer

was not as compact as that on a glassy carbon electrode.?

The above experiment was then repeated at Electrode 11l and Electrode IVV. The cyclic
voltammograms obtained are shown in trace i and trace ii of Figure 5.4(b), respectively.
In these experiments, a sigmoidal shaped cyclic voltammogram with ~22% reduction of
limiting current was estimated in trace ii compared to that in trace i. This indicates that
void spaces remaining between the grafted 4-SB and the butylsiloxane layer, permitting
[Fe(CN)g]3- to pass through and reach the electrode surface. The E;, at Electrode IV
has shifted negatively by 166 mV compared to that at Electrode 111, supporting slower
kinetics of [Fe(CN)g]3- at the former electrodes. As demonstrated in Section 4.9.1.2, a
hydrogenated electrode surface is not favourable for the electron transfer reaction of
[Fe(CN)g]3- and the electron transfer process was found to be irreversible. At Electrode
IV, the process became even more irreversible as shown by the changes in waveslope

and Et compared to those at hydrogenated electrodes, as tabulated in Table 5.2.
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Figure 5.4  Cyclic voltammetry of 1.0 mM [Fe(CN)g]3- at (a) Electrode I (trace i) and (trace ii) Electrode I1; (b) Electrode I11 (trace i)
and Electrode IV (trace ii) in 1.0 M KCI. Scan rate: 100 mV s-1.
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5.8.2.3 Characterisation of Electrode 1V in 1.0 mM dopamine

In this work, Electrode IV were also characterised using the inner-sphere redox marker
dopamine and the corresponding cyclic voltammograms are presented in Figure 5.5(a)
and (b). Trace i in Figure 5.5(a) shows an expected sigmoidal-shape cyclic
voltammogram of 1.0 mM dopamine at Electrode | in a pH 7.4 citrate/phosphate buffer.
However, the corresponding cyclic voltammogram obtained at Electrode II, displayed
in trace ii, has lost the sigmoidal-shape feature and the charging current has
significantly increased. As discussed earlier, this is attributed to hindered electron
transfer of dopamine at an electrode passivated by a thick layer of 4-SB. Such an
electrode has therefore become useless in the analytical detection of dopamine. In
comparison, Liu et al.?® also observed a featureless cyclic voltammogram of ferrocene
at a multi polyphenylene layer modified glassy carbon electrode that was achieved by
the reduction of benzyl alcohol. However, these authors subsequently reported a quasi-
reversible ferrocene response at a separate electrode modified by a controlled grafting
of benzyl alcohol involving a bulky triisopropylsilyl group.?® In contrast, Herman et
al.?* were able to achieve enhanced dopamine oxidation signal at a 4-SB grafted carbon
fibre electrode based on the electrostatic attraction between cationic dopamine and the
negatively charged 4-SB. Similarly, by doping negatively charged polystyrene
sulfonate as a counterion in an electrochemically polymerised pyrrole film on
interdigitated gold microelectrodes, Sasso et al.*® were able to achieved a 2-fold
enhanced dopamine signal compared to that at a corresponding unmodified bare gold
electrode. However, by comparing the cyclic voltammograms of dopamine at Electrode
Il (trace i of Figure 5.5(b)) and at Electrode IV (trace ii of Figure 5.5(b)), a 10%
enhanced dopamine signal was estimated at the latter electrode. In addition, there was a
35% negative shift of Eq, at Electrode 1V compared to Electrode 111, indicating faster
electron transfer kinetics at modified electrodes. As tabulated in Table 5.2, there is a
58% decrease in the waveslope and a 61% decrease in Ey at Electrode IV, compared to
Electrode 111, also supporting a more electrochemically reversible dopamine electron

reaction at Electrode IV.
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Figure 5.5  Cyclic voltammetry of 1.0 mM dopamine at (a) Electrode | (trace i) and (trace ii) Electrode II; (b) Electrode Il (trace i)
and Electrode IV (trace ii) in citrate/phosphate buffer. Scan rate: 100 mV s-1.
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Redox markers
[Ru(NH3)g13* [Fe(CN)g]3 Dopamine
Waveslope / Waveslope / Waveslope /
Electrodes E1/2/ mV ET [ mV E1/2/ mV ET [ mV E1/2 I mV ET [ mV
mV decade-1 mV decade! mV decade-1
Electrode 11l -206 (8) 65 (6) 64 (1.8) 130 (8) 125 (40) 174 (43) | 186 (36) 92 (28) 100 (34)
Electrode IV -212 (11) 69 (9) 63 (0.9) -33 (78) 236 (33) 264 (59) | 121 (12) 38 (8) 39 (11)

Table 5.2. Summary of electrochemical parameters obtained for the three redox markers at Electrode 111 and Electrode IV.

All values in parentheses are standard deviations estimated from seven electrodes.
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5.8.2.4 Electrochemical impedance spectroscopic studies of modified
electrode surfaces

We have previously reported an electrochemical impedance spectroscopic investigation
of Electrode | and Electrode I11 in Section 4.9.1.4. In this chapter, we will focus on the
Rt obtained in the electrochemical impedance spectroscopic study of Electrode IV to
examine the effect of 4-SB on the electron transfer kinetics of [Ru(NH3)g]3* at the
corresponding Electrode Il and Electrode 1VV. By comparing the Nyquist plot (trace i,
Figure 5.6(a)) obtained at Electrode | to that (trace ii) obtained at Electrode II, we
observed that the Rgt at Electrode 1l was ~5 times larger than that at Electrode I. In
addition, as shown in Figure 5.6(b), the Nyquist plots obtained at Electrode Il and
Electrode IV displayed two semicircles in the high frequency region. Based on the
diameter of the first semicircle, the R has most likely originated from the butylsiloxane
film as described in Section 4.9.1.4, and this was observed to remain almost unchanged
after 4-SB modification. However, the R from the second semicircle in trace ii was
half of that in trace i. This is most likely due to the electrostatic attraction of
[Ru(NH3)]3* to the electrode by the negatively charged 4-SB for electron transfer

reaction.
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Figure 5.6 Nyquist plots of 1.0 mM [Ru(NH3)g]3* at electrode (a) Electrode | (trace i) and (trace ii) Electrode Il; (b) Electrode 1II
(trace i) and Electrode 1V (trace ii) in 1.0 M KCI supporting electrolyte. Frequency range is 100 kHz — 0.1 Hz with 10 mV wave potential
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5.8.3 Characterisation of Electrode IV by X-ray photoelectron
spectroscopy
X-ray photoelectron spectroscopy was next conducted to further investigate the
characteristics of Electrode 1l and Electrode 1VV. Both the survey X-ray photoelectron
spectroscopy spectra and Gaussian-fitted results obtained at these electrodes are
presented in Figure 5.7(a) and (b). These spectra show common distinct C1s, O1s, S2s
and S2p peaks. However, in the survey spectra of Electrode Il (Figure 5.7 (a)), an
additional Nals peak was observed, which was absent at Electrode V. In contrast, a

Si2p peak was also observed in Figure 5.7(b), as expected.

Based on deconvolution, the corresponding high-resolution spectra obtained at these
electrodes are displayed in Figure 5.8(a). There were 3 peaks identified in the C1s
spectrum of Electrode 11. As discussed in Section 3.6.5, the peak centred at 284.8 eV
was assigned to the carbon substrate including sp? like graphitic carbon and sp3-
hybridised diamond like carbon.3"3® The other two peaks centred at 286.7 and 288.2
eV were assigned to carbon in 4-SB aromatic ring, and C-O species, respectively by
comparing to the spectrum of a 4-SB modified glassy carbon electrode.?’*? The C-O
species would have been formed on the graphitic electrode surface during pyrolysis of

carbon during the electrode fabrication process.*

As shown in Figure 5.8(b), the deconvoluted results at Electrode 1V also yielded 3
peaks under C1s. Compared to 3 peaks shown in Figure 5.8(a), all three peaks have
slightly shifted to 284.7, 286.6 and 288.1 eV due to an altered chemical environment on
the hydrogenated electrode surface.® Similar to the spectrum of Electrode 11, peaks
centred at 284.7 and 286.6 eV were assigned to carbon materials and carbon in benzene
ring of 4-SB. The remaining peak centred at 288.1 eV might have originated from C-O
present within the butylsiloxane moity on a hydrogenated carbon electrode as

previously reported by us.*

Most functional oxygen groups would reportedly yield O1s binding energies within a

narrow 531-535 eV range.®®*! In this work, the deconvolution of the O1s spectrum at
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Electrode Il yielded two peaks at 531.8 and 533.2 eV, as shown in Figure 5.9(a). These
two peaks most likely originated from C-O functionalities on a carbon electrode
substrate.®” The peak at 533.2 eV could have arisen from oxygen in the —SOs group
present in 4-SB.*> At Electrode IV, binding energies arising from oxygen-bearing
functionalities (carbonyl, carboxyl, epoxy, etc) associated with carbon on an electrode
surface, except phenolic hydroxyl, are expected to diminish when hydrogen atoms
replaced these functionalities during hydrogenation.** However, we observed a peak at
532.04 eV in Figure 5.9(b), which could have arisen from a large number of oxygen
present in the dendrimeric butylsiloxane derivative formed during hydrogenation, as
previously reported by us.** Another peak at 533.3 eV was assigned to oxygen present
in the —SO3 group of 4-SB. This peak is similar to the 533.2 eV peak observed in
spectrum (Figure 5.9(a)) of Electrode 11.%?

Following the introduction of a sulfonate group through diazonium reaction, the
expected S2s and S2p signals were observed in the X-ray photoelectron spectra of
Electrode 1l and Electrode IV, as shown in Figure 5.10(a) and (b), respectively.
Deconvolution of the broad S2p core-level spectrum vyields two binding energies of
169.4 (2p12) and 168.1 (2psr2) eV in Figure 5.10(a), and 169.5 (2p12) and 168.2 (2par2)
eV in Figure 5.10(b), which are consistent with the expected 2:1 peak ratio between
S2paz and S2py2.3>%8
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Alternatively, a distinct Na peak centred at 1072.1 eV was observed in the spectrum
(Figure 5.11(a)) of Electrode I, which was absent in the corresponding spectrum
(Figure 5.7(b)) of Electrode IV. This peak indicates that Na* existed as counterions to
neutralise the surface charge of — SO3™ at the bare carbon electrode, as suggested by Gui
et al.® This was used to indicate that the negatively charged 4-SB was unavailable for
electrostatic attraction towards such a positively charged analyte as dopamine. The
Nat ion was likely to have originated from sodium tetrafluoroborate that was co-
crystallised with 4-SBD during the synthesis, as reported previously.?® However, the
absence of this peak in the spectrum of Electrode IV may indicate that -SO, and a
positively charged intermediate of n-butylsilane and carbon substrate (Scheme 5.2),
formed during n-butylsilane hydrogenation as proposed by Nimmagadda and McRae?,
may have maintained an equal mole ratio on the electrode surface leaving -SO,
available for electrostatic interaction with dopamine. In this respect, Gui et al.*
reported similar observation on their -SO; and -N*(Me)3 (1:1 mole ratio) modified

glassy carbon electrodes.

H5Si SiH
\ 2
® o
R4
R H
R = Alkyl, Aryl R, = Alkyl, Aryl, H

Scheme 5.2. Reaction intermediate in hydrogenation by n-butylsilane reduction.

Adapted from reference 3.

On the other hand, a spectrum of Electrode IV in Figure 5.11(b) shows a characteristic
Si2p peak at 102.3 eV as the sole observable signal. This Si peak would have
originated from the butylsiloxane dendrimers formed by the hydrogenation process

described in Section 3.6.5.
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5.8.4 Evaluation of antifouling property of Electrode 1V

In evaluating the antifouling capability of Electrode IV, we have conducted cyclic
voltammetry of 1.0 mM dopamine at these electrodes after they were incubated in a
laboratory synthetic fouling solution consisting of 4% (w/v) bovine serum albumin,
0.01% (w/v) cytochrome C (both are proteins), 1.0% (v/v) caproic acid (a lipid), and
0.002% (w/v) human fibrinopeptide B (a peptide) for a specified duration, as described
in Section 4.9.5. The results obtained are shown in Figure 5.12. In this figure, trace i
represents the cyclic voltammogram obtained at Electrode 1V before any incubation in
the fouling solution. After incubating the electrode in the fouling solution for 30 min,
the cyclic voltammogram obtained is depicted in trace ii. Compared to trace i, there
was a 15% decrease in the dopamine oxidation signal. In order to study the longer-term
stability of these electrodes, they were incubated in the same fouling solution for 1
week before cyclic voltammetry of dopamine was repeated at these electrodes. As
shown by the result in trace iii, the dopamine oxidation limiting current obtained was
comparable to that in trace ii. In contrast, a 35% decrease in dopamine oxidation

limiting current was observed at Electrode 111, as previously reported in Section 4.9.5.

In the cyclic voltammograms of dopamine at electrodes incubated in the fouling
solution for 30 min, there was a 20% positive shift of E;;, of dopamine oxidation at
Electrode 1V. In contrast, a corresponding 41% positive shift of E;;, was observed at
Electrode 111, indicating an enhanced resistance at the electrodes by the grafted 4-SB
functionalities. In addition, there was no further discernible change of E;, observed at
Electrode IV even after incubating them in the fouling solution for one week. A

comparable observation at Electrode 111 was reported in Section 4.9.5.
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Figure 5.12  Cyclic voltammetry of 1.0 mM dopamine at (i) Electrode IV; (ii)
Electrode 1V after being incubated in the fouling solution for 30 min; (iii) Electrode 1V
after being incubated in the fouling solution for 1 week. In all experiments, pH 7.4

citrate / phosphate buffer was used as the supporting electrolyte. Scan rate: 100 mV s-1.

Analogous to work reported in Chapter 4, electrochemical impedance spectroscopy was
again conducted here to evaluate the effect of 4-SB in fouling resistance of electrodes.
In Figure 5.13, trace i, ii and iii are the corresponding Nyquist plots of 1.0 mM
[Ru(NH3)g]3* at Electrode IV without any incubation, after a 30-min incubation and
after a 1-week incubation in the fouling solution using 1.0 KCI as the supporting
electrolyte. In this experiment, there was no observable change in R, the resistance

arising from the butylsiloxane film, under all experimental conditions. However, after
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incubating Electrode IV in the fouling solution for 30 min, Rt increased by only 13%,
compared to 38% at Electrode I1l. After 1 week of incubation, an insignificant increase
of Rct was observed. These results are in agreement with those interpreted from cyclic

voltammogram (Figure 5.12) at Electrode 1V.
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Figure 5.13  Nyquist plots of 1.0 mM [Ru(NH3)g]3* at Electrode IV without
incubation (trace i), after a 30-min incubation (trace ii), and after a 1-week incubation
(trace iii) in fouling solution using 1.0 M KCI supporting electrolyte. Frequency range
is 100 kHz — 0.1 Hz with 10 mV wave potential amplitude at a formal half wave

potential of - 0.2 V of the electrode.
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5.8.5 Analytical detection of dopamine at Electrode 1V

A sensor susceptible to fouling often suffers from distortion of the voltammetric signal
and suppression of the electrode sensitivity. As a result, it is useful to evaluate and
compare the sensitivity and limit of detection of Electrode IV before and after treatment
in the fouling solution. Accordingly, a calibration plot based on the dopamine limiting
current in the cyclic voltammograms at Electrode 1V was constructed, as shown in trace
(i) of Figure 5.14. A correlation coefficient of 0.9991 (N=7), which was found to be
statistically significant at the 95% level, was obtained. This was also supported by the
Wald-Wolfowitz runs test that showed a random distribution of the positive and
negative residuals of the plot, indicating a linear calibration plot. In the linear
relationship specified in the figure, the uncertainties associated with slope and the
ordinate intercept represent the 95% confidence intervals. Based on the slope of the
calibration plot, the sensitivity was determined to be 26.7 pA pM-1 dopamine, which is
a 13% enhancement compared to that at Electrode Ill. Based on a signal-to-noise ratio
of 3, the limit of detection at Electrode 1V was estimated to be 52 + 8 nM dopamine,

compared to be 138 + 12 nM at Electrode III.

Trace (ii) in Figure 5.14 shows the calibration plot (statistically significant correlation
coefficient 0.9993, N=7; Wald-Wolfowitz runs test justified) of electrodes that were
incubated in the fouling solution for 1 week. Similarly, the sensitivity of the electrode
was determined to be 22.5 pA puM-1 dopamine, which is 15% lower than that at
electrodes not treated by the fouling solution. A limit of detection at this electrode was
estimated to be 46 + 6 nM, which is not significantly different from the detection limit
52 + 8 nM measured at the same electrode before they were incubated in fouling

solution for 1 week.
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Figure 5.14. Calibration plots based on liim of dopamine cyclic voltammograms in pH
7.4 citrate / phosphate buffer at Electrode IV (trace i) and after incubation (trace ii) for
1 week in 1.0% (v/v) caproic acid (a lipid), 4% (w/v) bovine serum albumin and 0.01%
(w/v) cytochrome C (both are proteins), and 0.002% (w/v) human fibrinopeptide B (a

peptide). Scan rate: 100 mV s-1 in all voltammograms.

5.8.6 Characterisation of Electrode V and Electrode VI

In Chapter 4, we have demonstrated that Electrode 111 showed a degree of antifouling
property. Earlier in this chapter, we again demonstrated Electrode IV offered more
favourable antifouling activity compared to Electrode Ill. In this section, we have
compared the effectiveness of conical-tip carbon electrodes hydrogenated by linear alky
chain (n-butylsilane) and branched chain (diethylsilane) silane compounds against
fouling. Finally, Electrode V were then modified by 4-SB to obtain Electrode VI. The
antifouling property and analytical detection of dopamine at Electrode V and Electrode

VI were also systematically studied.
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5.8.7 Characterisation of Electrode V and Electrode VI
5.8.7.1 X-ray photoelectron spectroscopic characterisation of Electrode
V and Electrode VI

Electrode V and Electrode VI were characterised using X-ray photoelectron
spectroscopy and the results were compared to those obtained at Electrode Ill. As
shown in the survey spectra in Figure 5.15, the common peaks C1s, O1s, Si2s and Si2p
were observed for all electrodes. Similar S2s and S2p peaks to those obtained at
Electrode 1V (see Figure 5.10(b)) were also observed at Electrode VI in Figure 5.15(c).
Here, we will focus on the Cl1s and O1s peaks to demonstrate the difference of these

two elements on Electrode 111, Electrode V and Electrode VI.
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Figure 5.15. XPS survey spectrum of (a) Electrode 111 (b) Electrode V and (c) Electrode V1.
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Qualitatively, the survey spectra shown in Figure 5.15 revealed that the intensity of O1s
peak at Electrode VI is higher than that at Electrode V, followed by Electrode Ill. An
O/C ratio of 0.23, 0.29 and 0.35 was obtained at the corresponding Electrode IlI,
Electrode V and Electrode VI. The results obtained based on deconvolution of the C1s
peak in Figure 5.15 are shown in Figure 5.16. In Figure 5.16(a), the peak at binding
energy centred at 284.5 eV originated from the carbon material in the form of sp2 and
sp3 carbons, as defined in Section 3.6.5. A small peak centred at 286.3 eV indicates the
presence of carbon bonded with oxygen in butylsiloxane dendrimers (see Scheme 3.1 in
Section 3.4) as also defined in Section 3.6.5. Other possible carbon peaks bonded with
oxygen in carbon materials are absent as most of the C—O bonds have been replaced by

C—H bonds after being hydrogenated by n-butylsilane.

However, following the deconvolution of Cls peak obtained at Electrode V, Figure
5.16(b) shows three sharp peaks centred at 284.8, 286.7 and 288.1 eV. The peak
centred at 284.8 eV was assigned to carbon substrate present in the form of sp2 and sp3
carbons as described in the previous section on Electrode IlIl. The 286.7 eV peak
originated from the carbon bonded with oxygen in diethylsiloxane and other possible
carbons in the form of phenols, alcohols or ether groups. The last peak centred at 288.1
eV represents carbon in carbonyl or quinone groups as assigned in Section 3.6.5. The
presence of intense peaks at 286.7 and 288.1 eV indicates that not all C-O
functionalities have been terminated by C—H as was found with Electrode 111. Among
the three peaks at 284.8, 286.7 and 288.4 eV in Figure 5.16(c) obtained at Electrode V1,
only the intensity of the 286.7 eV peak has increased compared to that was obtained at
Electrode V, which was attributable to carbons present in the benzene ring of 4-SB

functionalities at Electrode 1V as outlined in Section 5.8.3.

The intense O1s peak at 532.01 eV in the spectrum obtained at Electrode 111 shown in
Figure 5.17(a) would have arisen from oxygen in the butylsiloxane dendrimers, as
discussed in Section 3.6.5. However, the deconvolution of this Ols peak in the
spectrum (Figure 5.17(b)) obtained at Electrode V yielded two peaks at 532.04 and

533.6 eV. The former peak indicates the presence of oxygen as diethylsiloxane and the
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latter peak indicates other forms of oxygens (e.g., oxygen present as ethers, alcohols,
and esters in aromatic frames) as assigned for Electrode Ill in Section 3.6.5. This
indicates that not all C-O functionalities were reduced to C—H at Electrode V. In the
spectrum (Figure 5.17(c)) obtained at Electrode VI, we observed two peaks at 532.0 and
533.2 eV. The intensity of the 532.0 eV peak remained almost unchanged compared to
Electrode 111 and Electrode V, while that of the 533.2 eV peak sharply increased due to

the oxygen present in 4-SB moieties.

Previously, in their work on the reduction of aldehydes, ketones and primary, secondary
and tertiary alcohols into their corresponding alkyl function, Nimmagadda et al.®®
reported 85%-95% and 50%-60% conversion rate of C-O to C-H, while the organic
substrates (containing such functional groups as alcohol, phenol, aldehyde, carboxyl,
and ketone) were reduced by n-butylsilane and diethylsilane, respectively (see Table
5.1). As discussed above, our results supported similar reduction of C-O functionalities
to C—H bonds on the carbon electrode surface to C—H. Based on X-ray photoelectron
spectroscopic characterisation of diethylsilane modified electrode, we propose Scheme
5.3 for diethylsilane hydrogenation, showing the conversion of C-O functionalities to
corresponding C—H on carbon electrode. As shown in the Scheme 5.3, most of the C-O
functionalities are terminated by C—H. In addition, phenolic hydroxyl groups are
converted to diethylsiloxane dendrimers bulkier than butylsiloxane dendrimers formed

during n-butylsilane hydrogenation, as described in Scheme 3.1.
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Scheme 5.3  Hydrogenation of carbon electrodes by diethylsilane reduction method.
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5.8.7.2 Electrochemical characterisation of Electrode V and Electrode
VI

At the carbon surface of Electrode V, some of the carbon-oxygen functionalities were

shown by X-ray photoelectron spectroscopy to have diminished following the partial

formation of C—H bonds on the electrode surface and diethylsiloxane dendrimers. As a

result, the presence of residual C—O functionalities on modified surface offers faster

electron transfer kinetics on Electrode V and Electrode VI compared to Electrode I11

and Electrode IV.

In this work, we have also conducted cyclic voltammetry of three redox markers, (i) 1.0
mM [Ru(NH3)e]3* in 1.0 M KClI, (ii) 1.0 mM [Fe(CN)g]3- in 1.0 M KCl, and (iii) 1.0
mM dopamine in pH 7.4 citrate/phosphate buffer at Electrode V and Electrode VI. The
results obtained show the expected sigmoidal-shaped cyclic voltammograms of 1.0 mM
[Ru(NH3)el3* (Figure 5.18(a)), 1.0 mM [Fe(CN)g]3- (Figure 5.18(b)) and 1.0 mM
dopamine (Figure 5.18(c)) at Electrode I (trace i), Electrode V (trace ii), and Electrode

VI (trace iii) at a scan rate of 100 mV s-1.
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Figure 5.18  Cyclic voltammograms of (a) 1.0 mM [Ru(NH3)g]3* in 1.0 M KCI, (b) 1.0 mM Fe(CN)g3- in 1.0 M KCI and (c) 1.0 mM

dopamine in pH 7.4 citrate/phosphate buffer at (trace i) Electrode I, (trace ii) Electrode V and (trace iii) Electrode VI. Scan rate: 100 mV s,
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Compared to trace i in Figure 5.18(a), we observed a 5% increase in the reduction
limiting current of [Ru(NH3)g]3* at Electrode V (trace ii). This could be due to
preconcentration of [Ru(NH3)g]3* by the bulky diethylsiloxane that entrapped the
analyte, which was not observed on Electrode Ill. The reduction signal of
[Ru(NH3)e]3* was further increased by 2% due to electrostatic attraction by 4-SB on
Electrode VI (trace iii). Notably, a similar observation was reported in work involving
Electrode IV in Section 5.8.2.1. Based on the electrochemical parameters tabulated in
Table 5.3, there is no significant change of E;;, waveslope and Et in the cyclic
voltammograms of the outer sphere redox marker [Ru(NH3)g]3* obtained at the

Electrode V and Electrode VI, as expected.

In contrast, as an inner sphere complex ion, the reduction of [Fe(CN)g]3- is very
sensitive to monolayer adsorption on an electrode. In Figure 5.18(b), by comparing to
the [Fe(CN)g]3-reduction limiting current at Electrode | in trace i, we observed a 20%
decrease of the current at Electrode V in trace ii. In trace iii, the limiting current further
decreased by 38% compared to trace ii at Electrode VI. We attribute the decreasing
limiting current to the hindering of electron transfer by the presence of a diethylsiloxane
monolayer and also the less favourable C-H terminated surface for [Fe(CN)g]3-
reduction, as observed at Electrode 11l in Section 4.9.1.2. In addition, the negatively
charged 4-SB further repelled the anionic [Fe(CN)g]3- away from the electrode surface,
resulting in sluggish electron transfer kinetics. As tabulated in Table 5.3, there was a
145 mV negative shift of E;», and a 68% increase waveslope (only a 8% difference in
Et) at Electrode VI compared to bare carbon electrodes, all supporting facile electron

transfer kinetics at the modified electrodes.

Next, all electrodes were characterised in 1.0 mM of dopamine, a well-known surface
sensitive/inner sphere redox marker, in pH 7.4 citrate/phosphate buffer. Compared to
the voltammogram obtained at Electrode | in trace i, the corresponding voltammogram
obtained at Electrode V in trace ii showed a 20% increase in dopamine oxidation
limiting current due to preconcentration effect. =~ We attribute that due to

preconcentration effect offered by bulky diethylsiloxane layer, dopamine is
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accumulated on the modified electrode surface that, in turn, enhanced the oxidation
signal. The cyclic voltammogram (trace iii) obtained at Electrode VI, the dopamine
oxidation signal has further increased by 13% relative to trace (ii) of Electrode V due to
electrostatic attraction of 4-SB towards dopamine as described in Section 5.8.2.3. To
investigate the preconcentration effect on Electrode V, we conducted nine consecutive
differential pulse voltammetric scans of 1.0 mM dopamine in pH 7.4 citrate/phosphate
buffer, while the electrodes were deliberately kept in dopamine solution from 0 to 25
min, to accumulate the dopamine on the modified surface. In this experiment, we have
also plotted the corresponding dopamine oxidation peak current with the function
accumulation time. The results obtained are shown in Figure 5.19(a) and (b). We
observed that the oxidation current of dopamine increased to a threshold point and then
remained almost constant. This experiment indicates that the Electrode V was likely to
have been saturated with dopamine, providing a constant supply of dopamine for

oxidation.

As tabulated in Table 5.3, there was a significant 109 mV negative shift of E1/2 and a
15% decrease in waveslope, and 12% change in ET of dopamine at Electrode V, and
123 mV negative shift of E1 2 and a 22% decrease in waveslope, and 10% change in ET
of dopamine at Electrode VI, compared to the corresponding parameters estimated at
Electrode 1, all provided an indication of more facile electron transfer kinetics at both
Electrode V and Electrode VI. At Electrode V, diethylsiloxane dendrimers on the
modified surface, as shown in Scheme 5.3, played a key role in enhancing electron
transfer reaction by preconcentrating the analyte on the electrode surface. At Electrode
VI, in addition to preconcentration effect offered by diethylsiloxane dendrimers, 4-SB
might have contributed to enhance the reaction rate through electrostatic attraction

towards dopamine.
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[Ru(NH3)g]3* (N=5)

Redox markers

[Fe(CN)g]*" (N=6)

Dopamine (N=6)

Waveslope  / Waveslope / Waveslope /
Electrodes Eqp/ mV Et/mV Eqp/ mV Et/mV Eqp/ mV Etr/mV
mV decade-! mV decade-1 mV decade-!
Electrode | -221 (9) 67 (8) 66 (10) 98 (27) 153 (22) 271 (85) 398 (26) 192 (12) 188 (17)
Electrode V -218 (6) 64 (4) 61 (6) 35 (57) 208 (45) 309 (106) | 289 (65) 160 (34) 164 (35)
Electrode VI -216 (5) 63 (4) 61 (5) -47 (72) 258 (56) 293 (76) 275 (31) 148 (16) 165 (37)

Table 5.3. Summary of electrochemical parameters obtained for the three redox markers at Electrode I, Electrode V and Electrode VI. All

values in parentheses are standard deviations.
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Figure 5.19  (a) Differential pulse voltammetry (scan rate 20 mV s-1) of 1.0 mM dopamine in pH 7.4 citrate/phosphate buffer at Electrode V

and (b) a corresponding plot based on dopamine oxidation current obtained from (a) versus dopamine accumulation time.
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5.8.8 Evaluation of antifouling property of Electrode V and
Electrode VI
In this section, we will study the antifouling property of Electrode V and Electrode VI
in a laboratory synthetic fouling solution in a similar manner to that described in
Section 4.9.5 and Section 5.8.4. Accordingly, cyclic voltammetry of 1.0 mM dopamine
was conducted at these electrodes and the results obtained are shown in Figure 5.20(a)
and (b). Data extracted from corresponding cyclic voltammogram are tabulated in
Table 5.4 and compared to that with Electrode 111 and Electrode IV. In these figures,
trace i, ii and iii represent the corresponding cyclic voltammograms of 1.0 mM
dopamine at the corresponding electrodes in pH 7.4 citrate/phosphate buffer without
incubation (trace i), after a 30-min (trace ii) and after a 1-week incubation (trace iii) in

the fouling solution.

As expected, trace i in Figure 5.20(a) shows a sigmoidal-shaped cyclic voltammogram
for the dopamine reaction at Electrode V. The cyclic voltammogram (trace ii) obtained
at this electrode after a 30-min incubation revealed a 33% decrease of dopamine signal,
compared to that in trace i. However, there was no discernible change of dopamine
signal observed in trace iii after incubating them in the same fouling solution for one

week.

Similarly, trace i in Figure 5.20(b) shows cyclic voltammogram for the dopamine
reaction at Electrode VI. At this electrode, dopamine signal decreased by 36% (trace i)
after being incubated in the fouling solution for 30 min, compared to without any
incubation (trace i. After 1 week of incubation, no appreciable change of dopamine was
observed as shown in trace iii. Notably, these results are comparable to 33% obtained

at Electrode I11 (see Section 4.9.5).

In contrast to positive shift of E;,, dopamine at both Electrode 11l and Electrode IV
after being incubated in fouling solution, a negative Eq;, shift was observed at both
Electrode V and Electrode VI. At Electrode V and Electrode VI, Eq/, shifted from
0.300 V to 0.257 V and from 0.303 V to 0.226 V respectively. The negative shift of
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Eq» at Electrode V indicated enhanced electron transfer reaction of dopamine that
might have been caused by preconcentration effect of bulky diethylsiloxane dendrimers
as described in Section 5.8.7.2. Similarly, the negative shift of E;;, at Electrode VI
might have caused by both diethylsiloxane dendrimers and electrostatic attraction of 4-

SB towards dopamine.
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Figure 5.20  Cyclic voltammetry of 1.0 mM dopamine at (a) Electrode V without any incubation (trace i) in the fouling solution, Electrode V
after incubation in the fouling solution for 30 min (trace ii); Electrode V after incubation in the fouling solution for 1 week (trace iii); (b)
Electrode VI before incubation in the fouling solution (trace i), Electrode VI after incubation in the fouling solution for 30 min (trace ii);

Electrode VI after incubation in the fouling solution for 1 week (trace iii).
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Percentage decrease in Percentage decrease in Ejj, shift after 1

Electrodes dopamine |y, after a dopamine l}j,, after a 1- week incubation /
30-min incubation week incubation \%

Electrode 111 33% (9%) 35% (12%) +0.27 to +0.38

Electrode IV 15% (6%) 12% (11%) +0.12 to +0.14

Electrode V. 33% (6%) 36% (9%) +0.30 to +0.26

Electrode VI 36% (3%) 38% (7%) +0.30 to +0.23

Table 5.4. Effect of fouling on dopamine oxidation signal and E;, at modified
electrodes. All values in parentheses are standard deviations estimated from seven
electrodes for Electrode Il and Electrode IV, six electrodes for Electrode V and
Electrode VI.

In investigating the fouling resistance of all six electrode types, the percentage change
of the dopamine limiting current between the incubation period was evaluated after an
individual electrode of each electrode type was incubated in a fouling solution
containing 4% bovine serum albumin, 0.01 % (w/v) cytochrome C, 0.002% (w/v)
human fibrinopeptide, and 1.0% (v/v) caproic acid for 0, 10, 30 mins and 1 week. The
results obtained at each individual electrode denoted by the electrode number on the
abscissa are displayed in Figure 5.21. In Figure 5.21(a) and 5.21(b), approximately
33% of Electrode Il and Electrode 1V were relatively stable throughout the experiment.
However, as shown in Figure 5.21(c), the results were improved to 66% at Electrode V.
More significantly, as shown in Figure 5.21(d), 100% of the Electrode VI demonstrated

consistent fouling resistance throughout the experiments.

To account for the above observation, apart from the conversion of C-O functionalities
on an electrode to C-H bonds, we also need to consider the formation of
diethylsiloxane dendrimers in the hydrogenation process. Owing to its side chains, a
diethylsiloxane dendrimer is structurally bulkier than the corresponding butylsiloxane

dendrimer. As a result, the diethylsiloxane dendrimers would form an even more
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effective physical barrier towards large molecules that cause fouling and allow such
small molecules as dopamine to access the electrode surface for electron transfer,
relative to the butylsiloxane dendrimers. Previously, similar barrier effects were
already reported for electrodes correspondingly modified by Nafion®, cellulose
acetate®, and polypyrrole®®. In addition, due to an sp3 carbon enriched surface at a
hydrogenated carbon electrode, the interactions between the electrode surface and the
hydrophilic domains of proteins, peptide and lipid were minimised. Nonetheless, the
initial 36-38% signal reduction might still have been caused by hydrophobic-
hydrophobic interactions between the resultant hydrophobic electrode surface and the
hydrophobic domains of proteins, peptide and lipid. In particular, as a common fouling
agent, proteins are known to participate in hydrophobic-hydrophobic interaction and

adhere to the hydrophobic surface and irreversibly foul a surface.*®

A -S0; terminated electrode surface was previously demonstrated to be resistant to
proteins including bovine serum albumin and cytochrome c¢?° or fibrinogen and
lysozyme*®. In our work, we have observed an improved resistance to fouling at
Electrode 1V, as discussed in Section 5.8.4. As shown in Figure 5.21(d), our results
showed that the corresponding Electrode V1 yielded significantly improved antifouling
resistance and these electrodes were therefore more stable in a fouling solution
compared to Electrode 11, Electrode IV and Electrode V. We attribute the enhanced
stability to the synergistic effect of diethylsilane and 4-SB throughout the fouling

experiment.
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Figure 5.21. Antifouling experiment using (a) Electrode I11, (b) Electrode 1V, (c) Electrode V and (d) Electrode VI in 1.0% (v/v) caproic acid (a
lipid), 4% (w/v) bovine serum albumin and 0.01% (w/v) cytochrome C (both are proteins), and 0.002% (w/v) human fibrinopeptide B (a

peptide).
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To evaluate and compare the sensitivity and limit of detection, two calibration plots
were constructed, as shown in Figure 5.22(a) and (b) based on dopamine limiting
current in the cyclic voltammograms of dopamine at Electrode V and Electrode VI,
respectively, in pH 7.4 citrate/phosphate buffer. Using Student’s t-test, the correlation
coefficients indicated in Figure 5.22 were found to be statistically significant at the 95%
confidence level. These results were also supported by a random distribution of the
residuals, as assessed by the Wald-Wolfolwitz runs test. Based on the slopes of these
calibration plots, the detection sensitivity was estimated to be 30.3 pA uM-1 dopamine
for Electrode V and 42.4 pA pM-1 dopamine for Electrode V1 before incubating them
in the fouling solution. After a 1-week incubation, the corresponding detection
sensitivity was estimated to be 20.4 and 26.1 pA pM-L. Similarly, based on a signal-to-
noise ratio of 3, a limit of detection of 176 + 15 nM dopamine was estimated at
Electrode V, and 94 + 10 nM dopamine at Electrode VI. After incubating the
respective modified electrodes in the fouling solution for 1 week, the limit of detection
was determined to be as 208 + 12 nM at Electrode V and 105 + 8 nM at Electrode VI.

The results are also tabulated in Table 5.5.

Electrodes Incubation Sensitivity / pA pM-1  Detection limit / nM
Electrode V Before 30.3 176 £ 15

Electrode V After 20.4 208 + 12

Electrode VI Before 42.4 94 +10

Electrode VI After 26.1 105+ 8

Table 5.5 Sensitivity and limit of detection of Electrode V and Electrode VI
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Calibration plots based on liim of dopamine cyclic voltammograms in pH 7.4 cittrate / phosphate buffer solution at (a) Electrode V
and (b) Electrode VI before (trace i) and after incubation (trace ii) for 1 week in 1.0% (v/v) caproic acid (a lipid), 4% (w/v) bovine serum

albumin and 0.01% (w/v) cytochrome C (both are proteins), and 0.002% (w/v) human fibrinopeptide B (a peptide). Scan rate: 100 mV s-1in all
voltammograms.



Chapter 5 Silane and 4-sulfobenzene modified electrodes 234

5.8.9 Real-life sample analysis

To illustrate the feasibility of all four types of electrodes for routine analysis, they were
applied to the determination of dopamine spiked in human serum used as a real-life
biological sample for analysis. In this experiment, the human serum sample was diluted
50 times using pH-7.4 citrate/phosphate buffer to reduce background current. Then,
cyclic voltammetry of 0.5 pmol L-1 dopamine already spiked in diluted human serum
was carried out at the modified electrodes. Based on the dopamine oxidation current
measured, the corresponding dopamine concentration was estimated using the
calibration plot. In this way, this concentration was compared to the known
concentration in order to evaluate the recovery. According to the results tabulated in
Table 5.6, the recovery of dopamine at Electrode 11l (99.7-114%; relative standard
deviation 8.4%, (N=3)) is comparable to that at the corresponding Electrode 1V (97.2—
110%; relative standard deviation 6.2%, (N=3)). Similarly, the dopamine recovery at
Electrode V (98.2-105%; relative standard deviation 3.3%, (N=3)) was found to be
similar to that at Electrode VI (108-129%; relative standard deviation 10.7%, (N=3)).
These results support the potential applications of all the above modified electrodes for

determination of dopamine in real-life samples.
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Relative
Modification Electrode Added /- Detected / Recovery standard
MM MM
deviation
1 0.50 0.58 114% 7.69%
Electrode 111 2 0.50 0.49 99.3% 8.88%
3 0.50 0.49 99.7% 8.85%
1 0.50 0.55 110% 5.85%
Electrode IV 2 0.50 0.49 97.2% 6.62%
3 0.50 0.51 102% 6.30%
1 0.50 0.52 103% 3.29%
Electrode V 2 0.50 0.49 98.2% 3.45%
3 0.50 0.52 105% 3.23%
1 0.50 0.54 108% 11.3%
Electrode VI 2 0.50 0.54 107% 11.4%
3 0.50 0.65 129% 9.49%

Table 5.6. Recovery test of dopamine spiked in human serum as a real-life sample.

59  Concluding remarks

Chapter 4 was devoted to the development of Electrode Ill to yield a hydrophobic

surface to deter electrode fouling by amphiphilic proteins, peptides and lipids.

However, these electrodes still exhibited a ~35% decrease in sensitivity towards

dopamine after they were incubated in the fouling solution for 1 week. Therefore, we

aimed in this chapter at improving fouling resistance of Electrode 11 by also grafting 4-

SB on the electrode surface (Electrode 1V).

Initially, we have systematically

characterised Electrode Il and Electrode IV based on the electrochemistry of three

redox markers (Ru(NH3)g3*, [Fe(CN)g]3- and dopamine), electrochemical impedance

spectroscopy, and X-ray photoelectron spectroscopy. We observed a significant signal

loss arising from the electrochemical activity of all three redox markers at Electrode I1.

This was attributed to rapidly growing 4-SB multilayers that passivated the electrode,
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causing hindrance or repulsion of the redox markers from the electrode, and hence
resulted in sluggish electron transfer kinetics. We then demonstrated the feasibility of
controlled grafting of 4-SB on Electrode IlIl. Unlike Electrode Il, Electrode 1V was
found to remain active. We proposed that formation of 4-SB multilayers was avoided
by butylsiloxane dendrimers already formed on Electrode Ill during the n-butylsilane
hydrogenation process. Notably, at Electrode 1V, we achieved ~10% enhanced
dopamine oxidation signal and ~13% improved sensitivity due to electrostatic attraction
between the negatively charged 4-SB modified electrode surface and positively charged
dopamine. In addition, electrochemical impedance spectroscopic results were used to
complement the above cyclic voltammetric results. X-ray photoelectron spectroscopic
examination of the electrode surfaces confirmed the grafting of 4-SB on Electrode 111
surface.  Differences in elemental composition on the electrodes were then

systematically accounted for.

The antifouling property of Electrode IV was assessed in a laboratory synthetic fouling
solution containing 4% bovine serum albumin, 0.01 % (w/v) cytochrome C, 0.002%
(w/v) human fibrinopeptide, and 1.0% (v/v) caproic acid. After a 1-week incubation of
these electrodes, a ~15% sensitivity loss was estimated, compared to ~35% at Electrode
I1l. Therefore, Electrode 1V have demonstrated more than a two-fold improvement in
dopamine signal and sensitivity as they were more fouling resistant compared to
Electrode I11. In addition, a limit of detection of 52 + 8 nM was estimated at Electrode

IV, which is approximately a three-fold improvement relative to Electrode IlI.

Further work was also conducted in this chapter to study the electrochemical behaviour
of Electrode V, hydrogenated carbon electrodes by the branch-chained alkylsilane,
diethylsilane, so that we could also compare their antifouling capability with Electrode
Il hydrogenated by the straight-chained alkylsilane of n-butylsilane. Using X-ray
photoelectron spectroscopy, the survey spectrum of Electrode Ill, Electrode V and
Electrode VI appeared to indicate a similar process in diethylsilane hydrogenation to
that in n-butylsilane hydrogenation. The presence of Si in the survey spectrum of

Electrode V and Electrode VI also confirmed the formation of diethylsiloxane at
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diethylsilane hydrogenation electrodes, just as the formation of butylsiloxane during n-
butylsilane hydrogenation. The presence of S in the survey spectrum of Electrode VI
also confirmed the successful grafting of 4-SB on Electrode V. In this work, we have
deconvoluted the C and O peaks and the elemental composition of C and O at these
electrodes to demonstrate that diethylsilane only partially hydrogenated the carbon
electrode surface. The electrochemistry of dopamine at Electrode V, showed a
preconcentration effect towards dopamine that has in turn enhanced dopamine oxidation
signal. We attributed that the bulkier diethylsiloxane than butylsiloxane has played a
key role in preconcentrating dopamine on the electrode surface, which was responsible

for improved electron transfer reaction.

The antifouling performances of both Electrode V and Electrode VI were assessed by
conducting similar experiment in a fouling solution, as described above for Electrode
IV. We observed that the oxidation signal of dopamine decreased by ~36% at Electrode
V and ~38% at Electrode VI after being incubated in the fouling solution for 1 week.
The results are comparable to those obtained at Electrode I1l. However, there was an
approximately three-fold decrease in dopamine oxidation signal at both electrodes
compared to that Electrode IV. Meanwhile, E;/, of dopamine voltammograms at both
Electrode V and Electrode VI shifted negatively after incubating them in the fouling

solution for 1 week, compared to positive shifts at both Electrode 111 and Electrode 1V.

In addition, several systematically conducted experiments in which Electrode IlI,
Electrode 1V, Electrode V and Electrode VI were incubated for 0, 10, 30 mins and 1
week to investigate their antifouling property and stability within the specified time-
course. In these experiments, we concluded from the results that 100% Electrode VI
(N=6) exhibited the strongest antifouling characteristics and were correspondingly the

most stable electrodes among all the modified electrodes.

Finally, Electrode Ill, Electrode 1V, Electrode V and Electrode VI were assessed in
their feasibility in analysis of dopamine in a real-life sample such as human serum, into

which dopamine was spiked and then recovery was evaluated. In this way, a 98.2 —
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105% recovery of dopamine was obtained at Electrode V and 108 — 129% at Electrode
VI, compared to 99.7 — 114% at Electrode 111 and 97.2 — 110% at Electrode IV.
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Chapter 6

Concluding Remarks

6.1  Thesis summary and conclusion

The research in this thesis was motivated by the need of fouling resistant physically
small electrodes for detecting dopamine in a complex biological environment without
substantial transient loss of the signal. Dopamine is a ubiquitous neurotransmitter in the
mammalian central nervous system that is strongly implicated in higher-order cognitive
and motor functioning® and it also plays important physiological roles in the peripheral
nervous system as the regulator of olfaction, retinal processes, hormonal regulation
cardiovascular functions, sympathetic regulations, immune system and renal functions?.
In the central nervous system, dopamine is found in basal ganglia where its extracellular
concentration is approximately 10 nM, while fast burst neuronal firing can increase
dopamine to a concentration level ranging from 0.1 pM to 1 uM.®> Decrease in
concentration of dopamine in the dorsal (caudate-putamen) and ventral striatum
(nucleus accumbens) may cause extrapyramidal disorders and neuropsychiatric diseases
such as Parkinson’s, addiction, schizophrenia, obsessive compulsive disorder, and
Tourette’s syndrome.* Thus, it is of interest to neuroscientists to quantify dopamine in
extracellular fluid in the mammalian brain in order to monitor neurotransmission

processes and correlate neurochemistry with behaviour.

Some of the techniques for in vivo measurements involve microdialysis sampling
techniques and analysis by chromatographic techniques, fluorescence techniques or
electrochemical methods. Among these techniques, electrochemical techniques can be
used to analyse dopamine easily because they offer high sensitivity, rapid response,
simple operation, real time detection, and low expense, coupled with the fact that
dopamine itself can be easily oxidised. In such detection techniques, conventional
carbon fibre microelectrodes are commonly used to measure dopamine in vivo, as
discussed in Section 1.2.4.2, because they are amenable to miniaturisation (5-30 pum in

diameter). However, unsatisfactory sealing and leakage of epoxy, that arise during
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fabrication processes, often compromise quality of carbon fibre microelectrodes,
resulting in high noise, low sensitivity, short electrode life span and sometimes

contamination of solution of interest.’

Previously, our group® reported the development of Electrode | that was fabricated
using already pulled quartz capillary as a substrate. In this fabrication, carbon was
deposited on and in the shank of the pulled quartz capillary by pyrolysing C,H, in the
presence of N, as outlined in Section 2.4.1. Compared to carbon fibre electrodes, the
quartz substrate of Electrode | provides the mechanical strength, whilst the sharp tips
aid in easy biological membrane penetration during implantation.” In addition, the
open-ended base edge on Electrode | is more accessible to the mass transport of analyte
to the electrode, compared to an insulating plane at the finite fibre-capillary junction on
carbon fibre electrodes. Therefore, Electrode | of a similar dimension to carbon fibre
electrodes were found to show an improved signal-to-noise ratio in detecting dopamine
in vivo.®2 Notably, there is also no epoxy sealing at the carbon-capillary junction, which

could otherwise have polluted solution of interest in a biological environment.®

In general, upon fabrication of microelectrodes, cyclic voltammetry of well-behaved
redox systems is commonly performed at the electrodes to assess their integrity. For
example, the outer-sphere complex ion [Ru(NH3)g]3t is often used to characterise
carbon surfaces because of its independence on the type of carbon surface.® Similar to
microelectrodes with other geometries, a typical response of [Ru(NH3)g]3* in KCI
supporting electrolyte showing (1) a sigmoidal shaped cyclic voltammogram and, (2) a
small capacitive charging current between the forward and backward scans, is used to
indicate a functioning Electrode 1. Once a typical sigmoidal-shaped voltammogram
with a small charging current was obtained, the electrodes were subjected to evaluate
the dimensions using chronoamperometry and scanning electron microscopy. In this
work, the mean tip diameter of the electrodes was estimated to be ~2 um and the mean
axial length of deposited carbon was ~15 um. However, due to non-uniform deposition

of carbon on the quartz surface during pyrolysis, a non-sigmoidal shaped cyclic
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voltammogram with an appreciable charging current was occasionally obtained,

yielding a non-functioning conical-tip carbon electrode.

The study, outlined in Chapter 3, was aimed at activating non-functional Electrode | by
hydrogenating the electrodes using an n-butylsilane reduction method. In this
hydrogenation process, non-functional Electrode | was treated by n-butylsilane, in the
presence of the catalyst B(CgFsg)3, to obtain a hydrogenated Electrode I, which is
denoted as Electrode Ill, by converting carbon—oxygen functionalities present on
carbon materials, e.g. aldehydes, ketones and primary, secondary and tertiary alcohols,
polycarboxylic acid group to their corresponding alkyl functionalities, leaving carbon—
carbon double bonds and the graphitic structure undisturbed. Phenolic hydroxyl groups

were instead silanised to form a dendrimeric butylsiloxane.

Electrode 11l was similarly characterised by the cyclic voltammetry of 1.0 mM
[Ru(NH3)]3*" in 1.0 M KCI and the corresponding non-sigmoidal shaped cyclic
voltammogram at a non-functional electrode with high charging current would now
appear as a sigmoidal shaped cyclic voltammogram with negligible charging current,
indicating a characteristic functioning microelectrode. In this way, the fabrication
success rate of carbon microelectrodes by n-butylsilane hydrogenation has been
improved to nearly 100%. After repeated hydrogenation, the limiting current of
[Ru(NH3)]3* diminished by ~30-50%, which was attributed to the formation of
butylsiloxane dendrimers on the hydrogenated surface, leading to an increased electron
tunnelling distance. We attributed the reduction of charging current at Electrode 111 to
the removal of carbon-oxygen functionalities from the electrode surface, followed by
terminating defect sites with carbon-hydrogen. To support this, a cyclic voltammetry of
1.0 mM anthraquinone-2,6-disulfonate (AQDS) in 0.1 M HCIO, at Electrode | and
Electrode Il was conducted. At Electrode I, a sigmoidal cyclic voltammogram of
AQDS was obtained. However, a featureless CV at the corresponding Electrode I,
provided strong evidence for the removal of the functionalities from the edge planes of

the electrode surface.
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In addition, X-ray photoelectron spectroscopy was conducted to further probe the
characteristics of the carbon surface of Electrode 111 and compared to that of Electrode
I. The spectrum of Electrode I revealed that the carbon obtained from the pyrolysis of
C,H, comprised sp2-like graphitic carbon and sp3-hybridised diamond-like carbon. In
addition, as a result of exposure to air during pyrolysis, various oxidation products
could also be found on the carbon electrode. A relative abundance of 10.2% oxygen at
Electrode | also supported the presence of oxidation products on the bare electrode
surface. In contrast, the spectrum of Electrode Il confirmed that oxygen-bearing
functionalities (carbonyl, carboxyl, epoxy, etc) associated with carbon on a bare
electrode surface, except phenolic hydroxyl, were reduced after the surface was
hydrogenated. ~ Phenolic hydroxyl groups were, however, silanised to form a
dendrimeric butylsiloxane. An intense oxygen peak and silicon peak originated from a
—C-O-Si— group was observed at Electrode I, confirming the formation of

dendrimeric butylsiloxane derivative at Electrode IlI.

To investigate the electrode stability, 20 cyclic voltammetric scans of 1.0 mM
[Ru(NH3)]3* in 1.0 M KCI was conducted at Electrode I1l. Repeatable sigmoidal-
shaped voltammograms with negligible changes in charging current were obtained in
this experiment, confirming the stability of the Electrode Il surface. To further
establish the integrity of modified electrodes, cyclic voltammetry of [Ru(NH3)g]3* was
conducted at Electrode Il that were separately stored in air and in a pH 7.4
citrate/phosphate buffer for one week. Very minimal detection signal change was
observed at Electrode 111 in air (1.1%) and the buffer (2.8%), indicating that Electrode
1l was less prone to both air and buffer exposure because of the H-terminated
hydrophobic surface formed in n-butylsilane reduction. This also revealed the long-

term stability of Electrode Il in air and in citrate/phosphate buffer.

In Chapter 4, the stability and antifouling capability of Electrode I11 was evaluated in a
laboratory synthetic fouling solution that mimics a complex biological environment.
Very often, the detection of dopamine in vivo using conventional carbon

microelectrodes is often compromised after being implanted in such an environment.
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High molecular weight proteins, peptides and lipids present in the extracellular fluid
irreversibly adsorb onto the bare carbon surface, preventing dopamine from making
contact with electrode. This then led to a transient attenuated dopamine response. The
study in Chapter 4 was focussed on studying the antifouling performance of Electrode
[1l. In addition to characterisation of Electrode Il by [Ru(NH53)g]3* and AQDS as
presented in Chapter 3, the electrodes were further characterised using [Fe(CN)g]3- and
dopamine. The electrochemistry of [Ru(NH3)g]3+ and AQDS supported the respective
formation of butylsiloxane and termination of C—O functionalities by C—H at the edge
planes on Electrode I11. A ~40% reduction of limiting current and ~38% negative shift
of Eq/» of [Fe(CN)g]3- indicated sluggish electron transfer kinetics and a H-terminated
hydrophobic surface is not favourable for the polar analyte. In addition, a ~15%
decrease in oxidation current and also the reduced electron transfer kinetics (~40%
positive shift of E;;) of dopamine was observed at Electrode Ill, attributed to the
absence of ionisable carbon-oxygen functional groups on a hydrogenated surface that
facilitate dopamine oxidation. A three-fold increased charge transfer resistance of
[Ru(NH3)g]3* at Electrode 111, determined by electrochemical impedance spectroscopy,
compared to Electrode 1, also supported sluggish electron transfer kinetics at Electrode
Il.

Electrode 111 was further characterised using atomic force microscopy and Raman
spectroscopy. A 50% smoother and flatter surface of Electrode Ill, compared to
Electrode I, was observed at atomic force micrograph, making it as less prone to fouling
caused by biomolecular adsorption. By Raman spectroscopy, the characteristic D peak
(arises from sp3 hybridised carbon) and G peak (arises from sp2 hybridised carbon)
ratio was found to higher at Electrode Il (4.72) compared to Electrode | (3.82),
supporting an sp3 enriched H-terminated surface originated from reduced C-O

functionalities and butylsiloxane dendrimers on Electrode Il1.

As the hydrophobic sp3 enriched H-terminated surface is not favourable for anionic
ascorbic acid, which is a common interferent co-existing with dopamine in extracellular

fluid, Electrode 11l was capable of detecting dopamine while completely blocking the
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ascorbic acid oxidation at a concentration as high as 500 uM, which is generally
expected in extracellular fluid. Besides, Electrode 111 was found to exhibit antifouling
behaviour in the presence of amphiphilic, high molecular weight entities that often
adsorb on the surface of an implanted sensor. This leads to severe effects on the
analytical characteristics of a technique or a sensor and thus compromise its sensitivity,
detection limit, reproducibility, and overall reliability. In an in vitro experiment,
Electrode Il was subjected to incubation in a synthetic laboratory fouling solution
comprising 4% (w/v) bovine serum albumin, 0.01% (w/v) cytochrome C (both are
proteins), 1.0% (v/v) caproic acid (a lipid), and 0.002% (w/v) human fibrinopeptide B
(a peptide). After a 30-min incubation, the dopamine oxidation limiting current
decreased by ~35% at Electrode 111, compared to featureless dopamine oxidation cyclic
voltammogram with a high charging current at Electrode | because of severe electrode
surface degradation by fouling. However, after a 1-week incubation, there was no
noticeable change in the limiting current measured. The findings that charge transfer
resistance, determined by electrochemical impedance spectroscopy, increased by ~37%
after 30 min incubation and remained almost unchanged after 1 week incubation also
supported the results obtained by cyclic voltammetry. The performance of Electrode 111
was found to be affected by slight fouling with sensitivity decreasing from 23.7 pA pM-
1to 14.5 pA pM-1. Similarly, the limit of detection was observed to increase only
slightly from 138 £ 12 nM to 154 + 10 nM after a one-week incubation in the fouling
solution. In addition, oxidation signal in the cyclic voltammogram of 1.0 puM dopamine
at Electrode 111 remained stable without any obvious change even after 20 consecutive
scans. By this, the effectiveness of Electrode 111 was demonstrated in determining up to
1.0 uM dopamine without any significant fouling caused by polymeric dopamine
oxidation product. The antifouling property of Electrode Ill was attributed to either a
modified flat/smooth surface or an sp3 enriched electrode with H-terminated edge
plane. The antifouling capability of Electrode 111 was promoted by butylsiloxane
dendrimers that restricted structurally large fouling molecules to approach the electrode
surface, while dopamine was able to penetrate the butylsiloxane layer to participate in

electron transfer reaction at the electrode surface.
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Next, we aimed in Chapter 5 at achieving enhanced dopamine detection signal by
further modifying Electrode 111 with a negatively charged 4-sulfobenzene (4-SB) layer
that exerted electrostatic attraction towards positively charged dopamine. This
electrode was termed as Electrode IV. Results obtained from X-ray photoelectron
spectroscopy confirmed the successful grafting of 4-SB on Electrode 11l. VVoltammetric
studies in [Ru(NH3)g]3* and dopamine at Electrode IV resulted 4% and 10% enhanced
reduction and oxidation limiting current compared to Electrode Ill, as expected,
indicating enhanced sensitivity of Electrode IV. In electrochemical impedance
spectroscopy, a 50% reduced charge transfer resistance (R¢) of [RUu(NH3)g]3* at
Electrode IV compared to Electrode Il also supported improved sensitivity of the
modified electrodes. Based on the slope of the calibration plot constructed using
dopamine oxidation limiting current at different concentrations, the sensitivity of
Electrode IV was determined as 26.7 pA uM-1, which was a 13% improved sensitivity
compared to that at Electrode I1l. Based on a signal-to-noise ratio of 3, the limit of
detection at Electrode 1V was estimated to be 52+8 nM of dopamine, approximately

three times lower than that at Electrode 11lI.

Due to the unique antifouling capability of the - SO, functional group, the antifouling
property of Electrode I11 was enhanced by three fold after grafting 4-sulfobenzene on it.
In the fouling experiment, dopamine oxidation limiting current decreased by only 12%
at Electrode IV, compared to 35% at Electrode 111, after being incubated in the same
fouling solution as described above. R increased by only 13% at Electrode 1V,
compared to 38% at Electrode I11. This also supported the results obtained from cyclic
voltammetry. In addition, the sensitivity of Electrode IV was determined to be 22.5 pA
UM-1 dopamine, which was 15% lower than that at electrodes not treated by the fouling
solution. A corresponding decrease in the limit of detection from 52+8 nM to 46+3 nM

was also observed at Electrode IV treated in the fouling solution.

We have also compared the antifouling effectiveness of both Electrode 111, a conical-tip
carbon electrode hydrogenated by a linear alky chain (n-butylsilane), and Electrode V, a

conical-tip carbon electrode hydrogenated by branched chain (diethylsilane) silane
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compound. Finally, Electrode V was modified by 4-SB to obtain Electrode VI. The
antifouling property and analytical detection of dopamine were also systematically
studied. Similar to Electrode 111 and Electrode 1V, electrochemistry of [Ru(NH5)g]3*,
[Fe(CN)g]3- and dopamine was studied at Electrode V and Electrode VI. Both types of
electrodes were found to be unfavourable for electron transfer reaction of [Fe(CN)g]3-.
However, a 5% increase in the [Ru(NH3)g]3* reduction limiting current and a 20%
increase in the dopamine oxidation limiting current were observed at Electrode V,
compared to Electrode I, due to preconcentration of analyte by the bulky
diethylsiloxane. There was a corresponding 2% increase and 13% increase at Electrode
VI, compared to Electrode V, due to electrostatic interaction exhibited by the -SO;
functional group with [Ru(NH3)g]3* and dopamine (a cation under physiological pH).
X-ray photoelectron spectroscopy conducted at Electrode V and Electrode VI
confirmed the presence of diethylsiloxane dendrimers at the modified surfaces, as well

as 4-SB on Electrode VI.

Similar to Electrode 11l and Electrode 1V, the antifouling property of Electrode V and
Electrode VI in a laboratory synthetic fouling solution was also studied. A 36% and
38% lower dopamine oxidation signal observed at Electrode V and Electrode VI,
compared to 35% at Electrode 111 and 12% at Electrode 1V, after a one-week incubation
in the fouling solution was conducted. In contrast to a positive shift of E;;, of
dopamine after fouling at Electrode 111 and Electrode IV, a negative shift was observed
at Electrode V and Electrode VI indicating faster kinetics of dopamine at these latter

electrodes.

At Electrode V and Electrode VI, the detection sensitivity was estimated to be 30.3 pA
uUM-1 dopamine and 42.4 pA pM-1 dopamine, respectively, before incubating them in
the fouling solution. After a 1-week incubation, the corresponding detection sensitivity
was estimated to be 20.4 and 26.1 pA uM-1. Similarly, based on a signal-to-noise ratio
of 3, a limit of detection of 176+15 nM dopamine was estimated at Electrode V, and

94+10 nM dopamine at Electrode VI. After incubating the respective modified
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electrodes in the fouling solution for 1 week, the limit of detection was determined to be

as 208 nM=12 at Electrode V and 105+8 nM at Electrode VI.

In investigating the fouling resistance of all electrode types, the percentage change of
the dopamine limiting current between the incubation period was evaluated after they
were incubated in a fouling solution for 0, 10, 30 mins and 1 week. Approximately
33% of Electrode 111 and Electrode IV were relatively stable throughout the experiment.
However, the results were improved to 66% at Electrode V. More significantly, 100%
of Electrode VI demonstrated consistent fouling resistance throughout the experiments.
We attributed the enhanced stability of Electrode VI to the synergistic effect of

diethylsilane and 4-SB in the fouling experiment.

To illustrate the feasibility of all four types of electrodes for routine analysis, they were
applied to the determination of dopamine spiked in a real-life sample of human serum.
The recovery of dopamine at Electrode 111 (99.7-114%) was comparable to that at the
corresponding Electrode 1V (97.2-110%). Similarly, the dopamine recovery at
Electrode V (98.2-105%) was found to be similar to that at Electrode VI (108-129%).
These results supported the potential applications of all the above modified electrodes

for determination of dopamine in real-life samples.

6.2 Future directions

This study has hitherto been devoted to the development of physically small conical-tip
carbon electrodes of ~2 pm diameter and ~15 pm axial length with antifouling
capability. A long-term goal of this work is therefore to apply these electrodes to
monitoring of neurotransmitter secretion in single cells, neurons, membrane pores, and
liposome. Physically small electrodes will reduce the rate of damage of cells and allow
investigations at single cells or single vesicles in a cell during an exocytosis event. As a
neuronal synapse is typically a ~20 nm gap, the sensing electrode must be at least
smaller than the synaptic gap to conduct an uninterrupted experiment in the synapse.°

High spatial resolution can be obtained during non-invasive analysis of single living
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cells and intracellular detection of neurotransmitter using nanometre-sized electrodes.
Ewing’s group!! has very recently developed nanotip conical carbon fibre
microelectrodes by thermally etching a carbon fibre in a blue butane flame for less than
2 s to obtain 50-100 nm tip diameter. Morton et al.'?> also developed a carbon electrode
using parylene as a carbon source. They conducted the pyrolysis in a furnace of 9000C
for 1 h to deposit carbon at the tip of a pulled pipette with an inner diameter of 150 nm.
Rees et al.'® fabricated a carbon electrode using an already pulled conical tip glass
nanopipette of 50 to 400 nm diameter. In their work, the pulled pipette was placed in a
chemical vapour deposition chamber with a flow of methane and argon at 900°C such
that carbon was selectively deposited inside the pipette. Similarly, to obtain high
spatial resolution at our conical-tip carbon electrode, the tip dimeter and axial length
can be manipulated by pulling quartz capillary such that an appropriate dimension down
to several nanometre size is obtained. We have mainly concentrated our effort on the
pioneering work of developing antifouling electrodes using n-butylsilane and
diethylsilane reduction method based on conical-tip carbon electrodes of micrometres in
tip diameters and axial lengths. Although these electrodes are relatively large compared
to others reported in the literature, their appreciable detection signals are essential for
convenient evaluation of their characteristics. According to the instruction manual of
the Sutter P2000 Micropipette Puller'4, quartz capillaries can be pulled down to 10 nm
in tip diameters. Therefore, a further development in this project is to fabricate even
smaller conical-tip carbon electrodes than those reported in this work, which will be
hydrogenated by adopting the alkylsilane reduction method, followed by attachment of

4-SB to enhance dopamine detection.

In our work, C,H, gas was used a carbon source, which was pyrolysed to obtain a
carbon deposit at the tip and on the shank of already pulled capillaries. C-C and C-H
bonds (sp3 hybridised) with a relative abundance of ~56% was revealed in X-ray
photoelectron spectroscopy. In addition, graphitic carbon (sp2 hybridised) and oxygen
(as impurities) with a relative abundance of ~13.8% and 10.2% were also observed at
the pyrolysed carbon. Therefore, these results clearly indicated that the type and

composition of carbon formed depends on the hydrocarbon gas source. Previously,
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parylene’?>,  hexane vapour’®,  methane/hydrogen®,  methane/nitrogen'’”  or
ammonia/acetylene®® gas/gas mixture were reported as a carbon source in the
fabrication of carbon microelectrode by chemical vapour deposition method. A
hydrogen stream was often used in conjunction with a carbon source in the furnace to
convert the deposited carbon to an H-terminated surface, if there were any C-O
impurities present on the surface.® Therefore, other types of carbon sources can be

chosen in our research to obtain other possible sp3 enriched pyrolysed carbon.

In this study, we employed n-butylsilane reduction method to hydrogenate C-O
functionalities to obtain a sp3 carbon surface. In this way, we also activated non-
functional conical-tip carbon electrodes to functional conical-tip carbon electrodes with
minimised charging current. However, occasionally we observed that repeated
hydrogenation steps were required to improve the success rate of electrode activation.
This might stem from the occasional inefficiency of the hydrogenating agent, n-
butylsilane and the catalyst, tris(pentafluorophenyl)borane, which is highly sensitive to
moisture/air®®. Although an airtight condition was maintained and measures were taken
to avoid any interference from moisture that could otherwise lower the efficiency of the
catalyst, hydrogenation might be improved by conducting the experiment in a sealed

bag.

In assessing the stability of hydrogenated carbon electrodes, they were found to be quite
stable in air or in citrate/phosphate buffer for one week. However, these electrodes are
expected to be stable for a longer period. A systematic study in this aspect is essential
in the future. In addition, the stability of butylsiloxane film, formed during n-
butylsilane and diethylsilane reduction, in unconventional conditions (e.g. acidic or
basic extremes), will need to be examined in order to assess the robustness of these

hydrogenated carbon electrodes.

This study has also demonstrated that n-butylsilane hydrogenated electrodes exhibited a
degree of antifouling resistance after being incubated in a simulated fouling solution.

Similarly, in the later part of the study, electrodes hydrogenated by diethylsilane were
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also subjected to the fouling experiment. Between these two modified electrodes,
diethylsilane hydrogenated electrodes showed improved fouling resistance compared to
n-butylsilane hydrogenated electrodes. Owing to its side chains, a diethylsiloxane
dendrimer is structurally bulkier than the corresponding butylsiloxane dendrimer. As a
result, the diethylsiloxane dendrimers would form an even more effective physical
barrier towards large molecules that cause fouling and allow such small molecules as
dopamine to access the electrode surface for electron transfer, relative to the
butylsiloxane dendrimers. In future, dimethylethylsilane, triethylsilane or
triphenylsilane can be further studied to obtain bulkier siloxane than butylsiloxane or

diethylsiloxane on the electrode surface to evaluate their fouling resistance.

In the present study, we have further immobilised 4-SB on n-butylsilane and
diethylsilane hydrogenated electrodes and approximately a 3-fold improved fouling
resistance was achieved at these electrodes. Nonetheless, a 15-35% reduction of
dopamine oxidation signal was still observed at our electrodes. Clearly, the electrodes
must desirably improve their antifouling property. Carbon-based materials, such as
carbon nanotubes and graphene, are commonly used due to their large surface area,
electrical conductivity, and electrocatalytic properties.?X  Both of them exhibited
antifouling properties in electrochemical analysis in vivo. For example, by using
vertically aligned carbon nanotube immobilised carbon fibres to monitor ascorbate in
cerebrospinal fluid in vivo, Xiang et al.?? achieved only 2% loss of sensitivity in a 30-
min experiment.  Similarly, Zestos et al.?® also applied a carbon nanotube fibre
electrode to measure exogenous serotonin concentration in rat brain slices, the
dopamine oxidation peak current remained unchanged after a 10 min experiment.
Alwarappan et al.?* studied the direct electrochemical activity of cytochrome ¢ at a
chemically reduced graphene-modified glassy carbon electrode. Analogously, carbon
nanotubes or graphene can be immobilised on conical-tip carbon electrodes, so that
their sensitivity and antifouling can be compared to those achieved by n-butylsilane or

diethylsilane reduction method.
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In addition to carbon-based materials, electrodes can also be modified with polymeric
or nonpolymeric materials to provide a physical barrier between fouling agents and the
electrode surface. However, such films, including Nafion?, thiols® also give rise to an
increased background electrode capacitance and impedance, which is not favourable for
the detection of trace analyte concentrations. Moreover, some self-assembled
monolayers, for example poly(ethylene glycol), can be self-oxidised and the oxidation
products can be toxic to tissues upon implantation.?” Therefore, alternative to self-
oxidising films and high capacitance / impedance films, low impedance phenyl
phosphorylcholine have been developed.? This low impedance phenyl
phosphorylcholine can be considered as a potential antifouling layer that can be
immobilised on conical-tip carbon electrodes so that the analytical performance and
antifouling capability of the resultant electrodes can also be evaluated and compared to

the hydrogenated carbon electrodes.

Antifouling strategies should be tested against a variety of fouling agents and fouling
matrices, particularly biological samples and matrices, which can be a complex and
often unknown mixture of proteins, peptides, lipids, and carbohydrates. In this study,
we have employed a synthetic fouling solution containing 4% bovine serum albumin,
0.01% (w/v) cytochrome c, 0.002% (w/v) human fibrinopeptide, and 1.0% (v/v) caproic
acid to investigate antifouling property of 4-SB modified conical-tip carbon electrodes
that were already hydrogenated by n-butylsilane or diethylsilane reduction. Although
these may be representative fouling agents, it does not indicate how the antifouling
strategy will perform in more complex environments. Where possible, antifouling
strategies should be tested against a wide variety of fouling agents and complex
matrices appropriate to the intended application, for example, blood, serum, or urine. In
this aspect, we investigated the feasibility of our modified electrodes for detection of
dopamine spiked in human serum. However, the relationship between fouling agent
concentration and extent of fouling should not be overlooked, as fouling can occur with
some antifouling strategies above a certain concentration. Also, owing to time
constraint, 4-SB modified carbon electrodes that were hydrogenated by n-butylsilane

and diethylsilane reduction have yet to be applied in the current work to detection of
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dopamine in vivo. Therefore, work is also required in assessing fouling resistance of

our modified conical-tip carbon electrodes in more complex matrices including

detection of dopamine in vivo.
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In this work, we report a simple, effective activation of structurally small carbon electrodes by forming an
H-terminated carbon surface using n-butylsilane reduction. The electrode surface modification was confirmed
by electrochemistry and X-ray photoelectron spectroscopy. Cyclic voltammetry of [Ru(NH;)g]>* at these hydro-
genated carbon electrodes yielded sigmoidal-shaped cyclic voltammograms with minimal charging current. They
also exhibited superb stability after one-week storage in air or citrate/phosphate buffer.
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1. Introduction

Microelectrodes (i.e. electrodes with <100 pm in at least one dimen-
sion) are of general interest owing to their capability in spatially resolved
measurement of a small volume of a resistant analyte and investigating
the chemistry of an analyte at a submicrosecond time scale [1]. Similarly,
microelectrodes are particularly useful for applications in biological
micro-environments. For example, diamond microelectrodes were used
to measure norepinephrine release from the mesenteric artery of a rat
[2] and serotonin uptake at lymphocytes extracted in monkey's blood
[3]. These diamond microelectrodes exhibit high temporal and spatial
resolutions with improved sensitivity, reproducibility and response
stability required to monitor small changes of analyte concentration
during the analytical detection of neurotransmitters.

Many different techniques have been developed for physically
small electrode fabrication. Microelectrodes with ~2 nm diameter, fab-
ricated by insulating electrochemically etched carbon fibres using a
paint layer, showed steady-state voltammetric behaviour of different
redox markers with and without a supporting electrolyte [4]. Using
microwave-assisted chemical vapour deposition in a diborane-CH,/H,
mixture, boron-doped diamond microelectrodes with low, stable and
pH-independent background current were constructed [2,3]. Carbon
nanotube yarn microelectrodes were also fabricated for fast scan
voltammetric detection of neurotransmitters by sealing carbon nano-
tube yarn in pulled glass capillaries [5]. Meanwhile, carbon-ring

* Corresponding author. Tel.: +61 2 9850 8300.
E-mail address: Danny.Wong@mgq.edu.au (D.KY. Wong).

http://dx.doi.org/10.1016/j.elecom.2016.01.007
1388-2481/© 2016 Elsevier B.V. All rights reserved.

microelectrode arrays were constructed by pyrolysing acetylene gas in-
side a cluster of quartz capillaries to record individual exocytotic events
from cultured cells [6].

In our laboratory, conical-tip carbon electrodes (~2 um diameter,
~15 pm axial length) are routinely fabricated [7]. Briefly, after pulling
a quartz capillary down to a fine tip, it is placed in a nuclear magnetic
resonance tube such that acetylene gas is delivered through the larger
end of the capillary and a nitrogen stream is counter-flowing through
the nuclear magnetic resonance tube. In this way, the acetylene gas is
thermally pyrolysed to deposit carbon in and on the shank of the pulled
capillary. To accomplish electrical connection, graphite powder is
packed and a wire is introduced through the larger end of the capillary
before it is sealed with epoxy. Compared to carbon fibre electrodes, the
quartz substrate of conical-tip carbon electrodes makes them mechani-
cally stronger, whilst the sharp tips aid in easy biological membrane
penetration during implantation [4]. In addition, the open-ended base
edge on a conical-tip electrode is more accessible to the mass transport
of analyte to the electrode, compared to an insulating plane at the finite
fibre-capillary junction on carbon fibre electrodes. Therefore, conical-tip
carbon electrodes of a similar dimension to carbon fibre electrodes were
found to show an improved signal-to-noise ratio in detecting dopamine
in vivo [8]. Notably, there is also no epoxy sealing at the carbon-capillary
junction, which could otherwise have polluted solution of interest in a
biological environment [9]. Recently, our laboratory has also applied
conical-tip carbon electrodes with a hydrophobic surface to deter
biological fouling during dopamine detection in vivo [10].

Upon fabrication, cyclic voltammetry of well-behaved redox
systems is commonly performed at the electrodes to assess their
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integrity. For example, the outer-sphere complex ion [Ru(NH3)g]> " is
often used to characterise carbon surfaces because of its independence
on the type of carbon surface [11]. Similar to microelectrodes with
other geometries, a typical response of [Ru(NH3)g]> " in KCl supporting
electrolyte showing (1) a sigmoidal shaped cyclic voltammogram (CV)
and, (2) a small capacitive charging current between the forward and
backward scans, is used to indicate a functioning conical-tip carbon
microelectrode. Owing to the small electrode surface area, in addition
to linear diffusion, edge diffusion of [Ru(NHs)g]> ™ becomes more prom-
inent in the vicinity of the electrode, which maintains a constant supply
of [Ru(NH3)g]>™ to the electrode for reduction. This constant supply of
[Ru(NH3)g]>* results in a steady-state diffusion current, giving rise to
a sigmoidal shaped CV. Moreover, a good seal between the carbon film
and the quartz substrate with minimal cracks and crevices on the car-
bon surface yields a small capacitive charging current between the for-
ward and backward cyclic voltammetric scan. In many cases, pinholes,
cracks or crevices arising from carbon surface imperfections and/or
poor epoxy sealing, for example, between a fibre and the glass substrate
in carbon fibre microelectrodes, will yield non-sigmoidal CVs with ap-
preciable charging current between the forward and backward scans.
When non-sigmoidal CVs were obtained at Pt and Au microdisc elec-
trodes, they were often mechanically polished to minimise the imper-
fections, which could sometimes aid in subsequently achieving a
sigmoidal-shape CV. Alternatively, a pre-treatment involving scanning
the potential from —0.2 V to 1.8 V and back to — 0.2 V (against a sodium
saturated calomel reference electrode) at 200 mV s~ ! was previously
used to activate physically small, fragile carbon electrodes [12]. Howev-
er, this pre-treatment was not known to yield a long-lasting improved
characteristic. In the event of unsuccessful activation of these microelec-
trodes, they were simply discarded.

Previously, Nimmagadda and McRae [13,14] reported a one-pot
reaction involving n-butylsilane reduction capable of reducing carbon-
oxygen functionalities to chemically modify an analyte for chromato-
graphic separation. As shown in Scheme 1, in the n-butylsilane reduction
method catalysed by B(CgFs)3, carbon—oxygen functionalities present on
carbon materials, e.g. aldehydes, ketones and primary, secondary and
tertiary alcohols, polycarboxylic acid group were converted to their cor-
responding alkyl functionalities, leaving carbon-carbon double bonds
and the graphitic structure undisturbed. Phenolic hydroxyl groups are,

n-BuSiHz

however not reduced but are instead silanised to form a dendrimeric
butylsiloxane [13]. This work aims at investigating the feasibility of acti-
vating non-functional conical-tip carbon electrodes by hydrogenating
the electrodes using the n-butylsilane reduction method. X-ray photo-
electron spectroscopy (XPS) will be used to characterise the surface of
the hydrogenated carbon electrodes. We will also study the electrochem-
istry of [Ru(NHs)g]> ™ and anthraquinone-2,6-disulfonate (AQDS) at the
hydrogenated carbon electrodes.

2. Experimental

All conical-tip carbon electrodes were fabricated as described
previously [7,10]. In the n-butylsilane reduction, 5.0 mg of B(CgFs)3
was dissolved in 5.0 mL anhydrous CH,Cl, by stirring for 10 min be-
fore 20 pL (0.156 mmol) of n-butylsilane (99% pure) was added. A
conical-tip carbon electrode was placed in the reaction solution
that was continuously purged by N, before the setup was sealed
with parafilm. Hydrogenation at the electrode was continued for
2 h at room temperature.

The fabricated electrodes were next characterised by a cyclic
voltammetry of 1.0 mM [Ru(NH;)s]>* in 1.0 M KCl supporting electrolyte
between +0.2 V and —0.4 V, and 1.0 mM AQDS in 0.1 M HClO4
supporting electrolyte between +1.0 V and —1.2 V, both at
100 mV s~ ', using a low-current potentiostat (eDAQ Pty Ltd., Sydney,
Australia) operated by EChem version 2.1.2 software on a PC via an
E-corder interface (eDAQ Pty Ltd.). A single compartment, three-
electrode cell accommodating a Ag|AgCl reference electrode and a plati-
num wire counter electrode was used for electrochemical measurement.
All measurements were performed at room temperature in a Faraday
cage to minimise any noise interference.

XPS was conducted using an ESCALAB250Xi spectrometer (Thermo
Scientific, Loughborough, UK) interfaced to a computer with data
acquisition and processing software (Avantage; Thermo Scientific).
The samples were irradiated with a monochromatic Al Kot X-ray source
of 1486.68 eV energy. A vacuum system at 2 x 10~ ° mbar was operating
at 73 W (13.8 kV x 5.25 mA) power. A sample of ~320 pum spot size was
used. The photoelectron takeoff angle was 90° with a pass energy of
100 eV for survey scans or 20 eV for region scans.

CH,Cl,, B(CgFs)s, cat

Scheme 1. Hydrogenation of carbon electrodes by n-butylsilane reduction method.
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3. Results and discussion

After assembling a conical-tip carbon electrode together, cyclic volt-
ammetry of 1.0 mM [Ru(NH3)g]** in 1.0 M KCl is always conducted. A
sigmoidal-shaped voltammogram, shown in Fig. 1(a), is used to indicate
a functioning electrode. In Fig. 1(b), trace i shows an example of a non-
sigmoidal shaped CV with an appreciable charging current obtained at a
conical-tip carbon electrode. At these electrodes, non-uniform deposi-
tion of electroactive carbon on the quartz surface during pyrolysis
would have resulted in cracks and crevices on the electrode surface,
allowing [Ru(NHs)g]>" to travel through by capillary action. Such
“leaky” electrodes would exhibit a large charging current. On a carbon
electrode, edge planes resulting from cracks and crevices on the elec-
trode surface contain many oxygen functionalities, which would con-
tribute to a large background current [15]. Similarly, oxygen
functionalities present on hexagonal rings of sp? carbon atoms on an

(a)

electrode surface [11] will also contribute to a significant charging cur-
rent. This feature becomes undesirable when microelectrodes are used
in detecting low concentration analytes with the small detection signal
masked by a large background current. Similar to other microelectrodes,
conical-tip carbon electrodes that produced such non-sigmoidal-
shaped CVs were just discarded, contributing to their unsuccessful
fabrication rate.

After hydrogenating the bare conical-tip carbon electrode that
yielded trace i in Fig. 1(b) by n-butylsilane reduction, the CV of
1.0mM [Ru(NH3)g>* at the electrode (trace i) in 1.0 M KCl appears sig-
moidal in shape with negligible charging current, indicating a character-
istic functioning microelectrode. In our work, cyclic voltammetry
of 1.0 mM AQDS in 0.1 M HClO,, often used to show the presence of
carbon-oxygen functionalities at edge plane of highly ordered pyrolytic
graphite and other carbon surfaces [16,17], was also conducted. As
shown by trace i of Fig. 1(c), the CV obtained depicts a reduction current

I 0.5nA
(iii)
(ii)
(I) 2nA
I T T I T I T I I I
-0.6 -04 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 0.2

Voltage / V versus AglAgCI

(c)
(i [

| T T T T 1
-1.5 -1.0 -0.5 0.0 0.5 1.0
Voltage / V versus AglAgCl

(i)
I 50 pA

T T T T 1
-15 -1.0 -05 0.0 0.5 1.0
Voltage / V versus AglAgCI

Voltage / V versus AglAgClI

(i [ A

T
-0.6 -0.4 -0.2 0.0 0.2

Voltage / V versus AglAgCI

Fig. 1. Cyclic voltammetry of 1.0 mM [Ru(NHs)s]> " at (a) a conical-tip carbon electrode; (b) (i) a non-functioning conical-tip carbon electrode that was (i) hydrogenated and (iii) twice
hydrogenated in 1.0 M KCl; (c) cyclic voltammetry of 1.0 mM AQDS in 0.1 M HCIO; at (i) a carbon electrode and (ii) a hydrogenated carbon electrode; (d) Cyclic voltammetry of 1.0 mM
[Ru(NHs)s]** at (i) a non-functioning conical-tip carbon electrode that was (ii) hydrogenated and (iii) twice hydrogenated in 1.0 M KCl. Scan rate: 100 mV s~ .
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arising from physisorbed AQDS on carbon-oxygen functionalities at
carbon electrodes. However, a featureless CV (trace ii of Fig. 1(c)) at
the corresponding hydrogenated electrodes has provided strong evi-
dence for the removal of the functionalities from the electrode surface.

XPS was next conducted to further probe the characteristics of
the hydrogenated carbon surface. Both the survey XPS spectra and
Gaussian-fitted results obtained using bare and hydrogenated carbon
electrodes are presented in Fig. 2. In Fig. 2(a)(i), the survey XPS
spectrum of a bare carbon electrode shows distinct C1s and O1s
peaks. However, in Fig. 2(a)(ii), after hydrogenation, an additional
Si2p peak was also observed. By deconvolution, the corresponding
high-resolution spectra obtained at these electrodes are displayed in
Fig. 2(b) and (c). In Fig. 2(b)(i), 5 peaks were identified in the C1s spec-
trum of a bare carbon electrode. It is therefore apparent that the carbon
obtained from the pyrolysis of C,H, contributed several peaks under C1s
including sp?-like graphitic carbon and sp>-hybridised diamond-like
carbon. Amongst the fitted results in Fig. 2(b)(i), the most intense
peak at ~285.0 eV is attributable to aliphatic, sp>-like carbon (explicitly,
quaternary C in long aliphatic chain) by comparing to a peak at the same
binding energy obtained using an electrochemically and thermally
oxidised boron-doped diamond film on a silicon substrate [18]. The
peak at 284.5 eV is assigned to the presence of sp? graphitised carbon
as this is analogous to that obtained using amorphous carbon films
deposited by plasma on a single crystal silicon substrate [19]. Notably,
the carbon film was exposed to air whilst being deposited during pyrol-
ysis, giving rise to oxidation products on the electrode, which may
account for carbon binding energies at 286.6, 288.0, and 289.2 eV. Ac-
cording to Zhou et al. [20], who examined chemically and thermally
functionalised carbon nanofibres, the 286.6 eV peak represents carbon
in the form of phenols, alcohols or ether groups, the 288.0 eV peak repre-
sents carbon in carbonyl or quinone groups, and the 289.2 eV peak indi-
cates the presence of carbon as carboxyl groups on the electrode surface.

As shown in Fig. 2(b)(ii), the deconvoluted results at a hydroge-
nated carbon electrode also yielded 5 peaks under C1s. Compared
to Fig. 2(b)(i), a peak of similar intensity is observable at 285.0 eV.
However, the 284.5 eV peak in Fig. 2(b)(i) has slightly shifted to
284.4 eV after hydrogenation due to an altered chemical environment
on the electrode surface [19]. Moreover, at the hydrogenated carbon
electrode, the 284.4 eV peak becomes ~60% more intense than that ob-
tained at the bare electrode. This is attributed to the composition of car-
bon films with mixed sp? carbon as graphite and silane-like carbon
(—C-Si-0-) formed after hydrogenation, as illustrated in Scheme 1.
This is further supported by the presence of both the Si2p and O1s sig-
nals obtained at the hydrogenated electrode surface, in agreement with
Ferro et al.'s work involving a boron-doped diamond film electrode
grown on a single-crystal, p-silicon wafer [18]. However, as expected,
the intensity of the remaining three peaks is significantly lower after
hydrogenation and these peaks have correspondingly shifted to 286.4,
287.3 and 288.8 eV due to different chemical environment after hydro-
genation [19].

Most functional oxygen groups would reportedly yield O1s binding
energies within a narrow 531-535 eV range [19,21]. In this work, the
deconvolution of the O1s spectrum at a bare electrode yielded two
peaks at 532.25 and 533.7 eV, as shown in Fig. 2(c)(i), with a relative
abundance of ~7.13% and 3.10%, respectively. Using Ferro et al.'s work
[18] as a guide, the 532.25 eV peak is assigned to etheric/alcoholic
aliphatic functionalities and, to a lesser extent, to carbonylic aliphatic
groups, most likely originated from dangling bonds on the sp>-carbon
skeleton. On the other hand, the 533.7 eV peak is assigned to oxygen
present as ethers, alcohols, and esters in aromatic frames [18,20]. After
hydrogenation, binding energies arising from oxygen-bearing function-
alities (carbonyl, carboxyl, epoxy, etc.) associated with carbon on an
electrode surface, except phenolic hydroxyl, have diminished when hy-
drogen atoms replaced these functionalities. However, we observed a
separate intense oxygen peak at 532.0 eV in Fig. 2(c)(ii), possibly arising
from a large number of oxygen present in the dendrimeric butylsiloxane

derivative formed during hydrogenation shown in Scheme 1. Ferro et al.
[18] also obtained a sharp oxygen peak at 532.8 eV that was assigned as
oxygen present in aliphatic -C-O-Si- group when a boron-doped dia-
mond film was deposited on a single-crystal p-silicon wafer. On the
other hand, a characteristic Si2p peak at 102.18 eV is notably observable
in Fig. 2(d), which was absent in the spectrum of the bare electrode. Ac-
cording to Ferro et al. [18], Si in aliphatic and aromatic species is expect-
ed to appear respectively at 102.1 and 102.0 eV, whilst the Si peak
originated from the quartz substrate (SiO,) is expected to be located be-
tween 103.21 and 103.9 eV. Therefore, the Si2p signal at the hydrogenat-
ed electrodes could be confidently assigned to aliphatic bonded silicon,
indicating the formation of a butylsiloxane group on electrode surface
by hydrogenation shown in Scheme 1. All XPS data above provided
strong support for the proposed electrode surface structure obtained
by n-butylsilane reduction in Scheme 1.

In some experiments, the hydrogenation of a non-functioning
carbon electrode, represented by trace i in Fig. 1(d), still produced a
peak-shaped CV for [Ru(NHs)g]>™, as denoted by trace ii in Fig. 1(d),
indicating unsuccessful modification in single hydrogenation. In this
case, after repeating an identical hydrogenation step at such an elec-
trode, a similarly sigmoidal shaped CV to that depicted in trace iii in
Fig. 1(d) was obtained. In trace ii of Fig. 1b, the half-wave potential
(Ey,) and waveslope (0.0592/n) were estimated (based on the equation
[22], E = Ey, + (0.0592/n)log10[ (Lim — I)/1], where E denotes the poten-
tial, n is the number of electrons transferred, I;;, is the limiting current
and I is the current) to be —171 mV (standard deviation (SD) 15 mV;
N =10) and 60.2 mV decade™"' (SD 4.2 mV decade™'; N = 10), respec-
tively. After a repeated hydrogenation at the same electrode used to
acquire trace ii in Fig. 1(b), the E;, and waveslope of the corresponding
CV (trace iii) in Fig. 1(b) were —177 mV (SD 12 mV; N = 10) and
63.9 mV decade™! (SD 5.6 mV decade™'; N = 10). Therefore, no
discernible E, and waveslope shift was observed after repeated hydro-
genation, which supports the insensitivity of [Ru(NH3)g]> ™ to the elec-
trode surface chemistry. Moreover, the good agreement in waveslope to
the expected 59 mV decade ™! for a one-electron transfer at hydroge-
nated electrodes indicates a reversible electron transfer reaction of
[Ru(NH3)]* ™. Further, the charging current in the sigmoidal-shaped
CV became almost negligible after repeated hydrogenation. In their
work involving the activation of glassy carbon electrodes by vacuum
heat-treatment, Fagan et al. [23] suggested that the reduced charging
current is due to removed surface redox species and microscopic sur-
face structure changes. Notably, the limiting current diminished by
~30%-50% after repeated hydrogenation, which is attributable to the
silanisation of phenolic hydroxyl groups on the electrode surface, lead-
ing to an increased electron tunnelling distance [11]. Therefore, this
clearly demonstrates the ability of n-butylsilane reduction to activate
electrodes by potentially filling in microfractures on the electrode sur-
face. As the electrochemistry of [Ru(NH3)g]*> ' is independent of surface
chemistry, the transform of a peak-shaped voltammogram to a sigmoi-
dal shape can be attributed to a range of physical changes on the elec-
trode surface. For example, the hydrogenation process can result in
the bonding of the silicon atom in a butylsiloxane group to the carbon
structure and this might function as a mechanical support for carbons
on electrode surface, as described by Amato et al. [24].

In the next experiment, 20 cyclic voltammetric scans of 1.0 mM
[Ru(NH5)g]>* in 1.0 M KCl were conducted at hydrogenated electrodes.
The results obtained after hydrogenating a non-functioning bare carbon
electrode, depicted in Fig. 3(a), show repeatable sigmoidal-shaped volt-
ammograms with negligible changes of charging current. These results
demonstrate the stability of hydrogenated electrode surface. To further
establish the integrity of modified electrodes, cyclic voltammetry of
[Ru(NH3)g]> ™ was conducted at both bare and hydrogenated electrodes
that were separately stored in air and in a pH 7.4 citrate/phosphate buff-
er. The changes in the [Ru(NH;)g]> " reduction signal obtained at these
electrodes after a week of storage are shown in Fig. 3(b) and (c). After
storage, the reduction current at bare electrodes stored in air increased
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Fig. 2. (a) XPS survey spectrum of a bare carbon electrode (i) and a hydrogenated carbon electrode (ii); (b) C1s peak fitting of spectrum of a bare carbon electrode (i) and a hydrogenated

electrode (ii); (c) O1s peak fitting of spectrum of a bare electrode (i) and a hydrogenated electrode (ii); (d) Si2p peak fitting of a spectrum of a hydrogenated electrode.
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by 25% (SD 27%; N = 9). In this experiment, the exposure of carbon sur-
face to air might have increased the specific surface area by surface frag-
mentation, roughening and channels originated through the deposited
carbon, leading to the formation of surface oxides, as reported by Toebes
etal. [25]. According to Lee et al. [26], upon exposure to air, the number
of functional groups substantially increased on a carbon fibre surface,
which would in turn enlarge the surface area of a carbon fibre and
thus the enhanced detection signal. In addition, the charging current
has clearly increased between the forward and backward scan in the
voltammogram after storage. This may serve as evidence for surface
oxide formation after exposure to air [27]. Similarly, the bare electrodes
were also stored in an airtight condition as a control and their detection
signal remained almost unchanged at 0.11% (SD 1.6%; N = 9) with a
small charging current over the same period. In contrast, the bare elec-
trodes stored in buffer showed a diminished detection signal by 30% (SD
13%; N =9). Wang et al. [ 28] also observed a gradual decrease in detec-
tion signal and up to 50% loss of the detection signal after storing iridium
and glucose oxidase modified carbon fibre microelectrodes in phos-
phate buffer for 1 week. Previously, polar functional groups (e.g. -OH)
on a carbon surface reportedly provide coordination sites for phosphate
to bind onto a carbon surface [29]. Anions can bind on a polar functional
group-containing carbon surface by electrostatic interaction or ligand
exchange mechanism and therefore, carbon was previously used as an
adsorbent for removal of phosphate from aqueous waste [30]. In our
work, we assume that citrate/phosphate ions in buffer can bind to the
electrode surface and block the active surface area that ultimately
causes diminishing detection signal at the electrodes. Hydrogenated
electrodes were similarly stored in both air and buffer for 1 week. As
shown in Fig. 3(c), very minimal detection signal change was observed
at the hydrogenated electrodes in air (1.1% (SD 3.3%; N = 9)) and the
buffer (2.8% (SD 3.2%; N = 9)). These results clearly indicated that hy-
drogenated electrodes were less prone to both air and buffer exposure
because of H-terminated hydrophobic surface resulted in n-butylsilane
reduction. Previously, H-terminated glassy carbon electrodes showed
long-term surface stability towards air oxidation and also demonstrated
weaker adsorption to polar compounds compared to bare glassy carbon
electrodes. The absence of surface oxide might have enhanced the sta-
bility of H-terminated glassy carbon, which would otherwise increase
adsorption to carbon promoted by local electron withdrawal by oxygen
and the possibility of ionic and covalent bonding of adsorbates [31].

As illustrated in Scheme 1, during n-butylsilane hydrogenation, the
carbon-oxygen functional groups on electrode surface are eliminated,
except the phenolic hydroxyl groups, and are replaced by sp® carbon-
hydrogen. We attribute the reduction of charging current at the hydro-
genated carbon electrodes to the removal of the carbon-oxygen func-
tionalities from the electrode surface, followed by terminating defect
sites with carbon-hydrogen, as described by Xu et al. [16] for glassy

carbon electrodes hydrogenated by microwave plasma. Similarly,
H-terminated diamond electrodes also show low background current
due to a lack of detectable electroactive surface carbon-oxygen func-
tionalities [2]. In this way, we postulate that hydrogenated conical tip
carbon electrodes surface behave similarly to a diamond electrode
surface and produced CVs with minimal charging current.

4. Conclusion

In summary, this work has demonstrated the application of the n-
butylsilane reduction as an effective activation of non-functional carbon
microelectrodes to obtain sigmoidal-shaped voltammograms with min-
imal charging current at these electrodes. Chemical modification of
these microelectrodes was confirmed by electrochemistry and XPS. In
this way, the fabrication success rate of carbon microelectrodes has
been improved to nearly 100%. Equally significant, these activated car-
bon electrodes have shown long-term stability in air and in citrate/
phosphate buffer.
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Abstract: Electrode fouling is a phenomenon that can
severely affect the analytical characteristics of a tech-
nique or a sensor, such as sensitivity, detection limit,
reproducibility, and overall reliability. Electrode fouling
generally involves the passivation of an electrode surface
by a fouling agent that forms an increasingly imperme-
able layer on the electrode, inhibiting the direct contact
of an analyte of interest with the electrode surface for
electron transfer. Some potential fouling agents include
proteins, phenols, amino acids, neurotransmitters, and
other biological molecules. Various antifouling strategies
have been reported to reduce or eliminate electrode foul-
ing. Most antifouling strategies exploit a protective layer
or barrier on an electrode substrate to prevent the foul-
ing agent from reaching the electrode surface. Although
such strategies can be quite effective, they are inappro-
priate for systems in which the analyte itself is also the
fouling agent. In such cases, other strategies must be
used, including electrode surface modification and elec-
trochemical activation. In this review, recent strategies
to minimise and efforts to overcome electrode fouling
across a diverse range of analytes and fouling agents will
be presented.

Keywords: chemical fouling; fouling during neurotrans-
mitter detection; strategies for minimising electrode
fouling.

Introduction

Fouling of an electrode surface is often a serious
problem encountered in some electrochemical analyses.
This phenomenon may negatively affect the analytical
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characteristics of a technique or a sensor, such as sensi-
tivity, detection limit, reproducibility, and overall reliabil-
ity (Godino et al. 2010, Gao et al. 2011, Gasnier et al. 2012,
Teymourian et al. 2012, Roeser et al. 2013, Sharp 2013,
Brocenschi et al. 2014, Cavanillas et al. 2014, Chira et al.
2014, Schmidt et al. 2014, Stoytcheva et al. 2014). Elec-
trode fouling can thus significantly affect the performance
and reliability of electrochemical techniques and sensors
in many applications.

Electrode fouling is a broad term generally describ-
ing the passivation of an electrode surface by a fouling
agent that forms an increasingly impermeable layer on the
electrode (Gattrell and Kirk 1992, Gao et al. 2011, Casella
and Contursi 2012, Gasnier et al. 2012). This occurs by a
wide range of mechanisms predominantly depending on
the identity of the responsible fouling agent. The fouling
agent may be a component of the matrix, the analyte
itself, or a product of the electrochemical reaction. Elec-
trode fouling prevents an analyte of interest from making
physical contact with the electrode for electron transfer to
elicit an electrochemical response (Narmadha et al. 2011,
Mudrini¢ et al. 2014, Muna et al. 2014, Stoytcheva et al.
2014). The fouling agent may specifically adhere to certain
structural features present on the electrode surface,
such as edges and grain boundaries (Wilson et al. 2005,
Goto et al. 2011, Zhuiykov and Kalantar-zadeh 2012). The
fouling agent tends to adhere to the electrode surface as
a result of favourable interactions between the fouling
agent and the electrode surface. This includes hydropho-
bic, hydrophilic, and electrostatic interactions depending
on the particular chemistries of the fouling agent and the
electrode surface.

Electrodes that tend to have hydrophobic surfaces,
such as diamond, carbon nanotubes, and some other
carbon-based electrodes (Shin et al. 2005, McCreery 2008,
Goto et al. 2011, Roeser et al. 2013), can promote species
possessing hydrophobic components, including aromatic
compounds, saturated or aliphatic compounds, and pro-
teins to adhere to and foul the electrode. The hydropho-
bic interactions are entropically favourable in an aqueous
electrolyte because water molecules are released from
the solvation shell around hydrophobic compounds or
components (Malmsten 2003, Wilson et al. 2005). These
interactions are sufficiently favourable such that fouling
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by a hydrophobic mechanism is typically irreversible in an
aqueous electrolyte under mild conditions (Grinnell and
Feld 1981, Malmsten 2003).

Fouling that occurs by hydrophilic interactions tends
to be more reversible than fouling involving hydrophobic
interactions (Grinnell and Feld 1981, Hess and Vogel 2001,
Malmsten 2003, Wilson et al. 2005, Thevenot et al. 2008).
This greater reversibility in aqueous electrolytes contain-
ing a strong polar solvent, for example, water, is because
the hydrophilic and electrostatic interactions are not
exclusive to the fouling agent and the electrode surface,
as water also has compatible hydrophilic (dipole-dipole
interactions or hydrogen bonding) and electrostatic prop-
erties (ion-dipole interactions). In the case of electrostatic
interactions, the electrode surface may possess ionisable
functional groups, such as carboxylic acids, which will
bind with a suitable fouling agent (Shin et al. 2005, McCre-
ery 2008). Electrode fouling that occurs by a hydrophilic
or electrostatic interaction is associated with polar, hydro-
philic, or charged species, including proteins and other
biological molecules.

Electrode fouling that occurs by the adsorption of
biological macromolecules is frequently due to proteins
as a result of their abundance in biological samples
and tendency to cause fouling. The adsorption of other
biological materials, such as cells, cell fragments, and
DNA/RNA, can also foul an electrode. The binding of
cells to an electrode surface is often mediated by pro-
teins (Wilson et al. 2005). Soluble proteins are inter-
esting fouling agents, as they are often hydrophilic on
the surface to interact with an aqueous environment as
well as hydrophobic on the inside to maintain protein
folding or the binding of hydrophobic materials (Malm-
sten 2003). As a result of the dual nature of most pro-
teins, they can foul electrodes through both hydrophilic
and hydrophobic interactions. To foul a hydrophobic
electrode surface, many proteins will unfold to allow the
hydrophobic residues to interact with the hydrophobic
surface (Grinnell and Feld 1981, Malmsten 2003, Wilson
et al. 2005, Thevenot et al. 2008). Due to the greater
strength of hydrophobic interactions in aqueous systems
(Grinnell and Feld 1981, Hess and Vogel 2001, Malmsten
2003, Wilson et al. 2005, Thevenot et al. 2008), many
antifouling strategies aimed at reducing fouling by bio-
logical materials involve increasing the hydrophilicity of
the electrode surface.

Fouling agents discussed thus far have been mono-
meric species, where it is more energetically favourable
for the fouling agent to adsorb to the electrode surface
rather than be in solution. A fouling agent may also be a
polymeric species that forms in the electrolyte, usually as
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a result of an electrochemical reaction (Gattrell and Kirk
1992, 1993, Anandhakumar et al. 2010, Narmadha et al.
2011, Pirvu and Manole 2013, Yang et al. 2013, Muna et al.
2014, Quynh et al. 2014). The product of an electrochemi-
cal reaction may be reactive, such that it forms dimers
or larger polymeric structures. These polymeric struc-
tures are often insoluble due to their large size and high
molecular weight and will precipitate from solution on
the nearest surface, such as the electrode surface. Such
adhesion of a polymer to the electrode surface obstructs
the ability of the analyte to reach the electrode surface,
thereby fouling the electrode (Gattrell and Kirk 1992,
Anandhakumar et al. 2010, Narmadha et al. 2011, Pirvu
and Manole 2013, Yang et al. 2013, Quynh et al. 2014).
The polymer may be a dense and closed structure that
is impermeable, or it may be lighter and more open such
that the polymer is permeable or semipermeable (Paul
et al. 2013, Pirvu and Manole 2013, Yang et al. 2013). The
permeability of the polymeric species will depend on the
starting monomer and the electrochemical system condi-
tions (Anandhakumar et al. 2010, Narmadha et al. 2011).
The important analytes of interest that foul electrodes
by this route are phenols and neurotransmitters. In the
case of phenols, following anodic oxidation, radicals
are formed. Further reactions involving the radicals may
produce soluble species, such as hydroquinone/benzo-
quinone or catechol, or may undergo coupling reactions
to form dimers, then oligomers, and finally polymers
(Gattrell and Kirk 1992, 1993). During the detection of
the neurotransmitter, dopamine, the reaction products,
including leukodopaminechrome (LDC) and dopamine-
chrome (DC), can lead to the formation of melanin-like
polymeric molecules of ~3.8 A in size that foul the elec-
trode (Lee et al. 2007, Harreither et al. 2013, Trouillon
et al. 2014). Specifically, dopamine is electrochemically
oxidised to o-dopaminoquinone that is subsequently
cyclised leading to the formation of LDC. In the follow-
ing step, LDC is further oxidised to yield DC that may
polymerise into a melanin-like molecule, as depicted by
the mechanism shown in Scheme 1. These molecules can
form strong covalent bonds with organic moieties and
noncovalent bonds with inorganic groups present on an
electrode surface (Lee et al. 2007, Harreither et al. 2013,
Trouillon et al. 2014).

The types of fouling agents and the ways in which they
cause electrode fouling are exceedingly broad. Equally
broad are the strategies that have been used to reduce
electrode fouling or impart some fouling resistance to an
electrochemical technique or sensor. Most antifouling
strategies use a modified electrode that has greater fouling
resistance than an unmodified electrode. With the tendency
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Scheme 1: A mechanism proposed by Harreither et al. (2013) for electrode fouling during the electrochemical oxidation of dopamine in

aqueous solutions.

of glassy carbon, graphite, and metallic electrodes to be
heavily fouled by a large variety of fouling agents, these
electrode materials are commonly modified to increase
fouling resistance (Gao et al. 2011, Gasnier et al. 2012,
Teymourian et al. 2012, Roeser et al. 2013, Chira et al. 2014).
Carbon-based materials, such as carbon nanotubes or gra-
phene, have been used as electrode coatings due to their
large surface area, electrocatalytic properties, and fouling
resistance (Shan et al. 2009, Zhou et al. 2009, Gasnier et al.
2012, Teymourian et al. 2012). Metallic nanoparticles also
possess important electrocatalytic properties and high
electrical conductivity and can exhibit antifouling proper-
ties (Safavi and Momeni 2010, Muna et al. 2014). Polymers
including Nafion (Razmi and Heidari 2009, Trouillon et al.
2009, Singh et al. 2011), poly(ethylene glycol) (Liu et al.
2011, Picher et al. 2013), poly(vinyl chloride) (Kivlehan
et al. 2012), poly(3,4-ethylenedioxythiophene) (PEDOT;
Yang et al. 2013), and polypyrrole (Pirvu and Manole 2013,
Sasso et al. 2013) may be used as a coating to prevent
the fouling agent from reaching the electrode surface.
Although proteins are often fouling agents, they have been
immobilised on electrode surfaces to prevent the nonspe-
cific adsorption of other proteins or fouling agents (Picher
et al. 2013, Qiu et al. 2013). Another potential benefit of this
antifouling strategy is that enzymes can be immobilised to
catalyse a reaction as part of the detection process, such
as horseradish peroxidase and the detection of 4-chloro-
phenol (Qiu et al. 2013). Enzyme immobilisation can thus
reduce both enzyme loss and the adsorption of potential
fouling agents.

Electrochemical analyses are increasingly utilising
uncoated electrodes with antifouling properties, espe-
cially boron-doped diamond electrodes. While pure
diamond has a very low electrical conductivity due to a
completely sp’ structure, doping with boron sufficiently
increases the conductivity for use as an electrode mate-
rial (McCreery 2008). The extensive sp? structure of boron-
doped diamond together with the typically low surface
polar functional groups results in a dramatic decrease in
the adsorption of certain fouling agents (Shin et al. 2005,
McCreery 2008). Nanoporous gold electrodes are another
type of uncoated electrode with strong antifouling proper-
ties as a result of their increased electrode porosity and
surface area compared to the frequently fouled planar
gold electrodes (Summerlot et al. 2011, Patel et al. 2013b,
Tavakkoli and Nasrollahi 2013, Quynh et al. 2014).

Although many antifouling strategies rely on the
electrode material or coating to alleviate fouling, there
are also other strategies for minimising electrode fouling
during analyses using conventional electrodes. In electro-
chemical activation, a single potential or a train of pulses
is applied to modify the electrode surface chemistry or
remove adsorbed material through physical or oxidative
processes (Dejmkova et al. 2009, da Silva et al. 2013).
Surfactants or organic solvents can be included in the
electrolyte to increase the solubility of reaction products
that may adsorb on the electrode surface (Anandhakumar
et al. 2010, Narmadha et al. 2011). The surfactants may
also adsorb on the electrode surface, providing a physical
barrier between the surface and potential fouling agents
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(Malmsten 2003, Anandhakumar et al. 2010). Analogous
to the process of electrode fouling, the choice and success
of any antifouling strategy will depend on the particular
analyte, potential fouling agents, matrix, and conditions
used.

In this review, we have described the selected pro-
gresses in reducing electrode fouling published over the
period from 2009 to early 2015. Due to the diversity of
fouling agents and antifouling strategies investigated in
this period, the evaluation or comparison of one strategy
over another for a particular application is not straight-
forward. This review is not intended to be a comprehen-
sive review covering all developments in this period,
but instead we have sought to provide an overview and
discussion of recent significant strategies for reducing
fouling. No previous review is known to focus on the
multiple aspects of electrode fouling and discuss diverse
antifouling strategies in the one article. This review has
been organised by categorising antifouling strategies
into three main sections: electrode coatings and modifi-
cations, electrochemical activation, and electrolyte and
flow systems. In each section, we have provided as many
relevant examples as possible to illustrate the feasibility
and effectiveness of the developed strategies for electrode
fouling prevention or reduction. Examples involving more
than one antifouling strategy were placed in the section
for the most important or effective strategy.

Electrode coatings and
modifications

Carbon-based materials
Carbon nanotubes

Carbon nanotubes are commonly immobilised on elec-
trode surfaces due to their large surface area, electrical
conductivity, and electrocatalytic properties (Gasnier et al.
2012, Teymourian et al. 2012). Carbon nanotube-modi-
fied electrodes also exhibit antifouling properties. For
example, a multiwalled carbon nanotube-modified glassy
carbon electrode was successfully used in the analysis of
Sudan I, which is a phenolic azo dye (Yang et al. 2010).
This modified electrode significantly reduced fouling due
to the polymeric products of Sudan I compared to a bare
glassy carbon electrode. In an amperometric analysis, the
modified electrode lost only 15% of the initial current after
90 min compared to the bare glassy carbon electrode in
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which the current decreased more than 50% in <20 min.
In addition to the greater fouling resistance of the carbon
nanotube-modified electrode, the high surface area of the
carbon nanotubes increased the measured current (Yang
et al. 2010). Carbon nanotubes have also shown anti-
fouling properties in an electrochemical analysis in vivo,
where proteins of all sizes could potentially foul the elec-
trode surface. For an in vivo analysis, Xiang et al. (2014)
immobilised vertically aligned carbon nanotubes on SiO,
passivated carbon fibres. This electrode was prepared
by the pyrolysis of iron phthalocyanine under an Ar/H,
atmosphere at 800°C to 1100°C. In applying the electrode
to selectively monitor 0.5 mM ascorbate in cerebrospinal
fluid in vivo, the authors reported a 2% loss of sensitivity
in a 30-min experiment. In contrast, a corresponding 21%
loss was observed at a bare carbon fibre microelectrode.
The modified electrode was also used to successively
detect ascorbate in the striatum of anesthetised rat brain
every 5 min (Xiang et al. 2014). Excellent reproducibility
and durability, along with well-defined sigmoidal vol-
tammograms of ascorbate in the rat brain, supported an
antifouling capability of the carbon nanotube-modified
electrode in a complex sample. The antifouling properties
of carbon nanotubes may be due to their electrocatalytic
activity that arises from various defects at the ends of the
nanotubes or on the cylindrical walls (McCreery 2008,
Gasnier et al. 2012, Teymourian et al. 2012). These defects
often undergo oxidation or other reactions producing a
variety of functional groups.

Although the carbon nanotube-modified electrodes
prepared by Yang et al. (2010) and Xiang et al. (2014) used
a suspension of the nanotubes in N,N-dimethylforma-
mide and pyrolysis of iron phthalocyanine, respectively, a
polymer is frequently used to reduce the aggregation of the
nanotubes (Gasnier et al. 2012, Teymourian et al. 2012). For
the analysis of phenolic flavones, Sheng et al. (2014) and
Chen et al. (2011b) prepared multiwalled carbon nano-
tube composite electrodes using two different polymers.
In the analysis of 5,7-dihydroxychromone and luteolin, an
electrode with the polymer poly(ethylene terephthalate)
was used in conjunction with capillary electrophoresis
(Sheng et al. 2014). It was found that the current at this
electrode diminished by 7.1% [relative SD (RSD) 2.6%)]
after 15 repetitive runs. The electrode prepared by Chen
et al. (2011b) showed a very similar performance in the
analysis of various phenolic flavones. The electrode was
prepared by the water vapour-initiated polymerisation
of ethyl 2-cyanoacrylate with multiwalled carbon nano-
tubes. Coupled with capillary electrophoresis, the current
at this electrode decreased by up to 7.8% after 15 runs
(RSD 2.7%). In both studies, the antifouling properties
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of carbon nanotubes were illustrated with an analogous
composite electrode where the carbon nanotubes were
replaced with graphite. These graphite composite elec-
trodes experienced 42% to 43% (RSD 18-19%) decrease in
current. These results suggest that the observed fouling
resistance is due to the carbon nanotubes and the par-
ticular polymer used to construct the electrode has little
impact on the fouling resistance. The electrodes used
by Sheng et al. (2014) and Chen et al. (2011b) were con-
structed without a solid electrode substrate by placing
the carbon nanotube-polymer mixtures inside fused silica
capillaries. This avoids issues with possible detachment
of the carbon nanotube-polymer layer from an electrode
surface.

Although carbon nanotubes have been shown to be
resistant to fouling from phenolic analytes that polymer-
ise during electrochemical detection, such as Sudan I
(Yang et al. 2010) and phenolic flavones (Chen et al. 2011b,
Sheng et al. 2014), they are also resistant to polyphenols
present in white wine. Although these polyphenols are not
a product of the electrochemical process, they can never-
theless adsorb on the electrode surface. To analyse the
polyphenols present in white wine, Moreno et al. (2011)
used multiwalled carbon nanotubes dispersed in the
polymer polyethylenimine on a glassy carbon substrate.
With the use of capillary zone electrophoresis, no decrease
in current was observed after eight runs. The presence of
the carbon nanotubes significantly improved the fouling
resistance of the electrode, as the current at a bare glassy
carbon electrode decreased by 82% after eight runs.

In addition to polymers, other materials have been
used to increase carbon nanotube dispersion to improve
electrode performance. Gasnier et al. (2012) observed
that the presence of the neurotransmitter, dopamine,
could improve the dispersion and mechanical strength of
carbon nanotubes when applied to an electrode surface.
This electrode was prepared by immobilising multiwalled
carbon nanotubes dispersed in a solution of polyethylen-
imine functionalised with dopamine on a glassy carbon
electrode (Gasnier et al. 2012). The addition of dopamine
also resulted in a lower oxidation potential of nicotina-
mide adenine dinucleotide (NADH; Gasnier et al. 2012).
Using the modified electrode, a series of 10 amperomet-
ric calibrations was performed. Between the 1st and 10th
calibrations, the sensitivity to NADH decreased by only
12% (Gasnier et al. 2012). These results demonstrate the
resistance of the modified glassy carbon electrode to
fouling by NAD-. Although dopamine has a tendency to
cause electrode fouling, its use significantly improved the
dispersion of the carbon nanotubes in solution through
hydrophobic interactions and thus may have contributed
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to the good antifouling properties. Zestos et al. (2014) also
developed a modified electrode using polyethylenimine
and carbon nanotubes. A carbon nanotube fibre elec-
trode was prepared by suspending single-walled carbon
nanotubes in water with sodium dodecylbenzenesulfonic
acid and pumping the suspension into a rotating solu-
tion of polyethylenimine in a custom-built rotating stage.
The fouling resistance of the polyethylenimine-carbon
nanotube fibre electrodes was examined by measuring
serotonin in the presence of the metabolite of serotonin,
5-hydroxyindolacetic acid, which is also known to cause
electrode fouling during the detection of serotonin in
vivo. Electrode fouling from the metabolite of serotonin is
particularly important because its physiological concen-
tration is often 10 times higher than that of serotonin. The
serotonin oxidation peak at the polyethylenimine-carbon
nanotube electrode was reported to remain almost con-
stant upon incubation in 5-hydroxyindolacetic acid for
2 h. The polyethylenimine-carbon nanotube fibre elec-
trodes have also exhibited antifouling properties towards
the oxidation product of dopamine, as no significant
change in dopamine oxidation current was observed
when a bolus of dopamine was injected every 2 h over a
10-h period (Zestos et al. 2014). When the polyethylen-
imine-carbon nanotube fibre electrodes were applied to
measure exogenous serotonin in rat brain slices of the
caudate putamen for 10 min, the peak-shaped cyclic vol-
tammograms and the dopamine oxidation peak current
remained unchanged. The authors proposed that the
antifouling properties of the electrode are due to the pres-
ence of additional edge plane sites arising from carbon
nanotubes. Similarly, Harreither et al. (2013) developed
a 35 um diameter carbon nanotube fibre by continuously
spinning single-walled carbon nanotubes dispersed in
sodium dodecyl sulfate in a coflowing stream of aqueous
poly(vinyl alcohol). Based on a steady-state amperomet-
ric measurement of 1 mm and 100 um dopamine at the
fabricated electrode, as shown in Figure 1, they found that
the electrode lost half of its initial steady-state current in
15 min at the high concentration (Harreither et al. 2013).
However, the steady-state current obtained in 100 um
dopamine was unchanged for 2 h. The experiment may be
a good indication of the potential application of carbon
nanotube fibres in the brain, where the concentration of
dopamine (0.01-1 um) is much lower than that used in
this experiment. These results also indicated that fouling
of dopamine is concentration dependent and a lower con-
centration of dopamine may lead to decreased chemical
fouling. The authors also explained that the insulating
patches grew at a slower rate on carbon nanotube fibre
compared to traditional carbon fibre.
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Figure 1: Amperometric currents for 1 mm dopamine (A) and
100 um dopamine (B) obtained at 0.8 V versus Ag|AgCl with a
carbon nanotube fibre microelectrode (solid line) and a carbon
fibre microelectrode (dashed line) in phosphate-buffered saline
(pH 7.4).

Mean£SD (n=4-7). The results were compared using Student’s
t-test, *p<0.05, **p<0.01. Reproduced with permission from
Harreither et al. (2013).

Without the use of a polymer, Zheng et al. (2012) con-
structed a glassy carbon electrode modified with multi-
walled carbon nanotubes dispersed in a gel containing
the ionic liquid, 1-butyl-3-methyl-imidazolium hexafluo-
rophosphate. This ionic liquid-modified electrode was
used for the analysis of o-sec-butylphenol and displayed
moderate antifouling properties. The current density was
observed to have decreased by 25% in the second cycle
relative to the first cycle. Despite being a large decrease
in current density, a 51% and 49% decrease in current
density was measured at a bare glassy carbon electrode
and a multiwalled carbon nanotube-modified glassy
carbon electrode, respectively. In this study, the carbon
nanotube-modified electrode without the ionic liquid
showed virtually identical fouling resistance to a bare
glassy carbon electrode. This is in contrast to the study
of Yang et al. (2010), where a similarly prepared carbon
nanotube electrode was found to have good antifouling
properties towards Sudan I. The observed difference in
fouling resistance appears to be due to the properties of
the particular analytes involved.
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As the walls of carbon nanotubes are generally
hydrophobic with strong n-m interactions between their
aromatic rings (Gasnier et al. 2012), fouling resistance
to some aromatic fouling agents may be improved by
increasing the hydrophilicity of the carbon nanotubes.
Merli et al. (2012) and Thomas et al. (2013) both prepared
electrodes with oxidised carbon nanotubes that resisted
fouling agents possessing aromatic functional groups.
Olanzapine and risperidone are two pharmaceutical
drugs that can form oligomers during electrochemical
analysis (Merli et al. 2012). Merli et al. (2012) developed
an oxidised single-walled carbon nanotube-modified gold
electrode for the analysis of these drugs. They found that,
after more than 20 differential pulse voltammetric scans,
there was no apparent fouling of the modified electrode
for both drugs. Similarly, for the analysis of the amino acid
tryptophan, Thomas et al. (2013) constructed an oxidised
multiwalled carbon nanotube-modified carbon paste
electrode that demonstrated good antifouling properties,
with a negligible change in current after 30-min continu-
ous amperometry. The oxidation of the carbon nanotubes
would have increased the hydrophilicity with a greater
number of surface oxygen functional groups, which may
have reduced the adsorption of these aromatic species on
the carbon nanotubes.

Graphene

Graphene is a two-dimensional single layer of sp? carbon
atoms with very high electrical conductivity, surface
area, and mechanical strength (Shan et al. 2009, Zhou
et al. 2009). It can be considered as an individual layer
of graphite or an unrolled carbon nanotube and has been
shown to reduce electrode fouling. The most common
method to prepare graphene is by oxidising graph-
ite and separating into single layers to form graphene
oxide, which is then chemically or electrochemically
transformed to reduced graphene oxide. For example,
Alwarappan et al. (2010) studied the direct electrochemi-
cal activity of cytochrome ¢ at a chemically reduced
graphene-modified glassy carbon electrode. In addition
to improved electron transfer kinetics, the current at the
modified electrode decreased by only 7.5+0.3% after 50
repetitive cycles (Alwarappan et al. 2010). The presence
of graphene protected the electrode from fouling by pre-
venting cytochrome ¢ from reaching the glassy carbon
electrode surface and provided electrocatalytic sites for
the efficient detection of the protein. Similar to carbon
nanotubes, electrocatalytic sites may be made up of the
various surface oxygen functional groups and defects on
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the graphene. Although reduced graphene is obtained
in the graphene oxide route, not all oxygen functionali-
ties are removed and defects in the carbon lattice may
still be present. Graphene that is more hydrophobic with
fewer oxygen functionalities could be advantageous for
minimising fouling from certain species. Keeley et al.
(2011) prepared such low-oxygenated graphene by the
N,N-dimethylformamide exfoliation of graphite powder.
After 60-min continuous amperometry, a glassy carbon
electrode modified with this exfoliated graphene showed
only a 15% decrease in the oxidation current of NADH,
whereas an analogous graphene oxide-modified elec-
trode showed a corresponding 63% decrease. These
results support the suggestion that the absence of oxygen
functionalities in this exfoliated graphene significantly
reduce the adsorption of NAD', minimising electrode
fouling (Keeley et al. 2011).

Similar to carbon nanotubes, graphene can be com-
bined with polymers and other materials to improve
the stability and performance of a graphene-modified
electrode. Chen et al. (2011a) developed a graphene/
poly(urea-formaldehyde) composite platinum electrode
for the determination of salidroside and tyrosol phenols.
After 15 measurements, the current decreased by 8.1%
and 43.9% at the composite electrode and bare platinum
electrode, respectively. The polymer used in this graphene
composite electrode assisted in binding the carbon mate-
rial to the electrode surface and ensuring the surface was
completely protected from fouling agents. In place of a
polymer, Raj and John (2014) pretreated a glassy carbon
electrode with 1,6-hexadiamine before adding graphene
oxide to the treated surface and then electrochemically
reducing the graphene oxide. This modified electrode was
shown to be resistant to fouling by the oxidation products
of theophylline, a methylxanthine derivative used as a
pharmaceutical drug. In their work, there was a negligible
change in current (RSD 0.85+0.04%) at the graphene-mod-
ified glassy carbon electrode after 25 cycles, indicating
minimal fouling by the oxidation of theophylline (Raj and
John 2014). The modified electrode showed higher fouling
resistance than the corresponding bare glassy carbon and
graphene oxide-modified glassy carbon electrodes. The
lower fouling resistance of the graphene oxide-modified
electrode is probably due to the many hydrophilic func-
tional groups, which would increase the adsorption of
the polar theophylline molecule and oxidation products.
Similar to poly(urea-formaldehyde), 1,6-hexadiamine has
enhanced the adsorption of reduced graphene oxide to
the surface, which formed a barrier between the under-
lying electrode surface and the theophylline oxidation
products.
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Diamond and other carbon-based materials

Diamond has a very low electrical conductivity due to a
completely sp® structure, but doping with boron suffi-
ciently increases the conductivity for use as an electrode
material (McCreery 2008). The extensive sp’® structure of
boron-doped diamond, together with the typically low
surface polar functional groups, results in a dramatic
decrease in the adsorption of certain fouling agents (Shin
et al. 2005, McCreery 2008). The surface chemistry and
shape of an electrode can, however, have a major effect
on the electrochemical performance and antifouling
characteristics. Indeed, Trouillon et al. (2011) demon-
strated that the boron doping level affects the antifoul-
ing properties of boron-doped diamond electrodes. They
investigated a range of boron doping levels (0.1, 1, and
5%, v/v) to investigate the stability of the electrodes for
the detection of dopamine with bovine serum albumin as
a biological fouling agent. Albumin is commonly used to
test the antifouling properties of electrodes and sensors
because it is often considered a biological fouling stand-
ard (Grinnell and Feld 1981, Wilson et al. 2005, Thevenot
et al. 2008, Trouillon et al. 2009). A nonsignificant
decrease of dopamine oxidation current was observed at
the 0.1% and 1% doping levels. However, a corresponding
25% decrease was observed when the doping level was
increased to 5%. These results indicate that high-den-
sity boron-doped diamond electrodes are more prone to
fouling. A high level of boron doping would facilitate the
formation of a high density of defect sites that are elec-
trocatalytically active. Consequently, the inactivation of
these defect sites by fouling agents would result in dimin-
ished electrochemical detection of the analyte. Therefore,
low-level boron-doped diamond electrodes should limit
the adsorption of fouling agents on an electrode surface.
For example, Zhao et al. (2010) fabricated a conical-tip
boron-doped diamond microelectrode with a low doping
level. No significant attenuation in the oxidation signal
was observed during the amperometric detection of sero-
tonin in guinea pig mucosa in vitro for 100 min. As well as
the doping level, the surface termination and roughness
affect the fouling resistance of boron-doped diamond
electrodes. Shpilevaya and Foord (2014) examined the
extent of fouling by methyl viologen dichloride hydrate
and 9,10-anthraquinone-2,6-disulfonic acid disodium
salt and their products on various diamond electrodes,
including microcrystalline boron-doped diamond, boron-
doped diamond powder, and detonation nanodiamond
powder. The effect of electrode fouling was also investi-
gated at H- and O-terminated electrodes, which have low
and high proportions of surface oxygen functionalities,
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respectively. There was no observable adsorption of both
compounds or products at O-terminated diamond elec-
trodes (Shpilevaya and Foord 2014). On the contrary,
there was a significant adsorption at the H-terminated
electrodes. For methyl viologen, although the micro-
crystalline boron-doped diamond electrode showed the
highest quantity of adsorbed product at 10.8 nmol cm?,
it was the boron-doped diamond powder and detona-
tion nanodiamond powder electrodes that exhibited a
greater tendency to permanently adsorb the methyl violo-
gen product (Shpilevaya and Foord 2014). After rinsing
all three electrodes with water, the quantity of remain-
ing adsorbed product was 0.4 and 1.2 nmol cm? for the
boron-doped diamond powder and detonation nano-
diamond powder electrodes, respectively, compared to
only 0.1 nmol cm? for the microcrystalline boron-doped
diamond electrode. For anthraquinonedisulfonate,
however, the detonation nanodiamond powder electrode
showed the highest quantity of adsorbed material at 18
and 15 nmol cm? for the reduction and oxidation scans,
respectively, whereas the boron-doped diamond powder
and detonation nanodiamond powder electrodes again
showed a greater tendency to permanently adsorb mate-
rial (Shpilevaya and Foord 2014). From the results, it is
apparent that the hydrophobicity of the H-termination
increases the extent of electrode fouling for these analytes
as well as the greater surface roughness of the diamond
powder electrodes compared to the microcrystalline
boron-doped diamond (Shpilevaya and Foord 2014). For
the analysis of serotonin, Giiell et al. (2010) also observed
that O-terminated boron-doped diamond electrodes had
superior antifouling properties compared to a carbon
nanotube network electrode after 10 consecutive scans.

In comparing the fouling resistance of boron-doped
diamond (sp*-hybridised carbon), undoped graphene
(sp*hybridised carbon), and boron-doped graphene (sp*
hybridised carbon) electrodes, Tan et al. (2013) found that,
after 20 consecutive cyclic voltammetric scans in NADH,
the boron-doped diamond electrode had a greater fouling
resistance than both graphene-modified electrodes.
These results support that the more inert sp* surface of
diamond has lower surface oxygen functionalities and
higher hydrophobicity than graphene. Similarly, Patel
et al. (2013a) compared a boron-doped diamond electrode
to several other carbon-based electrodes in the analysis of
dopamine. The O-terminated polycrystalline boron-doped
diamond electrode was considered the least susceptible to
fouling even in a high concentration of 1 mm dopamine
compared to glassy carbon, edge plane pyrolytic graphite,
basal plane pyrolytic graphite, and basal plane highly ori-
ented pyrolytic graphite, as depicted in Figure 2.
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dation of dopamine at polycrystalline boron-doped diamond (red),

glassy carbon (black), edge plane pyrolytic graphite (blue), basal
plane pyrolytic graphite (pink), and basal plane highly oriented
pyrolytic graphite (green).

The five grades of basal plane highly oriented pyrolytic graphite are
plotted as mean+SD. Reproduced with permission from Patel et al.
(2013a).

Similar to boron-doped diamond electrodes, dia-
mond-like carbon electrodes are amorphous carbon with
a high proportion of diamond-like bonds (sp?), which
provides good resistance to electrode fouling (Goto et al.
2011). The fouling resistance of a diamond-like carbon
electrode treated with oxygen plasma to increase hydro-
philicity has been investigated using bovine serum
albumin, DNA, and human serum (Goto et al. 2011). There
was a negligible change in the current response to fer-
ricyanide/ferrocyanide after incubation in solutions of
bovine serum albumin, DNA, and human serum for up to
24 h. The very strong resistance to fouling at the electrode
is likely the result of the generally inert sp> diamond-like
structure that reduces adsorption. Similar to Shpilevaya
and Foord (2014) and Tan et al. (2013), where hydrophilic-
ity was considered to be important for fouling resistance,
increasing the surface hydrophilicity of the diamond-like
carbon electrode with oxygen plasma treatment has likely
improved the fouling resistance to these biological fouling
agents and matrices. This would minimise the tendency of
proteins to unfold and foul by hydrophobic mechanisms,
which is considered to be stronger than hydrophilic
adsorption (Grinnell and Feld 1981, Hess and Vogel 2001,
Malmsten 2003, Wilson et al. 2005, Thevenot et al. 2008).
On the contrary, Chandra et al. (2014) reported physi-
cally small conical-tip carbon electrodes (~2-5 pm diam-
eter and ~4 um axial length) that were hydrogenated by
plasma-enhanced chemical vapour deposition to achieve
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an H-terminated diamond-like sp’® electrode surface.
These electrodes retained 65% of dopamine oxidation
current after they were incubated in a laboratory synthetic
fouling solution containing caproic acid (a lipid), bovine
serum albumin (a protein), cytochrome c (a protein), and
human fibrinopeptide B (a peptide) for 7 days. By implant-
ing the electrode in the left striatum of a male Sprague-
Dawley rat during 60-min in vivo experiments, more than
70% of the dopamine oxidation current remained after the
first 30 min and 50% remained over the next half period
of the experiment, as shown in Figure 3. Although these
results can be attributed to the H-terminated hydrophobic
surface, the hydrophilic oxygen plasma-treated diamond-
like electrode appeared to have a greater resistance to
fouling.

An electron cyclotron resonance-sputtered nanocar-
bon film is a carbon electrode with similar properties to
diamond-like carbon electrodes and has both sp? and sp®
characteristics (Kato et al. 2011, Xue et al. 2012). Kato et al.
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Figure 3: Gaussian-fitted dopamine oxidation signals obtained
upon repeated electrical stimulations in the rat striatum at the

start (left) and after 60 min (right) of monitoring at a hydrogenated
carbon electrode (A) and a plot of electrode area normalised current
measured over a 60-min period at hydrogenated carbon electrodes
implanted in the rat striatum (B).

Reproduced with permission from Chandra et al. (2014).
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(2011) and Xue et al. (2012) both prepared oxidised elec-
tron cyclotron resonance-sputtered nanocarbon films to
resist fouling by bovine serum albumin and 8-hydroxy-2’-
deoxyguanosine, respectively. The electrode used by Kato
et al. (2011) was anodically pretreated to oxidise the elec-
trode surface. Coupled with flow injection analysis, there
was a negligible decrease in the current at this electrode
after 12 injections (RSD 0.75%). At a bare glassy carbon
electrode, the current was highly variable, fluctuating
over the 12 injections (RSD 9.28%). The authors suggested
that the greater fouling resistance of the pretreated nano-
carbon film electrode was due to the increased hydrophi-
licity from oxidation. To oxidise their nanocarbon film,
Xue et al. (2012) treated the electrode with oxygen plasma
to partially oxidise the electrode surface. After a 30-min
incubation in bovine serum albumin, the peak separation
of ferricyanide/ferrocyanide increased from 80 to 120 mV
and the peak current decreased to 92.0% of the initial
value. On the contrary, for a pristine electron cyclotron res-
onance-sputtered nanocarbon film electrode without the
oxygen plasma treatment, the peak separation increased
from 217 to 620 mV and the peak current decreased to
71.7% of the initial value, which illustrated the require-
ment of a partially oxidised surface for antifouling prop-
erties. Compared to glassy carbon electrodes, the treated
nanocarbon film electrode also demonstrated superior
fouling resistance and was slightly improved compared
to diamond-like carbon electrodes. The nanocarbon film
electrode treated with oxygen plasma remained relatively
hydrophobic compared to glassy carbon electrodes and
diamond-like carbon electrodes, which suggests that,
in addition to hydrophilicity, there are other important
factors influencing the antifouling properties (Xue et al.
2012). For example, surface flatness is also believed to
contribute to the observed fouling resistance, as the nano-
carbon films were much smoother than diamond-like
carbon electrodes (Kato et al. 2011, Xue et al. 2012).
Although sp*hybridised carbon materials, such as
graphite and glassy carbon, are often found to signifi-
cantly foul with a variety of species, some sp? carbon
materials have shown strong antifouling properties, such
as the NADH sensor developed by Gao et al. (2011) using
a carbon double-shelled hollow sphere-modified glassy
carbon electrode. The current at this modified electrode
decreased by 16.0% after 4000 s, whereas the current at
a bare glassy carbon electrode decreased by 52.6% (Gao
et al. 2011). The antifouling and electrocatalytic prop-
erties of the carbon hollow spheres were suspected to
be due to the presence of a glassy carbon surface with
surface oxygen functionalities and defects. Although
such surface features have been considered to contribute
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to increased fouling with other species, the spherical
shape and small size of the carbon hollow spheres may
have resisted the adsorption of NAD*. Similarly, Hadi and
Rouhollahi (2011) analysed the thiols cysteine, homo-
cysteine, and N-acetylcysteine using a nanocrystalline
graphite-like pyrolytic carbon film electrode. These thiols
or their electrochemical reaction products can cause elec-
trode fouling. The pyrolytic carbon film was obtained by a
noncatalytic thermal chemical vapour deposition method
using methane as the carbon source. The electrode pro-
duced from a temperature of 1100°C proved to have supe-
rior electrochemical performance. For this electrode, the
amperometric current for cysteine decreased by only 2%
after 900 s (Hadi and Rouhollahi 2011). The antifouling
properties of the pyrolytic carbon film is likely due to the
high density of edge plane sites that promote the efficient
oxidation of the thiols, and similar electrocatalytic oxygen
functionalities to those on carbon hollow spheres may be
present.

Polymeric films

The formation or presence of a polymeric film on an elec-
trode surface can be detrimental to the electrode per-
formance, such as during the analysis of phenols and
neurotransmitters. However, conductive polymers have
been demonstrated to show antifouling properties. For
example, PEDOT was synergistically immobilised with
the surfactant poly(sodium-4-styrenesulfonate) (PSS) on a
glassy carbon electrode for the indirect analysis of tricresyl
phosphate by detecting cresol that was formed from the
hydrolysis of tricresyl phosphate (Yang et al. 2013). Using
the modified glassy carbon electrode, the current after
20 repetitive measurements was 85% of the initial value,
but the corresponding current was only 30% at a bare
electrode. While the PEDOT polymer prevents cresol and
its products from directly adsorbing on the glassy carbon
electrode surface, the amphiphilic nature of PSS is also
believed to aid in minimising electrode fouling by reducing
the adsorption of the products of cresol (Yang et al. 2013).
In another study, Pirvu and Manole (2013) used an alter-
native conductive polymer, polypyrrole, also with PSS to
reduce fouling during the analysis of phenol. The extent of
fouling was determined by surface plasmon resonance, in
which the quantity of adsorbed material on the electrode
surface is measured. With an ultrathin hybrid polypyrrole/
PSS film on a gold electrode, the surface plasmon reso-
nance signal was found to increase by an average of 22 m°
per scan over 10 scans. Although this value indicates that
the electrode was being progressively fouled, the value is
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significantly lower than that of a polypyrrole film electrode
without PSS, where the corresponding signal increased by
an average of 205 m°® per scan for the first five scans and
then 80 m° per scan for the last five scans. The scanning
electron micrographs in Figure 4 visually show the dif-
ferent degrees of electrode fouling between the two elec-
trode films. Although there is clearly less fouling with the
polypyrrole/PSS film, it was not able to completely elimi-
nate the electrode fouling. An interdigitated gold micro-
electrode surface was also modified with a PSS-doped
polypyrrole film and used for the detection of dopamine
released from pheochromocytoma (PC12) cells (Sasso et al.
2013). The modified electrode was stable under cell culture
conditions for long-term amperometric experiments. In
this work, the three-dimensional polypyrrole structure was
speculated to decrease the freedom of movement of the pro-
tonated positively charged amino group tail of dopamine
molecules and hence reduce polydopamine fouling. There
could also be a combination of steric and electrostatic hin-
drance, limiting the intermolecular cyclisation, which is
the prerequisite for the polymerisation of dopamine on an

Figure 4: Scanning electron micrographs of (A) polypyrrole and
(B) polypyrrole/PSS after 10 cyclic voltammetry scans in a solution
of phenol.

Reproduced with permission from Pirvu and Manole (2013).
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electrode surface. These results further demonstrate the
greater antifouling properties of the PSS surfactant com-
bined with conductive polymers compared to bare conven-
tional electrodes. PSS, however, is not a requirement for
an effective conductive polymer electrode. For example,
for the detection of 2-(2-nitrophenyl)-1H-benzimidazole, a
film of 1-naphtylamine was electropolymerised on a glassy
carbon electrode surface followed by overoxidation by
cycling in an aqueous sodium hydroxide solution (D’Eramo
et al. 2010). Using this modified electrode, there was a 6%
decrease in the reduction current after the first cycle and
was then stable in subsequent cycles. At a bare electrode,
however, there was a corresponding 34% decrease in
current after the first cycle (D’Eramo et al. 2010). Evidently,
the modified electrode was capable of reducing the extent
of adsorption by the reduction product of the analyte, but
the previous two conductive polymers with PSS seemed to
provide greater fouling protection relative to bare conven-
tional electrodes. This may be due to the presence of PSS
or the particular analytes and fouling agents. Heterocyclic
conductive polymeric films have also shown antifouling
properties without the use of a surfactant such as PSS.
To reduce electrode fouling, 3-amino-5-mercapto-1,2,4-
triazole films were electropolymerised on glassy carbon
electrodes for the detection of riboflavin, ascorbic acid,
and folic acid (Revin and John 2012d), inosine (Revin and
John 2012b), tyrosine (Revin and John 2012c), and nor-
epinephrine and serotonin (Revin and John 2012a). In all
analyses, there was a negligible change in current after 20
cycles with RSD values of 1.4% to 2.0%. These results indi-
cate that electropolymerised films of heterocyclic conduc-
tive polymers can provide antifouling protection against a
range of small biologically relevant molecules.

In addition to conductive polymers, nonconducting
polymers may also be useful provided they are porous,
allowing the analyte to reach the electrode surface while
restricting the access of larger fouling agents, or mediate
the electrochemical reaction on the polymer rather than
the electrode surface. The polymer formed from the elec-
tropolymerisation of eugenol is known to be a nonconduct-
ing, porous polymer (Paul et al. 2013). The application of
this polyeugenol coating to a gold electrode preserved the
sensitivity of the electrode for oxygen detection in the pres-
ence of bovine serum albumin for 16 h (Paul et al. 2013).
Without the polyeugenol coating, the sensitivity of a bare
gold electrode to oxygen decreased by 80%. The pores in
the polyeugenol film were too small to allow bovine serum
albumin to reach the electrode surface, but oxygen was
able to travel through the pores. Another nonconducting,
porous polymer, chitosan, was immobilised on an elec-
trode simply by incubating carbon fibre microelectrodes
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in chitosan solution for 15 s (Ozel et al. 2011). The fabri-
cated electrodes showed no decrease in signal after four
consecutive measurements of serotonin. These modified
electrodes were also satisfactorily used in four repeated
determinations of serotonin in a live embryonic zebrafish
intestine with minimum interference, while brief electro-
chemical reconditioning was performed between determi-
nations. The authors observed similar current response
after the four consecutive determinations. As chitosan has
excellent sieving properties, the chitosan layer was likely
acting as a protective barrier against the direct adsorp-
tion of biological molecules or large polymeric molecules
formed during the oxidation of serotonin. To protect the
underlying gold electrode surface, the electrode prepared
by Milczarek (2009) relied on an adsorbed layer of iodine
in addition to a nonconducting, porous polymeric film to
prevent NAD* fouling. On top of this chemisorbed iodine
layer, hydrolytic lignin was allowed to adsorb followed by
the electrooxidation of the adsorbed lignin. Interestingly,
lignin, a phenolic polymer, was used as part of an elec-
trode to minimise fouling given that such polymers often
rapidly cause fouling. A negligible decrease in current was
observed after 45-min continuous amperometry (Milcza-
rek 2009). Milczarek (2009) suggested that the adsorbed
iodine minimised the oxidation of NADH on the surface of
the gold electrode, but the oxidation of NADH was medi-
ated by the adsorbed lignin polymeric film, thereby pre-
venting the fouling of the electrode surface by NAD".
Nafion is a porous membrane that contains sulfonic
acid functional groups, which gives the membrane a
negative charge when exposed to an aqueous electrolyte.
As an electrode coating, Nafion has demonstrated some
antifouling properties due to it acting as a physical barrier
to fouling agents and electrostatic repulsion of nega-
tively charged fouling agents. Razmi and Heidari (2009)
constructed a lead nitroprusside nanoparticle-modified
carbon ceramic electrode coated with Nafion. Cyclic vol-
tammetry and amperometry of 5 mm and 10 uM cysteine,
respectively, were used to assess the performance of the
electrode. The cyclic voltammetric current decreased
by 12% after 10 cycles and then a further 8% after 40
cycles, and the amperometric current decreased by 10%
after 10 min and then a further 5% after 20 min (Razmi
and Heidari 2009). Without the Nafion coating, however,
the cyclic voltammetric current decreased by 45% after
10 cycles and then a further 20% after 40 cycles, and the
amperometric current decreased by 20% after 10 min
and then a further 15% after 20 min (Razmi and Heidari
2009). Although nanoparticles can also have antifouling
properties, these results clearly illustrate that the Nafion
coating improved the fouling resistance of the electrode to



12 —— B.L.Hanssen et al.: Recent strategies to minimise electrode fouling

cysteine and its products. As cysteine and its products can
reach the electrode surface and nanoparticles by permeat-
ing the Nafion membrane, the ability of Nafion to reduce
electrode fouling suggests that the fouling agent responsi-
ble may be negatively charged and is repelled by the nega-
tively charged Nafion film.

Individual polymer chains, such as poly(ethylene
glycol), can be attached to an electrode surface to provide
a dense polymeric film that resists fouling by a diver-
sity of fouling agents. To protect against protein fouling,
various poly(ethylene glycol) monomethyl ether moieties
were grafted on a hydrogenated silicon surface by Perez
et al. (2012) to investigate the adsorption of bovine serum
albumin. The modified electrode exhibited excellent anti-
fouling properties toward bovine serum albumin after
being incubated in a solution for 1 h. With grafted moie-
ties, the chain length, rather than the number of ethylene
oxide monomers, was reportedly related to the antifouling
behaviour. Similarly, Zhang et al. (2009) investigated the
use of oligo(ethylene glycol) thiols as an electrode coating
for an electrochemiluminescent sequence-specific DNA
sensor. The use of oligo(ethylene glycol) thiols was found
to reduce the nonspecific adsorption of the glucose
oxidase enzyme label. After incubating an oligo(ethylene
glycol) thiol-modified electrode in glucose oxidase for
30 min, there was only a minimal increase in the electro-
chemiluminescent signal compared to the signal before
enzyme incubation. On the contrary, there was a 10-fold
increase in signal at a comparable electrode modified
with the commonly used antifouling agent, 6-mercap-
tohexanol, indicating significant nonspecific adsorption
of glucose oxidase (Zhang et al. 2009). In addition to
neutrally charged polymer chains such as poly(ethylene
glycol), charged chains can be attached to an electrode
to provide fouling resistance. Li et al. (2014) have used
surface-initiated photoiniferter-mediated polymerisation
to guide the growth of the amino acid-based zwitterionic
polymers,  poly[N*-(2-methacrylamidoethyl)asparagine]
and poly[N°-(2-methacrylamidoethyl)glutamine], on gold
surfaces. Using surface plasmon resonance, the authors
reported the effective resistance to nonspecific protein
adsorption from human blood serum and plasma when
the polymer thickness was <11 nm. Moreover, the surface
was also resistant to cell adhesion after incubating these
polymer-coated electrodes in a culture medium with a
concentration of 10° cells ml* (Li et al. 2014). These poly-
mers could be resistant to fouling due to the net balanced
charge, which increases hydrophilicity without placing a
net charge on the electrode surface.

Although many antifouling strategies to reduce
electrode fouling have involved increasing surface
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hydrophilicity, this is not a feasible strategy for all appli-
cations. As an example, a hydrophobic coating is needed
to reduce friction in digital microfluidics, where droplets
are manipulated electrodynamically between electrodes
(Sarvothaman et al. 2014). Due to the hydrophobic coating
of digital microfluidics, they are prone to fouling by hydro-
phobic species, such as unfolded proteins. Sarvothaman
et al. (2014) improved the fouling resistance of a digital
microfluidics coating through the use of a fluorinated
poly(ethylene glycol) and perfluorinated methacrylate
copolymer. The use of the new copolymer increased the
lifetime of a device from 102 to 580 actuation steps com-
pared to the standard amorphous fluorinated copolymer,
Teflon-AF, used with serum and cellular materials (Sar-
vothaman et al. 2014). The addition of the fluorinated
poly(ethylene glycol) was suggested to increase elastic-
ity and lubricity, which improves the fouling resistance
to components in serum and cellular samples. Similarly,
a hydrophobic, highly plasticised poly(vinyl chloride)
membrane was used to improve the selectivity and fouling
resistance of glassy carbon electrodes for the analysis of
the hydrophobic compound, propofol (Kivlehan et al.
2012). The poly(vinyl chloride)-modified electrode reduced
the fouling of the electrode surface by the products of the
oxidation of propofol, as no decrease in the current was
observed after six repetitive cycles (Kivlehan et al. 2012).
Furthermore, due to the large difference in hydrophobicity
of the propofol analyte and common interfering species,
only the analyte of interest could penetrate the poly(vinyl
chloride) membrane to be detected at the electrode surface.

Many other polymeric films can be used to protect
electrodes from fouling species. Trouillon et al. (2009)
investigated the performance of many polymeric mem-
brane coatings including Nafion, cellulose acetate, chi-
tosan, fibronectin, and PSS/poly(L-lysine) for a gold
electrode in resisting fouling by bovine serum albumin.
Their ability to resist fouling was evaluated by performing
cyclic voltammetry of [Ru(NH,) J*** and dissolved oxygen
in the presence and absence of bovine serum albumin.
Based on the peak potential, peak width, peak current,
and capacitance, fibronectin coating was the only mem-
brane that was not significantly different in the presence
of bovine serum albumin from a pristine bare gold elec-
trode (Trouillon et al. 2009). All other coated electrodes
showed some significant difference from a pristine bare
gold electrode in the presence of bovine serum albumin,
suggesting that the other membrane coatings provided
less fouling protection. However, all of the tested mem-
brane coatings provided some protection from fouling
by bovine serum albumin compared to a bare gold elec-
trode. Singh et al. (2011) also investigated several different
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polymeric films to prepare fouling-resistant dopamine
selective sensors for detection in brain tissues. Nafion,
base-hydrolysed cellulose acetate, and fibronectin-mod-
ified carbon fibre electrodes were prepared. The authors
observed that approximately 70% to 80% of dopamine
oxidation current was retained at all types of modified
electrodes after a 2-h incubation in bovine serum albumin
and brain tissue. Among the electrodes, base-hydrolysed
cellulose acetate-modified electrodes were found to be
most resistant to fouling. The cellulose film offers a steric
barrier that prevents macromolecules from diffusing to
the surface and its porosity can be progressively increased
by controlled hydrolysis (Marinesco and Carew 2002).

Nonpolymeric films

Nonpolymeric thiol (mercapto) films or other sulfur-based
films can be efficiently and strongly attached to gold elec-
trodes through gold-sulfur bonds, such as the commonly
used 6-mercaptohexanol, to reduce electrode fouling.
However, Jolly et al. (2015) found that a 6-mercaptohex-
anol-modified electrode did not provide as much fouling
protection as a novel sulfur-based film electrode. In this
study, an aptamer-based biosensor was developed for
the determination of prostate-specific antigen. On this
sensor, a thiol-terminated sulfobetaine, the structure of
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which is shown in Figure 5, was used as an antifouling
agent to reduce the fouling of the sensor by human serum
albumin. After the incubation of the sensor in human
serum albumin, there was a negligible change in the elec-
tron transfer resistance (Rd; <1%) estimated using elec-
trochemical impedance spectroscopy (Jolly et al. 2015).
However, the use of 6-mercaptohexanol resulted in an
increase of 12.5% in R upon incubation in human serum
albumin. With both the oligo(ethylene glycol) thiol-mod-
ified electrode (Zhang et al. 2009) and the sulfobetaine-
modified electrode, the poorer fouling resistance of
6-mercaptohexanol may be due to its shorter chain length,
which could result in a greater number of surface defects
exposing the gold surface (Jolly et al. 2015). Similarly,
Kuralay et al. (2011) and McQuistan et al. (2014) investi-
gated the improvement in fouling resistance when 6-mer-
captohexanol was combined with other sulfur-based
materials. Kuralay et al. (2011) constructed a ternary mon-
olayer on a screen-printed gold electrode. This ternary
monolayer consisted of hexanedithiol, a specific thiolated
capture probe, and 6-mercaptohexanol (HDT/SHCP/MCH
electrode) and was used to detect nucleic acid hybridisa-
tion events. After 24-h incubation in serum and urine, the
current was 80% to 85% of the initial value. There was
a significant reduction in current and increase in noise
when hexanedithiol was not used (SHCP/MCH electrode),
as shown in Figure 6. The authors suggested that the use
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Figure 5: Chemical structure of the thiol-terminated sulfobetaine used by Jolly et al. (2015): (R)-3-((2-(5-(1,2-dithiolan-3-yl)pentanamido)-

ethyl)dimethylammonio)propane-1-sulfonate).
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Figure 6: Antifouling properties of the SHCP/MCH electrode (A) and SHCP/HDT/MCH electrode (B) after 24 h in hybridisation buffer (HB),
serum, and urine.

Black columns represent response from 1 nm of target DNA and white columns represent blank response (0 nm of target DNA). Reproduced
with permission from Kuralay et al. (2011).



14 —— B.L.Hanssen etal.: Recent strategies to minimise electrode fouling

of hexanedithiol leads to more dense monolayers with
fewer pinholes and surface defects. In addition to 6-mer-
captohexanol, McQuistan et al. (2014) incorporated short
thiolated oligonucleotides (containing varied numbers of
thymines) as antifouling diluents in an electrochemical
peptide-based sensor to minimise the nonspecific adsorp-
tion of nontarget immunoglobulin G. With the use of
thiolated oligonucleotides, there was only a 5% signal sup-
pression after being incubated in nontarget immunoglob-
ulin G. Without the thymines (only 6-mercaptohexanol),
there was significant fouling of the electrode, resulting in
a 35% signal suppression. The negatively charged back-
bone of the oligonucleotides may help limit the electrode
fouling as a result of unfavourable electrostatic interac-
tions or increased hydrophilicity (McQuistan et al. 2014).
Although these results demonstrate that 6-mercaptohex-
anol generally has poor antifouling properties, other
sulfur-based films can be used alone or in combination
with 6-mercaptohexanol to minimise electrode fouling.
Instead of a thiol, Motaghedifard et al. (2012) employed
a thiophene to immobilise a self-assembled monolayer of
2-hydroxy-N'1-[(E)-1-(3-methyl-2-thienyl)methylidene] ben-
zohydrazide and used the electrode in the determination
of epinephrine. The authors demonstrated excellent anti-
fouling properties of the electrode after no change in the
oxidation current of epinephrine was observed upon 20
repetitive scans.

Without the formation of gold-sulfur bonds, nonpoly-
meric films that do not contain thiols or similar sulfur-
based functional groups must be attached to an electrode
surface by other methods, such as diazonium chemistry.
To protect a glassy carbon electrode from a large range of
fouling agents, Chira et al. (2014) used diazonium chem-
istry to covalently attach 1-[(4-nitrophenyl)methyl]-4,4’-
bipyridinium to the electrode surface, yielding a stable
1-phenylmethyl-4,4"-bipyridine film. Following the incu-
bation of the modified glassy carbon electrode in solu-
tions of bovine serum albumin, phenol, casein, riboflavin,
pectin, sodium dodecyl sulfate, linoleic acid, and pepsin
for 20 min, the change in R before and after incubation
was estimated to be <2.5 kQ by electrochemical imped-
ance spectroscopy (Chira et al. 2014). The change in R was
significantly greater at a bare glassy carbon electrode. The
authors suggested that the antifouling properties of the
modified glassy carbon electrode were due to the reduction
of surface hydrophobicity, masking of functional groups
on the electrode surface, and steric repulsion of fouling
agents from the 1-phenylmethyl-4,4’-bipyridine. Simi-
larly, Chandra et al. (2013) electrochemically deposited
a p-phenylacetate film on conical-tip carbon electrodes
using diazonium chemistry to enhance the antifouling
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properties of the electrodes. Their modified electrodes
offered a degree of protection for carbon electrodes against
fouling during dopamine detection. The modified elec-
trode was demonstrated to retain 75% of the initial detec-
tion signal after being incubated for 7 days in a simulated
fouling solution containing caproic acid (a lipid), bovine
serum albumin (a protein), cytochrome c (a protein), and
human fibrinopeptide B (a peptide) that partially mimics
the environment of extracellular fluid. During their in vivo
experiments involving Sprague-Dawley rats, 70% to 95%
of the dopamine oxidation current remained after the first
40 min and 50% remained over the next 20 min, indicat-
ing that the electrodes may not be as fouling resistant as in
the in vitro experiments. Therefore, the complex environ-
ment in vivo may need to be taken into consideration in the
development of electrodes for in vivo detection.

A polymer layer that passivates an electrode surface
will tend to increase the impedance. Therefore, the com-
promise between impedance and fouling resistance
must be assessed in considering the use of such films.
As an alternative, Gui et al. (2013) reported a low imped-
ance phenyl phosphorylcholine-based zwitterionic layer
immobilised on a glassy carbon electrode. Owing to the
influence of the charge of proteins on fouling, the adsorp-
tion of anionic bovine serum albumin and cationic cyto-
chrome ¢ was monitored at this modified electrode by
fluorescence microscopy. Although the phenyl phos-
phorylcholine-modified electrode demonstrated greater
or similar resistance to fouling by the two proteins com-
pared to oligo(ethylene glycol)-modified glassy carbon
or gold electrodes, the impedance was much lower than
that at the oligo(ethylene glycol)-modified electrodes (Gui
et al. 2013). The results of this work suggest that complete
charge balancing and packing of the charged groups of
phophorylcholine zwitterions provided resistance to elec-
trode fouling without creating high impedance.

Antifouling nonpolymeric films can also be attached
to the surface by noncovalent interactions. Such an elec-
trode utilising a film of electrogenerated oxidation prod-
ucts of NAD* has been shown to exhibit good antifouling
properties against NAD* adsorption (Teymourian et al.
2012). The modified glassy carbon electrode was con-
structed by immobilising multiwalled carbon nanotubes
dispersed in an ionic liquid on a glassy carbon elec-
trode followed by electrooxidising NAD* on the electrode
surface. The ionic liquid was included to bind the carbon
nanotubes and oxidised NAD* to the electrode surface,
whereas the carbon nanotubes acted as an electrical con-
ductor between the electrode surface and the oxidised
NAD*, which served as a redox mediator (Teymourian
et al. 2012). As illustrated in Figure 7, for the analysis of
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Figure 7: Amperometric response of a bare glassy carbon electrode
(A) and the oxidised NAD*/multiwalled carbon nanotube/ionic
liquid-modified glassy carbon electrode (B) to a solution of NADH
over 1800 s.

Reproduced with permission from Teymourian et al. (2012).

NADH, the current at the modified electrode decreased
by 15% after 1800 s, whereas a corresponding current
decrease of up to 70% was obtained at a bare glassy
carbon electrode (Teymourian et al. 2012). The authors
attributed the antifouling properties of this modified elec-
trode to the improved electron transfer kinetics and more
negative oxidation potential of the electrooxidised NAD*
film, which reduced the formation of adsorbing radical
intermediates.

Protein films and coatings

Many antifouling strategies seek to prevent a fouling
agent, such as a protein, from reaching the electrode
surface by establishing a barrier that is only permeable
to the analyte. In some cases, the barrier that prevents
fouling can actually be a protein attached to the electrode
surface. The S-layer protein, SbpA, isolated from Lysini-
bacillus sphaericus CCM 2177, was used to provide an
antifouling monolayer on a platinum electrode with pore
sizes of 4 to 5 nm (Picher et al. 2013). After incubation in
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human serum albumin, human serum, and human blood,
the corresponding mass density of adsorbed molecules
was measured to be 0, 0.18, and 0.46 ng mm? on the elec-
trode surface by surface plasmon resonance. The SbpA
layer substantially reduced the electrode fouling com-
pared to a bare gold electrode as well as poly(ethylene
glycol) and bovine serum albumin coatings (Picher et al.
2013). In addition to the greater fouling resistance, pores
in the SbpA layer allow small analytes to reach the elec-
trode surface while excluding large fouling agents, unlike
poly(ethylene glycol) and bovine serum albumin coat-
ings. Protein films or coatings can also be immobilised
on an electrode surface to impart targeted functionalities
or properties. For example, Qiu et al. (2013) constructed
a horseradish peroxidase-modified nanostructured gold
thin-film electrode for the analysis of 4-chlorophenol.
The presence of horseradish peroxidase significantly
improved the fouling resistance with 81.5% of the initial
current remaining after 30 cycles compared to a corre-
sponding 9.9% at a bare gold thin film (Qiu et al. 2013).
The presence of the horseradish peroxidase has likely
increased fouling resistance because the phenol oxida-
tion does not occur directly on the gold electrode surface
and the enzyme provides a physical barrier against the
adsorption of the phenol or reaction products on the
surface.

Metallic nanoparticles and catalytic redox
couples

The nanoscale size of metallic nanoparticles imparts
useful electrocatalytic properties as well as a high elec-
trical conductivity (Safavi and Momeni 2010, Muna
et al. 2014). Nanoparticles have also been shown to
exhibit antifouling properties and may be used alone
or in combination with other materials. Indeed, Safavi
and Momeni (2010) combined gold nanoparticles with a
carbon ionic liquid electrode. This electrode was shown
to beresistant to fouling by the products of tryptophan, as
there was only a slow decrease in oxidation current over
five cycles. This fouling resistance was somewhat greater
than a bare ionic liquid carbon paste electrode and much
greater than a bare glassy carbon electrode or conven-
tional carbon paste electrode, both of which showed
rapid electrode fouling (Safavi and Momeni 2010). The
antifouling properties of the modified electrode could be
attributed to the particular electrocatalytic properties of
the gold nanoparticles, which mediated the electrochem-
ical reactions. The polarity of the ionic liquid may have
also contributed by increasing the surface hydrophilicity.
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Similarly, Adams et al. (2010) combined a sol-gel network
of (3-mercaptopropyl)trimethoxysilane (MPTS) with gold
nanoparticles to measure dopamine secreted during
single-cell exocytotic events in PC12 cells. In fabricating
these electrodes, gold was electrochemically deposited
on carbon fibre microdisc electrodes before the deposited
gold was chemically functionalised by MPTS for 20 min.
Subsequently, gold nanoparticles were immobilised on
a thiol-terminated three-dimensional sol-gel network of
MPTS. The fabricated electrode was stored for both short
term (2-10 days) and long term (38-46 days) after the
amperometric detection of dopamine in PC12 cells. At
the end of both storage durations, the measured current
remained fairly constant without any electrode pretreat-
ment, indicating a low level of fouling during exposure to
PC12 cells. The sol-gel network of MPTS on the electrode
surface was proposed to have formed a barrier towards
cellular debris adhesion and direct molecular adsorption
on the electrode surface. The electrocatalytic and anti-
fouling properties of the gold nanoparticles would also
have contributed to the observed resistance to fouling.
For the analysis of norepinephrine and dopamine, ami-
nophenyl grafted gold nanoparticles on glassy carbon
electrodes provided good protection from the polymeric
fouling products of the neurotransmitters. Kesavan et al.
(2012) immobilised B-p-glucose-capped gold nanoparti-
cles on an aminophenyl grafted glassy carbon electrode
and used the electrode to detect norepinephrine in the
presence of uric acid. This modified electrode demon-
strated antifouling properties against norepinephrine
after 15 repetitive measurements at 5-min intervals. Simi-
larly, Kesavan and John (2014) prepared a layer of ami-
nophenyl grafted gold nanoparticles on a glassy carbon
electrode without capping the nanoparticles with B-b-
glucose. In addition to an enhancement of the oxidation
of dopamine, the authors also found the electrode to be
resistant to fouling caused by the oxidation products in
15 repeated scans, which suggests that capping the nano-
particles does not improve the fouling resistance of the
electrode. Alternatively, Guo et al. (2014) constructed a
palladium-nickel bimetallic alloy nanoparticle-modified
carbon nanofibre electrode, in place of monometallic
nanoparticles, to exploit the generally higher electro-
catalytic activity, selectivity, and stability of bimetallic
alloy nanoparticles (Guo et al. 2014). This electrode was
constructed by electrospinning a solution of polyacry-
lonitrile, palladium(II) acetylacetonate, and nickel(II)
acetylacetonate followed by the reduction of the metals
and carbonisation of the polyacrylonitrile fibres by a
controlled thermal process. Coupled with flow injection
analysis, the electrode showed a minimal decrease in
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current after 60 injections of glucose (RSD 1.45%). For a
bare nickel electrode, the current decreased by 38% after
60 injections (RSD 10.3%; Guo et al. 2014). These results
demonstrate that the electrode exhibits a good resist-
ance to fouling by the products of glucose oxidation
and this could be attributed to improved electrocatalytic
and antifouling properties from the synergistic effect of
nanoscale palladium and nickel. Maiyalagan et al. (2013)
also prepared an electrode by electrospinning and car-
bonisation, which appeared to induce the formation of
small crystalline o-Fe,0, nanoparticles on the surface
of carbon nanofibres. This o-Fe,0, nanofibre-modified
glassy carbon electrode showed good resistance to
fouling by the products of folic acid during its analysis.
After 20 cycles in a solution of folic acid, there was a neg-
ligible change in current (RSD 2.1%) at the modified elec-
trode. On the contrary, at a bare glassy carbon electrode
and bulk Fe,0, electrode, the oxidation peak of folic acid
continuously decreased after each cycle (Maiyalagan
et al. 2013). This difference in fouling resistance is likely
due to the presence of nanoparticles with the particular
crystal structure of o-Fe,0,, which catalyses the efficient
oxidation of folic acid, minimising the adsorption of
fouling species.

Similar to nanoparticles, metallic redox couples can
exhibit important electrocatalytic properties and resist-
ance to electrode fouling. Both Muna et al. (2014) and
Safavi et al. (2009) investigated the electrocatalytic and
antifouling properties of the Ni(OH),/NiOOH redox system.
Coupled with flow injection analysis, Muna et al. (2014)
detected estrone (a phenolic steroid) at a nickel nanoparti-
cle-modified glassy carbon electrode and observed a negli-
gible change in the current after 20 consecutive injections
of estrone (RSD 0.5%). The authors attributed the fouling
resistance to the catalytic Ni(OH),/NiOOH redox system,
which forms on the electrode surface after cycling in alka-
line electrolyte. Safavi et al. (2009) combined the catalytic
Ni(OH),/NiOOH redox couple with graphite and an ionic
liquid to produce an antifouling electrode for the detec-
tion of glucose (Safavi et al. 2009). The Ni(OH), nanoscale
carbon ionic liquid composite electrode exhibited good
antifouling properties with six repetitive amperometric
measurements having an RSD of 3.4%. The current and
peak potential of repetitive cyclic voltammetric scans did
not change, which also showed that the electrode did not
foul (Safavi et al. 2009). Similar to Muna et al. (2014), the
observed antifouling properties of this composite elec-
trode are likely due to the nickel redox couple, but the
presence of the ionic liquid could also have contributed
to the fouling resistance by increasing the hydrophilicity
of the electrode.
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Nanoporous electrodes

Nanoporous electrodes have numerous nanoscale pores
through the electrode structure that are separate from the
bulk solution, but diffusion from the bulk solution into
the pores is possible for species of a defined size. Nanopo-
rous electrodes have been demonstrated to show a higher
fouling resistance than planar electrodes; however, the
observed antifouling properties strongly depend on the
size of the pores. To investigate the relationship between
pore size and electrode fouling, Patel et al. (2013b) inves-
tigated the performance of planar, macroporous (1200 nm
pore size), hierarchical (1200 and 60 nm pore size), and
nanoporous (<50 nm pore size) gold electrodes in the
presence of bovine serum albumin and fibrinogen. As
expected, the antifouling performance of these electrodes
was found to be highly dependent on the pore size, with the
nanoporous electrode having the greatest fouling resist-
ance (Patel et al. 2013b). Figure 8 shows cyclic voltammo-
grams obtained over the course of 60 min in the presence
of bovine serum albumin. Clearly, the nanoporous elec-
trode offers the greatest protection, with only a small
decrease in current and a small increase in peak separa-
tion. The antifouling properties of nanoporous electrodes
appear to be due to their high surface area and nanoporos-
ity. While fouling agents in the bulk solution can readily
adsorb on the gold surface in contact with the bulk solu-
tion, fouling of the inner surfaces would be slower due to
restricted mass transport of larger species through small
pores in the nanoporous electrode. With the other porous
electrodes, there were sufficiently large pores for bovine
serum albumin to reach the inner electrode surface, indi-
cating that a pore size of <50 nm is required for fouling
resistance to bovine serum albumin and similar-sized pro-
teins. Fouling by smaller proteins and protein fragments
can also be greatly minimised with the use of nanoporous
electrodes, as illustrated by Summerlot et al. (2011) using
fragmented amyloid- protein. After a 30-min incubation
in a protein solution, the current at a nanoporous gold
electrode decreased by only 13%, whereas the current at a
planar bare gold electrode decreased by 96.5% (Summer-
lot et al. 2011). Although the experiment was conducted
for 30 min, the electrodes reached the above values within
~10 and 2 min for the nanoporous and planar electrodes,
respectively. Despite the fragmented amyloid-f3 proteins
being smaller than most proteins (e.g. albumin), the
pores are still sufficiently small to restrict the fragmented
proteins without affecting analyte detection. Similarly,
Quynh et al. (2014) showed that a nanoporous gold elec-
trode could resist fouling by the polymeric oxidation prod-
ucts of aniline and hydroxylamine. This electrode was
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Figure 8: Cyclic voltammograms at nanoporous, hierarchical,
macroporous, and planar gold electrodes in a solution of
ferricyanide and bovine serum albumin.

Cyclic voltammograms were obtained between ~1 and 60 min.
Reproduced with permission from Patel et al. (2013b).

prepared by dealloying silicon from an Au Si _ film. After
five repetitive measurements, a maximum of 10% devia-
tion in current was observed. In contrast, a bare planar
gold electrode was fouled even after only one measure-
ment. Due to the nanoporosity of the electrode, the analy-
sis of small analytes can continue even if the very outer
surface is fouled. In this case, as the analytes aniline
and hydroxylamine can reach the inner surfaces of the
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nanoporous electrode, the polymeric oxidation products
may even be deposited within the pores. Although five sat-
isfactory repetitive measurements could be obtained, the
nanoporous electrode may have become fouled with addi-
tional use if the oxidation products could not diffuse out
of the nanoporous structure before polymerisation.

In addition to these bare nanoporous gold electrodes,
a nanoporous gold electrode can be coated to change the
particular properties of the electrode. Tavakkoli and Nas-
rollahi (2013) combined the catalytic properties of pal-
ladium with the fouling resistance of a nanoporous gold
electrode for the analysis of glucose. After 15 repetitive
cycles with the palladium-coated nanoporous gold elec-
trode, there was a negligible change in current. To dem-
onstrate the fouling resistance of the electrode to glucose
products, a bulk palladium electrode was also tested and
was found to be rapidly fouled (Tavakkoli and Nasrollahi
2013).

Other effective electrode modifications

Coatings, films, or membranes can be used on an electrode
to separate the susceptible electrode surface from fouling
agents in the bulk solution. More simply, the distance
between the electrode surface and the bulk solution can
be increased with the use of a recessed electrode. Ana-
stasova et al. (2012) combined recessed electrodes with
polyurethane membranes to minimise electrode fouling
by bovine serum albumin. These recessed electrodes
were prepared by etching gold inside a fused silica capil-
lary to the required depth and finally coating with polyu-
rethane. Anastasova et al. (2012) observed that greater
fouling resistance could be gained by increasing the recess
depth of an electrode. After incubation with bovine serum
albumin for 17 h, the reduction in oxygen response was
610.4% at an 880 um recess electrode, and the reduction in
glucose response was 11+0.5% at a 546 um recess electrode
both with polyurethane membranes. The benefit of using a
recessed electrode was illustrated by comparing to planar
electrodes. The authors observed a 45+2.7% reduction in
oxygen response at a bare planar electrode and 13+1.4% at
a membrane planar electrode as well as a 48+2.3% reduc-
tion in glucose response at a bare planar electrode and
17+1.2% at a membrane planar electrode. These results
demonstrate that the polyurethane membrane alone has
reasonable antifouling properties but, in combination with
the recessed electrode, fouling by bovine serum albumin
is further reduced. Although the fouling resistance of
recessed electrodes is likely a result of the greater separa-
tion between the electrode surface and the bovine serum
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albumin in the bulk solution, the delay in signal response
increases with greater recess depth.

Electrodes can be made more hydrophobic without
using carbon-based materials, such as diamond and
electron cyclotron resonance-sputtered nanocarbon. The
hydrophobicity of the carbon paste electrode prepared by
Safavi et al. (2010) was increased using the chromatogra-
phy stationary phase, SE-30, as the carbon paste binder
instead of an organic oil or liquid. The antifouling prop-
erties of this carbon paste electrode were investigated by
amperometry in a solution of NADH. After 10 min, a 15%
decrease in the oxidation current was observed at the
carbon paste electrode, whereas a conventional carbon
paste electrode produced a corresponding current reduc-
tion of up to 80% (Safavi et al. 2010). The fouling resist-
ance of the modified carbon paste electrode could be a
result of the low surface energy and hydrophobicity of
the SE-30 binder, which reduced the adsorption of NAD*,
Zhuiykov and Kalantar-zadeh (2012) prepared an even
more hydrophobic surface with a superhydrophobic 20
mol% Cu,0-doped RuO, electrode (Cu,,Ru, 0 +Ru0,),
which was shown to exhibit high fouling resistance
against biological materials. Following a 3-month field
trial in a sewerage environment, the extent of electrode
fouling was examined by scanning electron microscopy
and potentiometry. The scanning electron micrographs
showed that there was negligible fouling by biological
material, and potentiometry determined that the sensitiv-
ity to oxygen detection only decreased from -46 to -43 mV
decade? (Zhuiykov and Kalantar-zadeh 2012). Although a
hydrophobic electrode surface can be considered prone to
fouling, this superhydrophobic electrode demonstrated
good resistance to fouling. Similar to the electron cyclo-
tron resonance-sputtered nanocarbon film used by Xue
et al. (2012), surface roughness or smoothness was consid-
ered to contribute to the observed antifouling properties
of the superhydrophobic electrode.

Analogous to nanoporous electrodes, Mudrini¢ et al.
(2014) developed a micropore electrode with antifoul-
ing properties by polymeric phenol products. They used
bentonite clay as part of an electrode coating with carbon
black and Nafion on a glassy carbon electrode. The ben-
tonite clay was modified by pillaring, which allowed par-
ticular metal cations to be incorporated into the clay. The
electrode constructed with a pillaring solution containing
90 mol% AI**, 5 mol% Fe*, and 5 mol% Ni* was shown
to exhibit the highest fouling resistance. The Fe-to-Ni pro-
portion was also shown to have an important effect on the
fouling resistance. The current density at this electrode
decreased by 5.4% after the first 10 cycles and 17.8% after
20 cycles (Mudrini¢ et al. 2014). The authors suggested
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that the antifouling properties may be due to a specific
Al-Fe-Ni pillar structure that does not favour the forma-
tion of polymeric structures. Similarly, Hasanzadeh et al.
(2013) applied silica-based mesoporous materials to the
simultaneous determination of dopamine and serotonin.
In their work, porous mobile crystalline material-41 func-
tionalised by amine was immobilised on a glassy carbon
electrode. A 1.2- and 3-fold enhancement in the electron
transfer kinetics of dopamine and serotonin, respectively,
was achieved at the modified electrode. Moreover, seven
successive differential pulse voltammetric scans of 10
nm dopamine and 2 nM serotonin showed similar oxida-
tion peak currents (RSD 3.2% and 2.0%, respectively).
The fabricated electrodes also demonstrated antifouling
properties during the analysis of dopamine and sero-
tonin spiked in human serum, and the recovery of both
analytes was 94% to 100% (Hasanzadeh et al. 2013). The
micropores and mesopores present in the modified elec-
trodes may have acted similarly to other porous electrodes
and excluded potential fouling agents from the inner pore
structures.

In an effort to reduce electrode fouling by NAD*,
Chumbimuni-Torres and Wang (2009) used a copper-ion
selective electrode with potentiometric detection. The
concentration of NADH was measured by monitoring the
NADH-mediated reduction of copper ions in the pres-
ence of gold nanoparticle seeds. The amperommogram
obtained at a bare glassy carbon electrode, depicted in
Figure 9A, shows that the current decreased by 75% over
the course of a continuous 50-min experiment as a result
of fouling by NAD*. On the contrary, the corresponding
potentiometric response obtained at the copper-ion selec-
tive electrode, depicted in Figure 9B, shows a negligible
change in the measured potential (Chumbimuni-Torres
and Wang 2009). Although the greater fouling resistance
of the copper-ion selective electrode may be due to the
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copper-ion selective membrane preventing the adsorption
of NAD* on the underlying electrode surface, a combina-
tion of the membrane, gold nanoparticles, and reduction
of copper ions might be required to yield the observed
resistance to electrode fouling.

Electrochemical activation

Electrochemical activation involves the use of single
anodic and/or cathodic potentials or a train of pulses to
periodically clean the electrode surface. Depending on
the particular conditions of the electrochemical activa-
tion, adsorbed material may be removed or the surface
chemistry can be altered to reduce the adsorption of
fouling agents. For example, Dejmkova et al. (2009)
employed electrochemical activation to remove adsorbed
material during the analysis of the phenolic flavanol,
quercetin, at a boron-doped diamond electrode. The
application of anodic and cathodic activation pulses (up
to +3 V) before each cyclic voltammetric scan achieved
an RSD of <2% after 10 repetitive cycles of quercetin. An
identically treated glassy carbon electrode suffered from
continuous signal drift due to electrode fouling. Similarly,
Kiran et al. (2013) found that anodic and cathodic activa-
tion pulses could be applied to remove fouling resulting
from contact with urine. After placing a boron-doped
diamond electrode in human urine, the electron trans-
fer rate constant (ko) for ferricyanide/ferrocyanide was
reduced to <0.001 cm s?, indicating significant fouling of
the electrode surface by components in urine (Kiran et al.
2013). By applying a set of 150 current pulses of alternat-
ing amplitude, k, was restored to >0.2 cm s’, which is a
similar value to that of the pristine electrode (0.27 cm s
Kiran et al. 2013). Anodic and cathodic activation pulses
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Figure 9: Amperometric response of a bare glassy carbon electrode (A) and potentiometric response of the copper-ion selective electrode

(B) to a solution of NADH over 60 min.

Reproduced with permission from Chumbimuni-Torres and Wang (2009).
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have also been used to remove serotonin and biological
fouling agents from a boron-doped diamond electrode.
Duran et al. (2014) anodically treated the electrode at
250 mA cm? for 30 s and then cathodically treated at
250 mA cm? for 180 s to activate fouled electrodes. This
electrochemical activation was also capable of reactivat-
ing fouled electrodes in situ. To investigate this, a pris-
tine and a fouled (after incubating in 100 um serotonin)
electrode were positioned in the extracellular space of
the enterochromaffin cells in mouse ileum to detect the
stimulated release of serotonin. The fouled electrode
yielded a chronoamperometric signal half the magnitude
of that obtained at the pristine electrode. Only by cathod-
ically treating the fouled electrode were the authors able
to achieve a signal of comparable magnitude to that at
the pristine electrode. The large positive and negative
potentials used in electrochemical activation can gener-
ate reactive oxygen species, such as hydroxyl radicals, as
well as oxygen or hydrogen gas (Stoytcheva et al. 2014).
The evolution of gas and reactive oxygen species helps to
physically dislodge and oxidise adsorbed organic mate-
rial, respectively.

By incorporating electrochemical activation as part of
the analysis procedure, the effects of fouling can be suf-
ficiently minimised to achieve reliable measurements.
For example, by exploiting pulsed amperometry and dif-
ferential pulse voltammetry, electrochemical activation
can be performed at regular intervals to minimise the
accumulation of a fouling layer on the electrode. This was
demonstrated by Stoytcheva et al. (2014), where an anodic
activation potential of +1.40 V was applied as part of a
pulsed amperometric analysis of catechol at a graphite
electrode. Based on five measurements of catechol, they
estimated an RSD of 2.97% compared to 6.53% without the
activation potential (Stoytcheva et al. 2014). da Silva et al.
(2013) similarly examined the effect of an electrochemical
activation potential in reducing electrode fouling during
differential pulse voltammetry and multiple pulse amper-
ometry analysis of the pharmaceutical drug, nimesulide.
There was a negligible change in current after three scans
by applying electrochemical activation before each scan
(RSD 1.52%), but the corresponding current decreased
by 16.6% without electrochemical activation (da Silva
et al. 2013). Also, with multiple pulse amperometry and
flow injection analysis, there was a negligible change in
current after 14 injections (RSD 1.02%). However, a cor-
responding 15% current decrease was estimated when
single potential amperometry was conducted (da Silva
et al. 2013). To reduce analysis time with multiple pulse
amperometry, a new two-step potential waveform (activa-
tion potential 2.0 V and detection potential +0.2 V) was
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employed in conjunction with flow injection analysis in
the detection of carbohydrates at a gold electrode and
compared to the conventional four-step potential wave-
form (activation potential -2.0 V, gold oxidation and reduc-
tion potentials +0.6 and -0.1V, and detection potential +0.2
V; Kotnik et al. 2011). After 60 injections of glucose, there
was a negligible change in current for both the two-step
(RSD 0.16%) and four-step (RSD 0.18%) pulsed ampero-
metric detection, demonstrating that a short cathodic
pulse in the two-step detection was sufficient to activate
the electrode (Kotnik et al. 2011). A careful selection of the
fast scan voltammetry parameters has avoided electrode
fouling during the measurement of serotonin. Agnesi et al.
(2009) found that the use of a wireless instantaneous neu-
rotransmitter concentration system comprising fast scan
cyclic voltammetry from a resting potential of +0.2 to +1.0
V and then to -0.1 V and back to +0.2 V at a rate of 1000
V s'yielded a constant oxidation current amplitude after
10 sequential injections of serotonin. Subsequently, sero-
tonin was measured using the same waveform after elec-
trically stimulating the dorsal raphe nucleus of rat brain
slices and the results indicated that high electrode sen-
sitivity was retained throughout the measurement. Simi-
larly, Schmidt et al. (2014) developed a modified sawhorse
waveform with two different anodic scan rates and a short
holding period at the switching potential to minimise
fouling. The authors detected the small peptide, methio-
nine-enkephalin, in the presence of interfering species
without electrode fouling caused by the products of the
peptide oxidation. Coupled with flow injection analysis,
a negligible change in current was observed after 10 injec-
tions compared to a corresponding ~10% current decrease
when a more conventional triangular waveform was used
(Schmidt et al. 2014). As part of the modified waveform,
+1.2 V was applied for only 3 ms, which must have been
sufficiently anodic to remove any adsorbed material.

By applying a high anodic or cathodic potential, the
surface chemistry of an electrode can be altered because
of the different number of oxygen functionalities, which
affects hydrophilicity. Roeser et al. (2013) and Brocenschi
et al. (2014) both cathodically pretreated boron-doped
diamond electrodes to modify the surface chemistry and
minimise electrode fouling. During the electrochemi-
cal oxidation and cleavage of the tripeptide leucine-
phenylalanine-leucine, a significant adsorption of the
products of the tripeptide, including dimers, was found on
a glassy carbon electrode (Roeser et al. 2013). In contrast, a
boron-doped diamond electrode exhibited a more satisfac-
tory performance, albeit the oxidation yields decreased to
20% to 30% after several days of use from an initial yield
of 60% to 70%. Fouling resistance of the boron-doped
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diamond electrode was found to be further increased by
the cathodic pretreatment of the electrode. Subsequently,
there was no significant change in oxidation yield or per-
formance after 24-h operation (Roeser et al. 2013). Similarly,
Brocenschi et al. (2014) estimated RSDs of 9.6% for estrone,
11.4% for 17-B-estradiol, and 10.8% for estriol at a cathodi-
cally pretreated boron-doped diamond electrode upon
20 injections. Despite the high RSDs, the authors empha-
sised that these should be considered as the worst-case
values, as an RSD of 2.3% was measured for estrone from 10
injections. In such work, the cathodic treatment of boron-
doped diamond electrodes increases the H-termination
and hydrophobicity, which would reduce the adsorption
of small polar peptides and the oxidised steroid products,
provided that they were sufficiently polar.

In addition to altering the surface chemistry, the
application of high anodic or cathodic potentials can
aid in exposing a pristine surface. Takmakov et al.
(2010) electrochemically etched carbon fibre microelec-
trodes using cyclic voltammetry between -0.4 and 1.3 V
at 400 V s? for 15 min to constantly regenerate a fresh
carbon surface. The sensitivity could be restored even
after an intensive fouling of electrode surfaces with
dopamine. The authors used electrochemical etching
to exfoliate graphite oxide and carbon particle to gener-
ate new active sites for use in subsequent experiments.
This method of reactivating electrodes will keep the elec-
trodes active in vivo in a prolonged experiment, as the
electrodes can be regenerated by a simple electrochemi-
cal procedure in situ.

Although Hu et al. (2011) did not use electrochemical
activation to clean an electrode surface, they instead used
an analogous process to treat already fouled carbon-doped
TiO, nanotube arrays. This process involved irradiating the
electrode surface with ultraviolet and visible radiation,
which is similar to electrochemical activation in that a
clean electrode surface is generated by removing adsorbed
fouling species. These electrodes were prepared by rapid
annealing in argon as-anodised TiO,-nanotube arrays
that were deliberately fouled after obtaining featureless
voltammograms at the end of 20 cyclic voltammetric scans
of serotonin. The authors were able to reactivate the elec-
trodes and achieve the original detection using ultraviolet
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and visible irradiation for 30 and 120 min, respectively,
in doubly distilled water at room temperature. This work
has demonstrated the application of ultraviolet or visible
radiation to decompose the intermediate products of sero-
tonin adsorbed on an electrode surface into H,0, CO,, and
NO, without damaging the surface microstructure and is
analogous to applying high anodic or cathodic potentials
to chemically degrade material adsorbed on the electrode
surface.

Electrolyte and flow systems

The composition of the electrolyte can be modified to
remove adsorbed fouling agents during electrochemical
analysis. Both Anandhakumar et al. (2010) and Narmadha
et al. (2011) investigated different electrolyte compositions
to solubilise polymeric products from the electrochemical
analysis of phenols, reducing adsorption on the electrode
surface. Anandhakumar et al. (2010) compared aqueous
sodium hydroxide, aqueous sodium hydroxide-sodium
dodecyl sulfate micellar solution, and sodium dodecyl
sulfate/hexane/butanol/water microemulsion in the anal-
ysis of several chlorophenols at a glassy carbon electrode.
The authors found that, with aqueous sodium hydroxide,
fouling was apparent at a 2,4-dichlorophenol concentra-
tion lower than 2 mm. On the contrary, no fouling was
observed up to 10 and 20 mMm 2,4-dichlorophenol with
the micellar solution and microemulsion, respectively.
The micellar solution and microemulsion were expected
to solubilise the phenols and intermediates, as well as
the surfactant forming adsorbed layers on the electrode,
which reduces the extent of electrode fouling. Similarly,
Narmadha et al. (2011) investigated the fouling resist-
ance of acidic methanol, acidic aqueous, neutral micro-
emulsion, and acidic microemulsion electrolytes for the
oxidation of phenols at glassy carbon and boron-doped
diamond electrodes. Narmadha et al. (2011) found that the
acidic methanol electrolyte provided the greatest fouling
resistance. For the acidic methanol electrolyte, the ratio
of anodic peak current after four cycles compared to the
first cycle (I‘*pa/Ppa) is shown in Table 1. These results show

Table 1: l"pa/llpa values for selected phenols at a glassy carbon electrode and a boron-doped diamond electrode with an acidic methanol

electrolyte (Narmadha et al. 2011).

Electrode

2,6-Dichlorophenol

2,6-Dimethylphenol 2,6-Dimethoxyphenol

I“pa/llpa Glassy carbon electrode

Boron-doped diamond electrode

0.94
0.93

0.99
0.82

0.98
0.99
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that, under the experimental conditions, glassy carbon
electrodes exhibited ~20% greater fouling resistance
against 2,6-dimethylphenol than boron-doped diamond
electrodes, although boron-doped diamond electrodes
are often regarded as having greater fouling resistance
compared to glassy carbon electrodes (Shin et al. 2005,
Narmadha et al. 2011). In light of these results, Narmadha
et al. (2011) recommended the use of a glassy carbon
electrode instead of a boron-doped diamond electrode
because the glassy carbon electrode can be easily cleaned
by mechanical polishing. The more satisfactory perfor-
mance of the acidic methanol electrolyte is most likely due
to the greater solubility of the phenols and their products
in the organic solvent.

In addition to aqueous/nonaqueous solvents and
surfactants, the effect of supporting electrolyte salts in
minimising electrode fouling has also been studied. Two
electrolyte salts were investigated for use in the complete
mineralisation of trichloroethene at a Ti/IrOz-TaZO5 elec-
trode (Lakshmipathiraj et al. 2012). Using Na,SO,, the
current changed between the first two cycles, but there
was only a minimal change in current in the subsequent
four cycles. On the contrary, using NaNoO,, the current
decreased after every cycle. The higher fouling resistance
associated with Na,S0, was attributed to the in situ gen-
eration of sulfur-based oxidants, such as S,0,> and SO,?,
which would remove material adsorbed on the surface of
the electrode (Lakshmipathiraj et al. 2012). Such oxidant
generation was not believed to occur when NaNO, was
used (Lakshmipathiraj et al. 2012).

The contact between a susceptible electrode and
fouling agents can be minimised or even eliminated in
some cases through the use of a flow system. To reduce
the adsorption of enzymes to electrode surfaces, Godino
et al. (2010) developed a novel zero dead volume rotary
switch valve that allowed for the enzyme B-galactosidase
and the electrode to be separated at all stages of the assay.
This involved immobilising the enzyme on streptavidin-
coated magnetic particles and removing nonspecifically
bound enzyme before introducing the substrate. When
the electrode was directly incubated with the enzyme
solution for 10 min, the background current increased
from 3.5 to 8 nA. As the enzyme and the electrode never
come into contact, there is no possibility for fouling of the
electrodes by the enzyme, which is the most ideal solu-
tion to electrode fouling. However, it is not possible to
completely separate the electrode from fouling agents in
most situations. Instead of preventing the electrode from
coming in contact with fouling agents, Casella and Con-
tursi (2012), Tormin et al. (2014), and Sansuk et al. (2012)
used flow systems to minimise the adsorption of fouling
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agents. Casella and Contursi (2012) used a cobalt oxide/
oxyhydroxide redox couple (CoO,/CoOOH)-modified
glassy carbon electrode to resist fouling during the elec-
trooxidation of hydrazines. Under stirring chronoampero-
metric conditions, the current at the modified electrode
decreased very rapidly after the addition of phenylhydra-
zine owing to rapid fouling by the analyte (Casella and
Contursi 2012). However, using the same modified elec-
trode with flow injection analysis, a negligible change in
oxidation current of both phenylhydrazine and hydrazine
was achieved over multiple injections. While a similar
redox couple to the previously reported Ni(OH),/NiOOH
was used (Safavi etal. 2009, Muna et al. 2014), the observed
resistance to fouling involving CoO,/CoOOH was likely due
to more efficient desorption of analytes and products from
the electrode surface under flowing conditions as well as
to the continuous electrodeposition of new cobalt oxide/
oxyhydroxide species to replace lost or poisoned species
(Casella and Contursi 2012). Continuous electrodeposi-
tion was possible because the detection and deposition
potentials were similar and cobalt-gluconate complex
was present in solution. Similar to flow injection analy-
sis, batch injection analysis is a simpler version without
the tubes, pumps, and injection valves. A batch injection
analysis system combined with carbon screen-printed
electrodes modified with graphene has been used for the
detection of diclofenac (Tormin et al. 2014). There was a
minimal decrease in the oxidation current after 10 runs
(RSD 1.3%), as shown in Figure 10. Under steady-state con-
ditions with square wave voltammetry, however, Figure 10
illustrates that the current decreased rapidly over the first
six runs and was highly variable in subsequent runs (RSD
6.2%). In their work, the authors exploited the injection of
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Figure 10: Current data over 10 runs of a solution of diclofenac

using square wave voltammetry (steady-state conditions; ) and

batch injection analysis with amperometry (m).

Reproduced with permission from Tormin et al. (2014).



DE GRUYTER

a minimum solution volume under a high dispensing rate
with constant stirring to reduce fouling by the products of
diclofenac (Tormin et al. 2014). Sansuk et al. (2012) also
used a small sample volume and high flow rate to mini-
mise fouling. They employed single-walled carbon nano-
tubes as an amperometric detector in a microfluidic cell
for dopamine. In this work, these electrodes showed no
fouling over the concentration range of 5 to 1000 nm for
a period of 20 days. The absence of fouling was attributed
to the relatively fast continuous flow of electrolyte (1 ml
min?') that sweeps possible fouling products away from
the electrode surface and also the small volume of analyte
in contact with electrode. Notably, the electrode was only
in contact with a very small volume of dopamine (50 ul)
for a short period of time. Polymer growth from dopamine
is a slow step process that may take longer than the resi-
dence time of the analyte around the fabricated fluidic cell
(Harreither et al. 2013).

Conclusion

Electrode fouling can often complicate the electrochemi-
cal analysis of many analytes, particularly those of bio-
logical and medical interest. Fouling agents, such as
proteins, phenols, and neurotransmitters, can adsorb on
the surface of unprotected electrodes, giving rise to dete-
riorating transient detection signals and thus strongly
affect the performance of the electrochemical technique
Or sensor.

Many antifouling strategies have been discussed in
this review. However, more research into antifouling strat-
egiesis needed to minimise the impact of electrode fouling
in practical applications. Due to the diversity of analytes
that foul electrodes and the abundance of other fouling
agents in some samples, care should be taken when inter-
preting results where a decrease in signal is observed with
repeated analysis as electrode fouling may be a cause.
Therefore, antifouling strategies should be tested against
a variety of fouling agents and fouling matrices, par-
ticularly biological samples and matrices, which can be
a complex and often unknown mixture of proteins, pep-
tides, lipids, and carbohydrates. However, when testing
the fouling resistance of a particular strategy, sometimes
only one analyte, such as phenol, or one protein, such as
bovine serum albumin, is investigated. Although these
may be representative fouling agents, it does not indi-
cate how the antifouling strategy will perform in more
complex environments. Where possible, antifouling strat-
egies should be tested against the widest variety of fouling
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agents and complex matrices appropriate to the intended
application, for example, different chlorophenol isomers
and blood, serum, or urine. Similarly, the relationship
between fouling agent concentration and extent of fouling
should not be overlooked, as fouling can occur with some
antifouling strategies above a certain concentration.

The majority of antifouling strategies involve modify-
ing the electrode with a coating or film to increase fouling
resistance. Carbon-based materials, such as carbon nano-
tubes and graphene, are commonly used due to their large
surface area, electrical conductivity, and electrocatalytic
properties (Shan et al. 2009, Zhou et al. 2009, Gasnier et al.
2012, Teymourian et al. 2012). Although research into the
antifouling properties of such materials should be con-
tinued, new carbon-based materials must also be inves-
tigated, as they may be resistant to fouling. For example,
electron cyclotron resonance-sputtered nanocarbon (Kato
et al. 2011, Xue et al. 2012) and carbon double-shelled
hollow spheres (Gao et al. 2011) have been shown to have
good antifouling properties. Boron-doped diamond elec-
trodes are often touted as having high fouling resistance,
but this has been shown to depend on the analyte, system
conditions, and the surface of the electrode. The surface
chemistry of boron-doped diamond electrodes can be
altered to produce either H- or O-termination. There is
some disagreement as to which type of termination has
superior resistance to fouling, with some studies indicat-
ing O-termination (Giiell et al. 2010, Shpilevaya and Foord
2014) and another suggesting H-termination (Brocenschi
et al. 2014). Although H- or O-termination can have a sig-
nificant impact on the fouling resistance of boron-doped
diamond electrodes, few studies have investigated the
use of oxidised carbon nanotubes or other oxidised car-
bon-based materials. Oxidation increases the number of
oxygen functionalities on the electrode surface and thus
hydrophilicity. It is debatable whether surface hydro-
philicity or hydrophobicity increase fouling resistance,
as it tends to depend on the analyte and fouling agents.
Surface roughness has also been identified as a possible
cause of electrode fouling (Zhuiykov and Kalantar-zadeh
2012, Xue et al. 2012, Shpilevaya and Foord 2014).

In addition to carbon-based materials, electrodes
can also be modified with polymeric, nonpolymeric, and
protein films that are not carbon allotropes to provide a
physical barrier between fouling agents and the elec-
trode surface. Such films, including Nafion (Razmi and
Heidari 2009, Trouillon et al. 2009, Singh et al. 2011),
thiols (Kuralay et al. 2011, McQuistan et al. 2014), and
proteins (Picher et al. 2013, Qiu et al. 2013), also give rise
to an increased background electrode capacitance and
impedance, which is not favourable for the detection of
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trace analyte concentrations. Moreover, some self-assem-
bled monolayers, including poly(ethylene glycol), can
be self-oxidised and the oxidation products can be toxic
for tissues upon implantation (Li et al. 2014). Therefore,
alternatives to self-oxidising films and high capacitance/
impedance films should be developed, such as the low
impedance phenyl phosphorylcholine-modified electrode
used by Gui et al. (2013). Although many of the polymeric
film-modified electrodes discussed in this review were a
single type of polymer with no additives, some studies
that incorporated the PSS surfactant into the polymer
showed good antifouling properties (Trouillon et al. 2009,
Pirvu and Manole 2013, Sasso et al. 2013, Yang et al. 2013).
Although the use of PSS is not necessary to provide pro-
tection from fouling, the incorporation of PSS or similar
surfactants or compounds may improve the surface hydro-
philicity and fouling resistance of a polymeric film.

Electrodes can also be modified with metallic nano-
particles or catalytic redox couples to improve the elec-
trochemical response and fouling resistance. Several
different types of nanoparticle were discussed in this
review, including gold, nickel, palladium-nickel, and
o-Fe,0,. To continue improving the antifouling proper-
ties of nanoparticles, new types of nanoparticles should
be developed as well as improved attachment and func-
tionalisation of the nanoparticles. Although two cata-
lytic redox couples were specifically discussed, only the
Ni(OH),/NiOOH redox couple was shown to impart anti-
fouling properties (Safavi et al. 2009, Muna et al. 2014).
Other metallic redox couples should be investigated for
similar antifouling properties to Ni(OH),/NiOOH.

Nanoporous electrodes are resistant to fouling without
the use of an electrode coating or film. The presence of
nanoscale pores in the electrode structure prevents large
fouling agents from reaching the inner surface of the elec-
trode. Patel et al. (2013b) showed that only the presence of
nanopores can effectively eliminate fouling from bovine
serum albumin, as macroporous and hierarchical elec-
trodes experienced fouling. Such a study, however, does
not identify whether there is an upper or lower threshold
pore size beyond which fouling occurs.

Electrochemical activation and electrolyte and flow
systems do not involve the direct modification of the
electrode but can also provide protection from fouling by
removing adsorbed material or resisting its adsorption.
Similar to the debate over whether H- or O-termination is
superior for resisting fouling with boron-doped diamond
electrodes, sometimes anodic pulses are superior for elec-
trochemical activation, whereas, in other cases, cathodic
pulses or a combination of anodic and cathodic pulses
may be more appropriate. The choice could depend on
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the analyte, system conditions, and the type of electrode.
Overall, this is indicative of the generally poor under-
standing of the pathways involved in electrode fouling
and the mechanisms by which antifouling strategies are
able to minimise or eliminate fouling. Therefore, research
should be directed towards enhancing our understanding
of fouling pathways and the specific mechanisms involved
in resistance to fouling to develop more effective and ver-
satile antifouling strategies.
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