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Abstract

The Design of Ultrasensitive Immunosensors Based on a New Multi-Signal Amplification
Gold Nanoparticles-dotted 4-Nitrophenylazo Functionalised Graphene Sensing Platform for
the Determination of Deoxynivalenol

C. E. Sunday

PhD Thesis, Department of Chemistry, University of the Western Cape

A highly dispersive gold nanoparticle-dotted 4-nitrophenylazo functionalised graphene
nanocomposite (AuNp/G/PhNO2) was successfully synthesised and applied in enhancing
sensing platform signals. Three label-free electrochemical immunosensors for the detection
of deoxynivalenol mycotoxin (DON) based on the systematic modification of glassy carbon
electrodes (GCE) with AuN p/G/PhNO2 was effectively achieved. General electrochemical
impedance method was employed for the sensitive and selective detection of DON in
standard solutions and reference material samples. A significant increase in charge transfer
resistance (Rct) of the sensing interface was observed due to the formation of insulating
immune-complexes by the binding of deoxynivalenol antibody (DONab) and deoxynivalenol
antigen (DONag). Further attachments of DONab and DONag resulted in increases in the
obtained Rct values, and the increases were linearly proportional to the concentration of
DONag. The three immunosensors denoted as GCE/PDMA/AuNp/G/PhNH2/DONab,
GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab have detection range of 6 – 30 ng/mL for
DONag in standard samples. Their sensitivity and detection limits were 43.45 ΩL/ng and 1.1
iii

pg/L; 32.14ΩL/ng and 0.3 pg/L; 9.412 ΩL/ng and 1.1 pg/L respectively. This result was
better than those reported in the literature and compares reasonably with Enzyme Linked
Immunosorbent Assay (ELISA) results. The present sensing methodology represents an
attractive alternative to the existing methods for the detection of deoxynivalenol mycotoxin
and other big biomolecules of interest due to its simplicity, stability, sensitivity,
reproducibility, selectivity, and inexpensive instrumentation. And they could be used to
develop high-performance, ultra-sensitive electrochemiluminescence, voltammetric or
amperometric sensors as well.
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Chapter One

Introduction

This chapter gives a brief introduction to this research, background
information on the aspects involved, motivation, specific objectives and
the outline adopted.

1.1 Background information
Herein we describe the development and characterisation of gold nanoparticles-dotted
nitrophenylazo functionalized graphene (AuNp/G/PhNO2) ternary nanocomposite employed
in designing signal enhanced immunosensors for the detection and determination of
deoxynivalenol (DON) mycotoxin in food items via impedimetric system.

Mycotoxins are natural poisons or toxic by-products of ubiquitous fungi species (particularly
Penicillium specie, Fusarium specie, and Aspergillus specie) which originate in the soil of
crop fields [1-2]. Nuts, oil seeds, fruits and cereals are mainly affected because of mold
growth before harvest, after harvest or during storage. Health effects of mycotoxins may
include immunological effects, organ-specific toxicity and in some cases death [1, 3]. The
major exposure routes are the intake of contaminated food, inhalation of spore-borne toxins
or dermal contamination by skin contact. Mycotoxin contamination is an unavoidable risk
because its formation depends on season. It thrives in wet seasons and under humid
conditions. Complete prevention is therefore impossible but it can be controlled by the use of
fungicides, proper management of the storage conditions (avoiding storage in humid
environments) and testing these agricultural products regularly onsite. The best and major
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way to control mycotoxins from human and animal food is to detect the contaminated raw
materials, then divert them from feed and finished food. Most significant mycotoxins are
Aflatoxin, Deoxynivalenol, Ochratoxin, and Fumonism [1, 4].

For the purpose of this study, attention was paid to the detection and determination of
Deoxynivalenol (DON) mycotoxin using my newly developed platform. In both experimental
animal and livestock, consumption of feed contaminated with DON has been reported to lead
to vomiting, weight loss, diarrhoea, anaemia, haemorrhage and immune-suppression [5].
DON has also been implicated with feed refusal and emesis in pig; hence the alternative
name vomitoxin. DON produces chronic and toxic effects in humans by inhibiting DNA,
RNA and proteins synthesis [2]. And it can also cause human skin irritation, haematological
changes, lymphocyte blastogenesis impairment and radiomimetric effects. It has haemolytic
activity which causes apoptosis (cytotoxicity) and immunotoxicity to eukaryotic organisms.
DON is a worldwide contaminant of foods and feeds. It is an important disease of cereal
foods in several countries therefore it constitutes an increasing problem [1].

As a matter of concern, United States Department of Agriculture (USDA), and US Food and
Drug Administration (FDA) have established advisory levels for DON of 1 ppm in wheat
products destined for human consumption, 5 ppm in grain products for most animal feeds and
10 ppm in grain products for cattle feed [6-7]. Also the European Union (EU) established
ranges from 200 to 1750 µg/kg depending on the kind of cereal and cereal products.
Provisional maximum tolerated daily intake (PMTDI) of DON for 1µg/kg body weight (BW)
was established by the World Health Organization Joint Expert Committee on Food
Additives (WHOJECFA) on the basis of NOAEL (NOAEL = No observed adverse effect
level). See Table 1.1 and Figure 1.1 [6, 8]:
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Table 1.1: Exposure to Deoxynivalenol (DON) - PMTDI for Deoxynivalenol = 1µg/kg body
weight.

Region of World Intake (µg/kg BW)
Food Item
Africa

Europe

Far East

Latin America

Middle East

Barley

0.02

0.24

0.04

0.08

0.01

Maize

0.31

0.03

0.09

0.12

0.14

Rice

0.26

0.03

0.7

0.22

0.12

Wheat

0.18

1.2

0.74

0.76

2.1

Total

0.78

1.4

1.6

1.2

2.4

French adults (mean)
French infants (mean)
UK adults
Dutch infants (95th percentile)
French adults (95th percentile)
French infants (95th percentile)
0

0.2

0.4

0.6

0.8

1

1.2

µg/kg body weight per day
Figure 1.1: Relationship between tolerable daily intake and NOAEL.
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1.4

1.6

Because of these known toxicity of DON, combined with its prevalence and the need to
comply with these regulatory policies, the interest in the development of robust, easy-to-use
and reliable instrumental analytical methods for in-field application has increased greatly
during the last decade. Much effort has therefore been focused on the development of rapid
tests with very low detection limits for DON mycotoxin [4]. There are three main approaches
for the detection and determination of mycotoxins, namely; biological, chemical and
electrochemical methods. Biological and chemical methods may be useful in screening for
mycotoxins, especially when the identity of the mycotoxins is not known. However, if it is
known which mycotoxin(s) should be looked for, electrochemical assays are preferred
because they are more specific, more rapid and more reproducible. They possess lower limits
of detection and do not require intensive cleanup.

Presently, several analytical methods have been developed for the detection of DON
mycotoxin and they include PCR, GC, GC-MS [9], HPLC, thin-layer chromatography [1011], Enzyme-linked immunosorbent assay (ELISA) [12] and so on. In applying these
methods, it has been reported that most of the occurrence data available for deoxynivalenol
was for wheat. There are few data for barley, oats, rice and corn. Among these food items, it
has been reported that corn had the highest levels of contamination and contained
concentrations above the limits of detection (LOD) for DON which varied in the range 2–
250l g/kg [9]. Some of these methods allow good accuracy of quantification and good
detection limits of DON mycotoxin in various food items.

However, they are not cost effective; some suffer from low selectivity and usually require
significant amount of time associated with labour-intensive cleanup, sophisticated
instrumentation, skilled operators or technical expertise. The ELISA method is sensitive,
4

relatively simple, requires little sample preparation and it does not have the health hazards
associated with radio-immunoassays. However, the entire procedure is complicated,
expensive and depends on expertise as well, though its detection range for DON mycotoxin
in grains has been reported to be between 0.01 and 100 µg/mL [12-13]. Therefore it is
desirable to develop a rapid, sensitive, easy-to-use, cost effective, reproducible
immunosensors with lower detection limits which will not require expertise or labourintensive cleanup for ultrasensitive determination of DON mycotoxin.

In the light of this challenge, I report my investigation into the design of multi-signal
amplification platforms which I used to construct label free impedimetric DON mycotoxin
immunosensors. It is important to note that immunosensors complement the standard
analytical methods. And they are most suitable for the detection and quantification of
mycotoxins due to their low cost of analysis, ease of operation, high sensitivity and reduced
sample pre-treatment. But the design of an optimum interface between the transducer surface,
detector material and bio-components is very challenging and it is a key part of biosensor or
electrochemical sensor development. Improving on the electroanalytical efficiency of the
interface has been a focus of science research for decades [14-15]. Many signal amplification
strategies have been applied in designing sensor platforms with optimized sensitivity,
specificity and stability. These strategies include applying new redox-active probes [16],
coupling conducting polymers with electrochemical detection probes [17], incorporating
nano-structured materials to increase loading of tags etc.

Among these strategies, nano-structured materials such as metallic nanoparticles, quantum
dots [18], conducting polymers, carbon nanotubes and graphene have presented very unique
optical, magnetic, catalytic and electrochemical properties [19-22]. These unprecedented
5

properties of nano-structured materials have fostered their use in data storage devices,
heterogeneous

catalysts,

nano-biosensors,

chemical

sensors,

plasmonic

devices,

optoelectronics, optical markers, drug deliverers, fuel cells, micro/nano-reactors and watertreatment devices among many other applications [23-25]. Consequently various kinds of
sensors for clinical and environmental purposes have been developed with the added
advantage of analyzing samples without any need for pre-treatment.

Looking at the unique properties of nano-structured materials, I know that gold nanoparticles
can improve the quantity of immobilized signal probes due its large specific surface area,
high surface adsorption, good stability and biocompatibility. These improved properties are
critically sensitive to the nanoparticle particle sizes. [26-29]. Owing to its environmental
stability, conductivity, processability and retention of its redox activity at pH above 4, poly
(2, 5-dimethoxyaniline) when doped with a suitable electro catalyst can act as a suitable
electron transfer mediator for enzyme electrodes [30-34]. Also graphene, a monolayer of sp2bonded carbon atoms tightly packed into a two-dimensional (2D) lattice, due to its huge
surface area (2600 m2/g), high chemical stability and electronic properties serves as scaffold
to anchor large amount of nanoparticles. Graphene can also promote the selectivity and
efficiency of catalytic processes [35]. The electrical conductivity of graphene can be
enhanced by adsorbed nanoparticles acting as donors or acceptors. The enhanced electrical
conductivity and mechanical properties make graphene an excellent material for collecting
and transporting charge in photo-electrochemical solar cells, photo-catalysis and
electrochemical sensors [36-37].

Nafion is an anionic polymer and can bind molecules through coulombic and/or hydrophobic
interactions [38-39]. It can facilitate electron transfer from an enzyme active centre to the
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electrode surface and acts as a weak mediator for redox-active probes [40]. The rate of charge
transfer in pure Nafion film is relatively slow due to its compact nature which is unfavourable
for diffusion of analyte. Immobilised cationic reactants such as [Ru(bpy)3]2+ migrates into
electro-inactive hydrophobic region of the ionomer with time, thereby losing electrochemical
contact with the electrode. I am therefore interested in improving the behaviour of such
cationic reactants in Nafion film; consequently enhance its application in designing
reproducible and ultra-sensitive immunosensor.

These unique properties of gold nanoparticles (AuNp), poly (2, 5-dimethoxyaniline)
(PDMA), graphene (G) and Nafion were combined in this study to construct ternary nanocomposite systems for ultrasensitive impedimetric determination of DON mycotoxin. Gold
nanoparticle-dotted 4-nitrophenylazo functionalised graphene composite (AuNp/G/PhNO2)
was used in the preparation of the sensor platforms. Ideally, in the preparation of graphene
from graphite oxide, the graphite oxide is rigorously reduced after exfoliation in order to
obtain the desirable properties of graphene. However, the reduction of exfoliated graphite
oxide leads to graphene nano-sheets with limited water solubility (< 0.5 mg/mL). To obtain
water-soluble graphene sheets, graphene oxide was reduced in three stages following the
method of Yongchao Si and Edward T. Samulski [41]. Residual oxygen functionality was
removed and para-phenyldiazonium salt was used to introduce negatively charged 4nitrophenylazo (PhNO2) units into partially reduced graphene oxide.

The presence of PhNO2 units on graphitic sheets prevents graphene from aggregating in
solution after the final reduction stage of the graphene oxide because of electrostatic
repulsion between the graphene sheets, thereby yielding isolated sheets with highly improved
water solubility. The highly dispersive 4-nitrophenylazo functionalised graphene (G/PhNO2)
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was further functionalised with gold nanoparticles (AuNp/G/PhNO2). This was immobilised
on glassy carbon electrode surface with perfluorosulfonate ionomer (Nafion 117) and loaded
with large amount of tris (bipyridine) ruthenium (II), [Ru(bpy)3]2+ as a cationic signal probe.
Another sensor platform that explores the electrocatalytic properties of our new gold
nanoparticle-dotted 4-nitrophenylazo functionalised graphene composite (AuNp/G/PhNO2)
was also designed by doping poly (2, 5 dimethoxyaniline) with it. These were employed in
the construction of immunosensors for the determination of deoxynivalenol (DON)
mycotoxin via impedimetric system. These platforms may as well provide a promising
method for clinical immunoassay of other bio-molecules.

1.2 Problem statement
DON is an important toxin of cereal foods and constitutes an increasing problem in several
countries because the occurrence of the fungi species that produce it is very high in nature.
The formation of these fungi species is season dependant and complete prevention is
impossible. Because of concerns with the increasing toxic effects of DON on livestock and
humans, the United States Department of Agriculture (USDA), Food & Drug Administration
(FDA) and European Community has instituted advisory levels of 1 ppm for wheat products
for human consumption, 5 ppm of grain products for most animal feeds and 10 ppm of grain
products for cattle feed. There is need to design a sensor to monitor these agricultural
products before and after harvest (i.e. during storage) in order to control contamination
outbreaks and to ensure regulatory compliance.

Majority of the analytical methods reported for the determination of DON mycotoxin involve
PCR, GC, GC-MS, HPLC, thin-layer chromatography and enzyme-linked immunosorbent
assay (ELISA) [12-13, 42]. These methods allow good accuracy of quantification and good
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detection limits but they are not cost effective; some suffer from low selectivity and usually
require significant amount of time associated with labour-intensive cleanup, sophisticated
instrumentation, skilled operators or technical expertise. In view of these analytical
challenges, it is hoped that the gold nanoparticles-dotted 4-nitrophenylazo functionalised
graphene (AuNp/G/PhNO2) composite developed in this study will provide a promising
sensor platform for the construction of easy to use, rapid, cost effective and enhanced signal
immunosensors for the detection and determination of DON levels in cereal food items via
impedimetric system.

1.3 Aim and approach of this research
The aim of this research is to improve the electrochemical behaviour of cationic reactants in
Nafion film, consequently enhance its application in designing reproducible and ultrasensitive immunosensors. Secondly, to develop a multi-signal amplification sensor platform
based

on

gold

nanoparticles-dotted

4-nitrophenylazo

functionalised

graphene

(AuNp/G/PhNO2) nanocomposite by applying Nafion 117 as a binder and incorporate
[Ru(bpy)3]2+ as a cationic reactant and/or luminescent metal centre on glassy carbon electrode
(GCE). Thirdly, to design an enhanced signal platform using PDMA doped with
AuNp/G/PhNO2. And fourthly, to introduce for the first time, the use of these developed
sensor platforms in the design of cost effective, easy-to-use, rapid and ultrasensitive
immunosensors for the detection and determination of DON via impedimetric system.
The approach of this research includes:
1. Chemical synthesis of graphene oxide through a modified Hummer’s method using
natural graphite powder as the starting materials.
2. Chemical synthesis of 4-Nitrophenyl diazonium tetrafluoroborate and highly
dispersive 4-nitrophenylazo functionalised graphene (G/PhNO2).
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3. Chemical synthesis of gold nanoparticles dotted 4-nitrophenylazo functionalised
graphene (AuNp/G/PhNO2).
4. Physical and electrochemical characterizations of the synthesised products using UVVisible spectroscopy, high resolution transmission electron microscopy (HRTEM),
scanning electron microscopy (SEM), Raman spectroscopy, atomic force microscopy
(AFM), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
accordingly.
5. Preparation of a nanocomposite thin film of Nafion/[Ru(bpy) 3]2+/AuNp/G/PhNO2
onto GCE in which [Ru(bpy)3]2+ serves as a cationic reactant.
6. Electrochemical synthesis of PDMA doped with AuNp/G/PhNO2 onto GCE
7. Electrochemical characterization of the thin film sensor platforms in (5) and (6) via
CV, OSW, chronocoulometry, chronoamperometry and EIS systems.
8. Develop an inhibition based ultrasensitive immunosensors using my new
Nafion/[Ru(bpy)3]2+/G/PhNO2,

Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

and

PDMA/AuNp/G/PhNO2 thin film sensor platforms on GCE for the detection and
determination of DON mycotoxin levels in standard solutions via impedimetric
system.
9. Apply the newly developed immunosensors by analyzing extracted wheat, corn and
roasted coffee.
10. Detect

tripropylamine

GCE/Nafion/[Ru(bpy) 3]2+/G/PhNO2

using

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

sensor

platforms

and
via

electrochemiluminescent (ECL) system.
The framework of this research is presented in Scheme 1 in accordance to the specific
objectives stated in this section.
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1.4 Research framework
Chemical synthesis of 4-nitrophenyl
diazonium tetrafluoroborate from 4Nitroaniline

Chemical synthesis of graphene oxide
from graphite by modified Hummer’s
method

Chemical synthesis of 4-nitrophenylazo
functionalised graphene (G/PhNO2)

Chemical synthesis of gold nanoparticle-dotted 4nitrophenylazo functionalised graphene (AuNp/G/PhNO2)

Microscopic
characterisations:
HRTEM, SEM, EDX,
and AFM

Spectroscopic
characterisation:
UV-Vis and
Raman

Electrochemical
characterisations: CV,
SWV, EIS and
chronocoulometry

The design of AuNp/G/PhNO2 and G/PhNO2 sensor platforms
with [Ru(bpy)3]2+ mediated in Nafion on GCE and PDMA

Construction of DON mycotoxin
immunosensors using
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2,
GCE/Nafion/
Ru(bpy)3]2+/AuNp/G/PhNO2 and
GCE/PDMA/ AuNp/G/PhNO2

Detection of tripropylamine via
electrochemiluminescent system using
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2,
GCE/Nafion/
Ru(bpy)3]2+/AuNp/G/PhNO2

Characterisation/optimisation of
immunosensors, and detection of DON
mycotoxin via impedimetric system

Results discussion, conclusions and
recommendations

Scheme 1: Research framework.
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1.5 Thesis layout
Chapter Two: Literature Review. This chapter discusses in details the properties of the
different nanomaterials employed in the design of impedimetric sensing platforms for
detection and determination of deoxynivalenol mycotoxin; and the fundamental principles of
the different analytical techniques employed.

Chapter Three: Experimental procedures and analytical methods. This chapter gives detailed
research methodologies; general experimental procedures; chemicals and
preparations;

chemical

synthesis;

electrochemical

synthesis;

sample

characterizations

and

construction of immunosensor platforms for the determination of deoxynivalenol mycotoxin
via impedimetric system.

Chapter Four: Result discussion: Part one. The detailed account of characterizations for the
synthesised

gold

nanoparticles-dotted

4-nitrophenylazo

functionalised

graphene

(AuNp/G/PhNO2) is presented including its application in constructing thin film sensor
platforms with: tris (bipyridine) ruthenium (II) chloride ([Ru(bpy)3]Cl2) as a cationic reactant
mediated in Nafion and poly (2, 5-dimethoxyaniline).

Chapter Five: Result discussion: Part two. This chapter presents the optimisation and
characterisation of DON immunosensors, fabricated with the three sensor platforms that was
developed in chapter four. The results obtained from the application of these immunosensors
in the determination of DON in standard samples and real samples via impedimetric system
are also discussed.
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Chapter Six: Conclusions and Recommendations. This chapter discusses and draws
conclusions regarding the success of the developed DON immunosensors with
recommendations.
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Chapter Two

Literature Review

This chapter discusses in details the properties of the different nanomaterials employed in the design of impedimetric sensing platforms for
detection and determination of deoxynivalenol mycotoxin; and the
fundamental principles of the different analytical techniques employed.

2.1 Deoxynivalenol mycotoxin
DON is a type B trichothecene mycotoxin, a group of naturally occurring low molecular
weight metabolite and chemical by-product of Fusarium graminearum and Fusarium
culmorum fungal species [2]. Trichothecenes belong to a class of mycotoxins that are
commonly found in cereals like barley, wheat, oats, rice and maize. They are classified into
group A and group B compounds depending on their structure.

The most important types of group A-trichothecene are T-2 toxin and HT-2 toxin.
Deoxynivalenol (DON) and Nivalenol (NIV) fall within group B-trichothecene. Group B
trichothecene causes feed refusal, vomiting, anaemia, haemorrhage and immune-suppression
in livestock; and humans [5]. DON often co-exists with other mycotoxins such as zearalenone
and Nivalenol. DON levels range from µg/kg to tens of mg/kg and vary year-to-year
depending on the climate, season, geographic conditions and agronomic practice.
Deoxynivalenol structure is characterized as a tetra-cyclic sesquiterpene with seven stereo
centres, six oxygen atoms consisting of an epoxide which would allow for multiple hydrogen
bonding, a carbonyl, cyclic ether and three alcoholic OH groups [43-44]. Figure 2.1 and
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Table 2.1 shows the chemical structure and physio-chemical properties of DON respectively
[2].

Figure 2.1: Chemical structure of deoxynivalenol.

Table 2.1: Physio-chemical properties of deoxynivalenol

Property

Information

IUPAC Name

12, 13-epoxy-3α, 7α, 15-trihydroxytrichothec-9-en-8-one

Molecular formula

C15H20O6

Molecular weight

296.3157 [g/mol]

Melting point

151-153oC

Boiling point

543.9±50 oC

Flash point

206.9±2.5 oC

Vapour Pressure (Torr)

4.26×10–14 25°C

Physical appearance

white crystalline

Purity

At least 98% by TLC

Solubility

Soluble in polar organic solvents as acetonitrile, methanol,
ethyl acetate and slightly soluble in water
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Deoxynivalenol is very toxic but it has not been reported as having carcinogenic, teratogenic
or mutagenic properties [7, 45-46]. The most important structural features causing the
biological activities of DON are: the 12, 13-epoxy ring, the presence of hydroxyl/acetyl
groups and their position in the chemical structure of DON. Other mycotoxins like T-2 toxin,
HT-2 toxin and Nivalenol (NIV) also have the same effect but it appears that they differ in
their toxic capacities and it is not clear whether they work via identical mechanisms at
cellular level [44]. The main toxic effect of DON at biochemical and cellular level are [2]:

 strong inhibition of protein synthesis via binding to the ribosome
 induction of apoptosis particularly in lymphatic and haematopoietic tissue
 inhibitory effect on RNA and DNA synthesis
 toxic effects on cell membranes and human immune function

Acute effects of DON mycotoxin in animal and human includes reduced feed uptake, nausea,
vomiting, diarrhoea, abdominal pain, headache, dizziness, fever, skin irritation and immunesuppression. No human death has yet been attributed to DON. Humans are directly exposed
to these risks through foods of plant origin (cereal grains) or indirectly through foods of
animal origin (kidney, liver, milk, eggs) [5, 7]. Provisional maximum tolerated daily intake
(PMTDI) of DON is 1µg/kg body weight (BW), as mentioned earlier was established by the
World Health Organization Joint Expert Committee on Food Additives on the basis of the
NOAEL [8].
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2.2 Metallic nanoparticles
Nanoparticles are dispersed mono or multi-component nano-materials in nanoscale (1-100
nm diameters) range. They exhibit novel optical and catalytic properties that differ
significantly from those of their monometallic counterparts. Size-dependent properties are
observed such as surface plasmon resonance in some metal particles and super
paramagnetism in magnetic materials [26, 47].

The history of nanoparticle research is long and the use of these particles dates back to the
9th century in Mesopotamia when artisans used them to generate a glittering effect on the
surface of pots. Since then it has gained prominence as ideal synthetic building block, nut and
bolt for constructing new and useful nanomaterials. Its research is currently the most studied
branch of science with applications in various fields. The unprecedented properties of
nanoparticles have fostered their use in data storage devices, spintronic devices,
heterogeneous catalysts, electrochemical sensors, water-treatment devices, fuel cells,
micro/nanoreactors, optoelectronics and plasmonic devices [21-22, 24].

Nanoparticles can be synthesized and modified with various chemical functional groups
which allow them to be conjugated with antibodies, ligands, drugs of interest and thus
opening a wide range of potential applications in biotechnology, magnetic separation, preconcentration of target analyte, targeted drug delivery, vehicles for gene and more
importantly, diagnostic imaging among many other applications. Nanoparticles improve the
immobilized quantity of biological substances due to their large specific surface area, high
surface adsorption, good stability and biocompatibility. They also effectively avoid the
inactivation resulting from labelling at multiple sites due to their steric hindrance [22, 25-26,
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48]. The synthesis of nanoparticles is grouped into two phases: Liquid phase fabrication and
gas (vapour) phase fabrication.

2.2.1 Liquid phase fabrication
Liquid phase fabrication, LPF, method includes solvothermal reactions, sol-gel, micellar
structured and media reactions. The basic idea is to produce atoms in solution which will be
reduced into nanoparticles, and to control their final size and shape by means of a surfactant
which will strongly absorb to the nanocrystal surfaces, see Figure 2.3 for illustration [49].
Capping ligands/ surfactant play a vital role as controller of the crystal growth (by slowing it
down or stopping it), the crystal shape (by attaching selectively to deferent crystal surfaces
during growth), and the monomer concentration (by capturing atoms and releasing them
later).

A strong reducing agent such as NaBH4 or hydrazine typically generates narrower particles,
and is usually coupled with strong surfactants for example PVP or PVA to maintain the
particle sizes as well as avoid agglomeration when dispersed. Particle size is controlled by
varying surfactant concentration, water-to-surfactant molar ratio (ω), precursor concentration,
and molar ratio of reducing agent-to-reagent (R). Particle size increases due to particle
agglomeration at higher precursor concentrations. Regardless of the way of producing atoms
in solution, similar mechanisms in the nucleation and growing processes controlled by the
surfactant are observed.
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Liquid-solid
surface reaction

Liquid-phase
reaction

Nanoparticles
(S)

Primary
particles (S)

Intermediate
(S) (L)

Precursor
(S) (L)

Grain growth

Nanoclusters (S)
Nucleation/
condensation

Agglomeration

Figure 2.3: Mechanism of liquid phase fabrication.

2.2.2 Gas (vapour) phase fabrication
Gas (vapour) phase fabrication, GPF, includes Pyrolysis (Spray Pyrolysis), Inert Gas
Condensation (Chemical Vapour Deposition and Physical Vapour Deposition) etc. This
method generally involves precursor vaporization (this typically requires a catalyst),
nucleation and growth stage. Irrespective of the various ways of vaporising the precursor,
they all observe similar mechanisms in the nucleation and growth stage; see Figure 2.4 [49].

Evaporation
Precursor
(S) (L) (G)

Gas-solid
surface
reaction

Gas phase
reaction

Precursor
(G)

Intermediate
(G)

Grain growth

Primary
particles
(S)

Nanoparticles
(S)

Nanoclusters (S)
Supersaturation

Nucleation/
condensation

Figure 2.4: Mechanism of gas phase fabrication.
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Agglomeration

2.3 Graphene
Graphene is an allotrope of carbon, a monolayer of sp2-bonded carbon atoms tightly packed
into a two-dimensional (2D) lattice (Figure 2.5). It is almost completely transparent, yet so
dense that even the smallest atom helium cannot pass through it. Graphene has huge surface
area (2600 m2/g), high chemical stability and conducts electricity as efficiently as copper. It
outperforms all other materials as a conductor of heat. The electrical conductivity of graphene
can be enhanced by absorbed nanoparticles acting as donors or acceptors.

This is possible due to its huge surface area which serves as scaffold to anchor large amount
of nanoparticles and also assist in promoting selectivity and efficiency of catalytic processes
[35, 50]. The enhanced electrical conductivity and mechanical properties make graphene an
excellent material for collecting and transporting charge in photo-electrochemical solar cells,
photo-catalysis and electrochemical sensors. Graphene-based nano-sheets give lithium-ion
batteries more energy storage; Graphene sensor is 1,000 times more sensitive to light, could
enable ultra-low-light photography; transparent graphene-based display could enable contact
lens computers etc.

Figure 2.5: Graphene.
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Invariably the application of functionalised graphene in the design of electrochemical sensors
is based on the change of its electrical conductivity (σ) due to adsorption of molecules on
graphene surface [36, 51]. The change in conductivity can be attributed to the change in
carrier concentration of graphene due to the absorbed nanoparticles acting as donors or
acceptors. Furthermore, some interesting properties of graphene aid to increase its sensitivity
up to single atom or molecular level detection:

 First, graphene is a two-dimensional (2D) material and its whole volume i.e., all
carbon atoms are exposed to the analyte of interest [52].
 Second, graphene is highly conductive with low Johnson noise (electronic noise
generated by the thermal agitation of the charge carriers inside an electrical conductor
at equilibrium, which happens regardless of any applied voltage), therefore, a little
change in carrier concentration can cause a notable variation of electrical
conductivity.
 Third, graphene has very few crystal defects ensuring a low level of noise caused by
thermal switching
 Finally, four-probe measurements can be made on single crystal graphene device with
Ohmic electrical contacts having low resistance

2.4 Polymer
A polymer is a chemical compound with high molecular weight consisting of a repeating
number of structural units (monomers) which are linked together by covalent bonds. The
word "polymer" can be broken down into "poly" (meaning "many" in Greek) and "mer"
(meaning "unit"). This indicates how the chemical composition of a polymer is composed of
monomer bonded together into larger molecule. The chemical reaction that covalently bonds
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monomers together is called polymerization. It can be naturally occurring or synthetic and
their general characteristics include:

 Low density
 Economical
 Good mould ability
 Poor tensile strength
 Low mechanical properties
 Poor temperature resistance
 Good corrosion resistance
 Low coefficient of friction
 Excellent surface finish is achievable
 It can be produced in different colours

Because of these broad ranges of properties, both synthetic and natural polymers play an
essential and ubiquitous role in everyday life. [31, 53]. The characterization of a polymer
requires several parameters which need to be specified. This is because a polymer consists of
a statistical distribution of chains of varying lengths, and each chain consists of monomer
residues which affect its properties. However, we will further review polymer in two broad
classes based on their mode of occurrence- synthetic polymers and natural polymers.

2.4.1 Natural polymers
These are polymers that results from raw materials that occur in nature and extracted by
human for everyday use. Natural polymers include RNA and DNA which are so vital in

22

genes and life processes. Other examples of natural polymers are silk, wool, cellulose, rubber,
protein etc

2.4.2 Synthetic polymer
These are human made polymers. They can either be characterized from the utility point of
view, mode of polymerization reaction or monomer composition.

2.4.2.1 Characterization by utility point of view:
Synthetic polymers are hereby characterised into four main groups as thermosets,
thermoplastics, synthetic fibres and elastomers.

 Thermoplastic is a polymer material that can melt or be moulded when heated above
specific temperature and returns back to its solid state when cooled. Thermoplastics
are composed of polymer chains with strong intermolecular forces which increase
upon cooling and restore its bulk properties. Examples of thermoplastics are poly
(methyl methacrylate) (PMMA), nylon, polyethylene, polystyrene, polypropylene,
polyvinyl chloride and Teflon [54].

 Thermoset is a polymer material that toughens or hardens by irreversible cross
linking of its polymer chains through chemical additives, heat, ultraviolet radiation or
electron beam. This process is called vulcanization. Unlike thermoplastics, they do
not melt but break down and do not reform upon cooling. Examples are the
polyurethanes, vulcanized rubber, bakelite, duroplast,urea-formaldehyde, melamine
resin, epoxy resin, polyimides, cyanate esters or polycyanurates [55].

23

 Synthetic fibres are man-made polymers made from chemical resources. They are
manufactured using plant materials and minerals. Synthetic fibres are continuous
filament fibres and do not spun out into yarn. They are resistant to most chemicals;
electrostatic; flame resistant; heat sensitive; easy to wash; have low moisture
absorbency; resistant to insects, fungi and rot. Synthetic fibres have unique properties
which make them popular dress materials such as stain resistance, easy to dry,
durable, readily available and easy to maintain. However they are prone to heat
damage, they burn more readily than natural, more electrostatic charge is generated by
rubbing than with natural fibres. Common examples of synthetic fibres are nylon,
polyester, carbon fibre, acrylic, olefin and modacrylic [56].

 Elastomers is a rubbery material composed of long polymers, that are capable of
recovering their original shape after being stretched to great extents, hence the name
elastomer, from “elastic polymer’’. Common examples of elastomers are
polybutadiene, polyisoprene, polyisobutylene and polyurethane [57].

2.4.2.2 Characterization by mode of polymerization reaction

 Addition polymers are polymers in which the same or different monomer molecules
bond to each other without the loss of any other atoms. They are usually linear or
branched polymers with little or no cross-linking. Alkene monomers are the biggest
groups of polymers in this class. Table 2.2 shows some common addition polymers,
their formula, monomer and uses.

24

Table 2.2: Some common addition polymers, their formula, monomer and uses

Names

Formular

Polyethylene

Monomer

Uses

ethylene

Film

CH2=CH2

Plastic bags

wrap,

–(CH2-CH2)n–
low density (LDPE)

Electrical
ethylene

Polyethylene
–(CH2-CH2)n–

insulation

high density (HDPE)

CH2=CH2
bottles, Toys
propylene

Polypropylene
–[CH2-CH(CH3)]n–

Upholstery

(PP) different grades

CH2=CHCH3

Poly(vinyl

vinyl

chloride)

chloride Pipes, Siding,

–(CH2-CHCl)n–
(PVC)

CH2=CHCl

Poly(vinylidene chloride)

vinylidene

Flooring
chloride Seat

covers,

–(CH2-CCl2)n–
(Saran A)

CH2=CCl2

films

Polystyrene

styrene

Toys, Cabinets

CH2=CHC6H5

packaging

–[CH2-CH(C6H5)]n–
(PS)

acrylonitrile

Polyacrylonitrile
–(CH2-CHCN)n–
(PAN, Orlon, Acrilan)

Rugs, Blankets
CH2=CHCN
Non-stick

Polytetrafluoroethylene

tetrafluoroethylene

surfaces

CF2=CF2

electrical

–(CF2-CF2)n–
(PTFE, Teflon)

insulation
Poly(methyl

–[CH2-

methyl
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methacrylate Lighting

C(CH3)CO2CH3]n–

methacrylate)

CH2=C(CH3)CO2CH3

(PMMA, Lucite, Plexiglas)
Poly(vinyl

Signs

skylights

acetate) –(CH2-

vinyl

CHOCOCH3)n–

(PVAc)

covers,

acetate Latex

CH2=CHOCOCH3

paints,

Adhesives
Requires

–[CH2cis-Polyisoprene

isoprene

vulcanization

CH2=CH-C(CH3)=CH2

for

CH=C(CH3)natural rubber

practical

CH2]n–
use
Polychloroprene (cis

+

Synthetic
–[CH2-CH=CCl-

chloroprene

trans)

rubber
CH2]n–

CH2=CH-CCl=CH2

(Neoprene)

oil resistant

 Condensation polymers are polymers in which usually two different monomer units
combine with the loss of a small molecule, typically water. Condensation polymers
form more slowly than addition polymer, often requiring heat and are generally low in
molecular weight. The terminal functional groups on the chain remain active as the
groups of shorter chains combine into longer chains in the late stages of
polymerization. The polar functional group on the chains often enhances crystallinity,
tensile strength and chain-chain attractions, mostly if these involve hydrogen bonding.
Table 2.3 shows some common condensation polymers, their formula, monomer and
uses.
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Table 2.3: Some common condensation polymers, their formula, monomer and uses

Names

Formular

Components

Uses

Polyester

para

Dacron

CO2H

Mylar

HO-CH2CH2-OH

Polycarbonate

HO-C6H4-)2C(CH3)2

Lexan

HO2C-C6H4- Clothing,
films, tapes

(Bisphenol

Plastic canopy

A) for aircraft

X2C=O
(X = OCH3 or Cl)
Polyamide

—[CO(CH2)4CO-

HO2C-(CH2)4-CO2H

Women hose,

Nylon 66

NH(CH2)6NH]n—

H2N-(CH2)6-NH2

rope, fabric
carpeting
Bullet proof

Polyamide
Kevlar

para

HO2C-C6H4- vests

CO2H
para H2N-C6H4-NH2
Electrical

Polyamide
Nomex

meta

HO2C-C6H4- laminates

CO2H
meta H2N-C6H4-NH2
Foams

Polyurethane
Spandex
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2.4.2.3 Characterisation by monomer composition

 Homopolymers are polymers that consist of chains with identical bonding linkages to
the same type of monomer units. This implies that the polymer is made from all
identical molecules and bonding linkages. . Common examples are poly (ethylene
terephthalate), poly(hexamethylene adipamide) and poly(vinyl alcohol) These may be
represented as [58-59]:
—AAAAA—AAAAA—AAAAA—

 Copolymers are polymers that consist of chains with two or more different type of
linkages and usually involving two or more different types of monomer units. This
implies that two or more different types of monomer units are joined to in the same
polymer chain. Copolymers are classified based on how these monomer units are
arranged along the chain [58-60], examples include:

Alternating copolymers are polymers which consist of two monomer units A
and B that are arranged in an alternating fashion with nearly equimolar
amounts of each in the chain.
—ABABABABABABABAB—

Statistical copolymers are polymers in which the sequence of monomer
residues follows a statistical rule. The monomeric units are distributed
randomly, and sometimes unevenly, in the polymer chain.
—ABBAAABAABBBABAABA—
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Block copolymers are polymers which comprise of two or more
homopolymer sub-units linked by covalent bonds. Instead of a mixed
distribution of monomeric units, a long sequence or block of one monomer is
joined to a block of the second monomer. Block copolymers with two or three
distinct blocks are called di-block copolymers and tri-block copolymers
(terpolymer), respectively.
—AAAAA—BBBBBBB—AAAAAAA—BBB—

Branched copolymers consist of a single main chain with one or more
polymeric side chains. Other special types of branched copolymers include
star copolymers, brush copolymers, graft copolymers and comb copolymers.
Graft copolymers are a special type of branched copolymer in which the side
chains are structurally distinct from the main chain. As the name suggests, side
chains of a given monomer are attached to the main chain of the second
monomer.
—AAAAAAA(BBBBBBB—)AAAAAAA(BBBB—)AAA—

Linear copolymers consist of a single main chain.

2.5 Ionomers
Ionomers are special kind of polyelectrolytes that contains a small amount of ionic repeat
groups covalently bonded to the polymer chain with maximum ionic group content of about
15 mol % [61-62]. The percentage is calculated from the number of backbone atoms or repeat
units to which ionic groups are attached. The percentage of ionic groups corresponds to the
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different structures for the ionomers with long pendant chains (Nafion) and with short
pendant chains (Dow membranes), and therefore different properties, even if the backbone is
identical. For this reason, the equivalent weight (EW) which is the amount of ionomer (in
grams) that contains 1 mol of ionic groups is also an indication of the ionic content [61].

These ionic groups are usually acids or salts with fixed anions on the polymer chain and
mobile cations. There is a huge difference in the hydrophobicity between the ionic groups
and the rest of the polymer [63]. This causes micro-phase separation of the ionomer into ionic
aggregates surrounded by a hydrophobic matrix. The interactions within the ionic aggregates
and between the aggregates and the matrix are what control the morphology and properties of
the ionomers [64]. Ionomers therefore can also be defined as ion containing polymers in
which the bulk properties are governed by ionic interactions in discrete regions of the ionic
aggregates [61]. It has been reported that the inclusion of small amounts of ionic groups into
organic polymers can modify the physical properties of the materials profoundly while
maintaining reasonable processability. Increases in the glass transition by five hundred
degrees. And increases in the viscosity by over four orders magnitude have been observed,
among many other effects [62, 65].

Due to the fascinating changes in property brought about by the presence of the ionic groups,
ionomers have been used in a wide range of applications that utilize different aspects of their
unique properties. They have widespread applications in packaging, adhesive and coating
technologies due to their excellent toughness, acid functionality and compatibility with
various solvents. They have been processed into membranes for a variety of electrochemical
devices owing to their high ionic conductivity. Protonated ionomer membranes have been
extensively used as the electrolyte in fuel cells. Applications have also been explored in using
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ionomers as catalysts because of their high acidity along with their nature as separation media
[63, 66].

2.6 Nafion
Ion-containing polymers have been around for some time; however the past fifteen years
have witnessed an explosive growth in the literature on ionomers. Most of the research effort
on these ionomers have been devoted to the ethylenes, styrenes, rubbers, and those based on
poly(tetrafluoroethylene).

Nafion®

DuPont

is

one

such

example

of

a

poly(tetrafluoroethylene) based ionomer [61]. It consists of a polytetrafluoroethylene
backbone and regular spaced long perfluorovinyl ether pendant side chains terminated by a
sulfonate anionic group [65].

The polymeric chain is chemically and thermally stable, making it very suitable as a
backbone for very thin membranes while the acid groups are very appropriate for ion
exchange. Nafion® DuPont is the first synthetic ionic polymer and is a brand name for a
series of fluorinated sulfonic acid copolymers. The sulfonic acid groups are chemically
active, but they are fixed within the Teflon polymer matrix. Thus, Nafion is resistant to
chemical breakdown; therefore it is applied as membranes in fuel cells [62]. DuPont de
Nemours was the first one in 1962 to develop it [63, 65]. Since then it has etched applications
in, fuel cells, liquid and gas separations.

Because of its ion-exchange properties, selectivity, mechanical strength, biocompatibility,
insolubility in water, thermal and chemical resistance, its application is only limited by
imagination and prudence. It been reported that Nafion can bind molecules through
coulombic and/or hydrophobic interactions [38-40, 67]. It can also facilitate electron transfer
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from an enzyme active centre to the electrode surface and acts as a weak mediator for redoxactive probes [40, 62, 66]. Nafion films therefore have been used extensively for the
modification of electrode surfaces and for the construction of biosensors and chemical
sensors. Conversely the rate of charge transfer in pure Nafion film is relatively slow due to its
compact nature which is unfavourable for diffusion of analyte. The stability of the ECL
sensor based on a pure Nafion film-modified electrode is challenging because immobilised
luminophore/cationic reactants such as tris (bipyridine) ruthenium(II), [Ru(bpy)3]2+, migrates
into electro-inactive hydrophobic region of the ionomer with time, thereby losing
electrochemical contact with the electrode [68-71]. The chemical formula is:

Figure 2.6: The chemical formula of Nafion.

The exact structure of Nafion is not known. Nevertheless several models have been proposed
since the early 1970s, to describe the way in which ionic groups aggregate within the
polymer. These models include: The Mauritz-Hopfinger Model [64, 72-74], The Yeager
Three Phase Model [75], The Eisenberg Model of Hydrocarbon Ionomers [76] and The
Gierke Cluster Network Model [72, 77]. A common objective of these models is to predict
the fundamental feature of unique equilibrium ionic selectivities and the ionic transport
properties of per-fluorinated ionomer membranes.
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Due to the electrostatic interactions between the ions and the ion pairs in the parent polymer,
ionic groups tend to aggregate to form tightly packed regions referred to as clusters. The
hydrophobic region is composed of the polymer fluorocarbon backbone while the hydrophilic
region contains the ionic groups and their counter ions [78]. The details on the arrangement
of the ionic groups within these clusters have not completely been realized. No one model so
far provided a complete explanation of the ionomer properties. Many base these properties on
extensive micro-phase split morphology [74, 78].

Figure 2.7: The Yeager 3 Phase Model of Nafion® Clusters.

Figure 2.7 shows Yeager Three Phase phenomenological model based on a three-phase
clustered system with interconnecting channels within the polymer. The three regions consist
of (A) fluorocarbon backbone (B) an interfacial region of relatively large fractional void
volume containing some pendant side chains, some water and sulphate or carboxylic groups
and counter ions which are not in clusters, and (C) clustered regions where the majority of the
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ionic exchange sites and counter ions exist. Nafion exhibited remarked properties due to the
extensive micro-phase separation morphology as seen from numerous researchers. We chose
to apply Nafion in this study due to its ionic morphology and inherent ionomer properties.

2.7 Sensor
A sensor is a device that can detect and respond to a parameter or an input quantity
continuously and convert it into a functionally related output signal which can be read by an
instrument [79-80]. There are innumerable applications for sensors which include cars,
machines, aerospace, medicine, manufacturing, robotics etc. A sensor's sensitivity indicates
how much the sensor's output changes when the measured quantity changes. It is the ratio
between output signal and measured property. A good sensor must:

 be sensitive to the measured property only- Smallest changes in the measured
property must be detected by the sensor
 be insensitive to any other property likely to be encountered in its application.
 reproduce the same results repeatedly - The reading must not vary when repeatedly
measured under the same conditions
 have a signal output that is proportional or bear a mathematical relationship to the
amount of species present in the sample
 have good signal-to-noise ratio, which determines the limit of the detection
 have a fast response time
 not influence the measured property
 be accurate
 be cost effective
 be environmentally friendly
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Nevertheless, ideal sensors are far from reality in spite of enormous advances over the past
decades. In actuality, a sensor is generally optimized for a particular application. The
sensitivity and selectivity aspects of chemical sensing are affected by the phase, dimensional,
and temporal aspects of the desired determination. The analyte can be present in a gas, liquid,
or solid phase on various dimensional scales ranging from bulk volumes of litres to picolitres.
There are three main types of sensors based on the property of the entity sensed- physical
sensors, chemical sensors and biosensors [80].

2.7.1 Physical sensor
A physical sensor is a device that provides information about a physical parameter of the
system [80-81]. They are different from chemical sensors in that they measure parameters
such as temperature, humidity, speed, depth/pressure, turbidity that regulates the transfer or
flux of mass or energy. Physical sensors are named according to the type of physical
parameter it measures.

Example is turbidimeter used for estimating turbidity of a solution by detecting the
attenuation of light as it passes through solution sample using a transmissometer,
nephelometer is another turbidity sensor that emit light into the water and then measure how
much light is scattered to the side at a 90-degree angle (The amount of scattered light is
proportional to the turbidity), fluorometer is used to measure coloured (or chromophoric)
dissolved organic matter (CDOM) in a solution, thermocouple measures temperature and
convert it to an output voltage which can be read by a voltmeter, the motion detectors are
based on the infra red, ultrasonic and microwave and are used in videogames, simulations,
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light activation and security detection, the accelerometers are based on the micro electromechanical sensor technology and are used for vehicle dynamic systems. And so on.

2.7.2 Chemical sensors
A chemical sensor is a device that transforms chemical information (which may originate
from a chemical reaction of the analyte or from a physical property of the system), ranging
from the concentration of a specific sample component to total composition analysis, into an
analytically useful signal [80, 82]. Chemical sensors contain usually two basic components
connected in series: a chemical (molecular) recognition system (receptor) and a physicochemical transducer [81]. Example is the biosensors- These are based on the electrochemical
technology. They are used for food testing, medical care device, water testing, and biological
warfare agent detection etc. Chemical sensors contain two basic functional units: a receptor
part and a transducer part.

2.7.2.1 The receptor
This transforms the chemical information into a form of energy which can be measured by
the transducer [80]. The receptor part of chemical sensors may be based upon various
principles as shown in Figure 2.8.
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The receptor

Physical
Where no chemical reaction takes place- absorbance, refractive index,
conductivity, temperature or mass change

Chemical
In which a chemical reaction with participation of the analyte gives rise to
the analytical signal

Biochemical
In which a biochemical process is the source of the analytical signal. This
can be further grouped as biocomplexing-microbial potentiometric sensors
or immunosensors and biocatalytic- enzyme, cells, tissues

Figure 2.8: Functional principles of the receptor.

2.7.2.2 The transducer
This converts the energy carrying the chemical information about the sample into a useful
output signal with a defined sensitivity [80]. Chemical sensors may be classified according to
the operating principle of the transducer as shown in Figure 2.9.
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Chemical sensors

Electrochemical

Optical

Piezoelectric

Amperometry

Colorimetric (NP, QDs)

QCM

Potentiometry

Fluorimetric (fluorescent

Cantilever

Voltammetry

chemicals)

Ultrasonic

Conductometry

Luminometric (chemo/bio)

Acoustic emission

Impedimetry

RI (SPR, interferometer, resonant

Other actuators

mirror) fibre-optic

Figure 2.9: Classification of chemical sensor based on operating principle of the transducer.

Another basis for the classification of chemical sensors may be according to the mode of
application, for example sensors intended for use in vivo or sensors for process monitoring
and so on. Chemical sensors have also been classified according to its application to
detect/determine a given analyte. It is possible to use various classifications as long as they
are based on clearly defined and logically arranged principles [80]. The capability of
chemical sensing technology is substantial and has grown steadily over the past several
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decades. However, for the purpose of this research we will be looking at biosensor and
immunosensor specifically.

2.7.3 Biosensors
A biosensor is an analytical device designed for the detection of an analyte by combining a
biological recognition component (enzyme, antibody, cell receptor, DNA, microorganisms,
organelles, nucleic acids etc) with a physicochemical signal transducer. This biomimetic
component recognises and binds with the analyte under study. Then the signal transducer
(electrode, optical detector, piezo crystal etc.) converts the biochemical response into electric
and optic signals which are amplified, measured and decoded by an appropriate electronic
unit. Biosensor consists of 3 parts [80-81, 83]:

 The biological recognition component (enzyme, antibody, cell receptor, DNA,
microorganisms, organelles, nucleic acids etc)
 The ''transducer'' or the ''detector element'' (which functions based on electrochemical;
optical or piezoelectric principles)
 Signal processors that are primarily responsible for the display of the results in a userfriendly way.

Biosensors can be grouped according to their biological element or their transduction
principle. The instrument is described as an affinity sensor when the detected event is the
binding of the sensing element and the analyte. When the interaction between the biological
element and the analyte is accompanied by a chemical change in which the concentration of
one of the substrates or products is measured the instrument is described as a metabolism
sensor. Furthermore, if analytical signal is produced after binding with the analyte without
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chemically changing it save for converting an auxiliary substrate, the biosensor is called a
catalytic sensor. Antibody-based biosensors are called immunosensors [83-84].

2.7.3.1 Immunosensor
Immunosensors are affinity ligand-based analytical devices that use antibody or antigen as
the specific sensing element and transduce the antigen-antibody interactions directly into
signals that are related to analyte concentration. The basic principle is the specific binding of
an antibody to an antigen to form a stable complex [85-86]. Immunosensors have simplified
analytical procedures, the possibility of miniaturization, shortened analysis times, lower
detection limits, specificity and increased assay sensitivities [87-88]. Immunoanalysis is done
by measuring several signals associated with the antigen-antibody interactions of known
antigen concentrations. A standard curve which represents the measured signal as a function
various concentrations of the antigen is constructed and the value of the unknown antigen
(analyte) concentration is extracted from this calibration curve [89-90].

The degree of selectivity or specificity of an immunosensor depends on the bio-recognition
element, while the sensitivity of the sensor greatly depends on the transducer. Therefore the
design of an optimum interface between bio-components and detector material is a key part
of designing an immunosensor [14-15]. This can be achieved by two different procedures
namely; biomolecular immobilization and free biomolecular methods. The former is
preferred to the later due to its operational advantages which include reusability, enhanced
stability, rapid termination of reaction, ease of separating biocatalyst from product and
reduced cost of operation [14, 88, 91].
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The procedure of biomolecule immobilization on conductive surfaces is a very important step
which has direct effect on performance of the resulting immunosensor [92]. For a choice of
biomolecule immobilization procedure to be effective, the biomolecule should be compatible
and chemically inert towards host structure; should be accessible when immobilized; must
retain its biological properties and be stable on the transducer surface [93-94]. There are three
ways of attaching a biomolecule to a transducer: (a) covalent binding, (b) attachment by
affinity interactions and (c) physical entrapment.

2.7.3.2 Covalent binding
This is a process by which biomaterials are linked with a previously functionalized polymer
or by incorporating it into the polymer matrix through electrosynthesis of the polymer using
enzyme-functionalized monomers [14, 94]. The first design allows immobilization to take
place on the outer surface of the polymer while the second design allows greater amount of
biomaterial to be integrated into the polymer matrix (see Figure 2.10) [42, 95].

2.7.3.3 Attachment by affinity interactions (encapsulation and confining)
This method involves the adsorption of biomolecule on the polymer/solution interface due to
static interactions between the polycationic matrix of an oxidized polymer and an anionic
biomolecule provided the pH is higher than the isoelectric point (IP) of the biomolecule [93].
This process has some limitations like adsorption is restricted to one monolayer on the
polymer surface hence amount of enzyme incorporated is very small, binding forces can
change with pH, biomaterial is immobilized on the outer layer of conducting polymer and so
it is directly exposed to the bulk solution which makes it leach out into sample solution
during measurements (see Figure 2.10) [42, 94, 96].
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2.7.3.4 Electrochemical immobilization (physical adsorption)
In this method, monomer is electrochemically oxidized in the presence of a bio-molecule to
form a polymer which incorporates homogenously distributed bio-molecules during its
growth process (see Figure 2.10). This method is simple, reproducible and has the possibility
of immobilizing mediators simultaneously simply by adding them to the polymerization
solution. Electro-polymerization is ideally suited for biomolecular immobilization because of
its mild encapsulation procedure that enables high retention of the activity of a labile
encapsulated species [93-95, 97].

Figure 2.10: Methods for immobilising bio-molecules on the transducer.
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2.8 Fundamental principles of ultraviolet-visible spectroscopy
Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis) is an
absorption spectroscopic technique involving the use of light in the ultraviolet- visible
spectral region (light in the visible and adjacent i.e. near UV and near infra red ranges) to
cause electronic transitions from the ground state to the excited state in the target molecules.
The absorption in the visible range directly affects the perceived colour of the chemical
involved [98]. A light source of a fixed wavelength is shone through a sample and its
absorption (or transmission) intensity measured against a background using a detector [99].
The wavelength is then varied slightly using a diffractometer, and the process repeated until
the absorption ratio for a spectrum of wavelengths is obtained [99-100].

Cuvette
+ Sample
Light
Source

Aperture
Detector

Monochromato
r

Figure 2.11: Basic schematic representation of a UV-Vis spectrometer.

The absorption of light at a particular wavelength is determined by the ratio of transmitted
light to the incident light while Beer-Lamberts law directly relate the absorbance of the
molecules at a wavelength to the product of its concentration and the length of the light path
[98].
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A = - log [It/Ii]

(1)

Aλ = ƐλCl

(2)

Where, It = transmitted light, Ii = incident light, Aλ = molar extinction coefficient
C = Concentration, l = the length of the light path

UV-Vis spectroscopy operates basically on the principles of molecular orbitals. Briefly, all
molecules have molecular orbitals that are formed by adding or subtracting their
corresponding atomic orbitals known as bonding and anti-bonding orbitals. The bonding
orbital of a molecule is known as the highest occupied molecular orbital (HOMO) and
contains the valence electrons. The anti-bonding orbital, on the other hand, is known as the
lowest occupied molecular orbital (LUMO) and is normally devoid of electrons [101-102].

σ* (anti-bonding)
π * (anti-bonding

n (non-bonding)
π (bonding)
σ (bonding
Energy

Figure 2.12: Illustration of molecular orbital theory.

This description is applicable for single molecules only. Actually a bulk material is made up
of a number of atoms that are bonded together. The HOMOs and LUMOs of each atom add
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up to form many closely packed orbitals called bands. Two discrete bands known as the
conduction and valence bands are formed. Electrons in the valence band are coupled with
their respective nuclei, while electrons in the conduction band are separated from their
respective nuclei hence allowing for free motion within the solid [98-99].

The energy distance between the valence and conduction bands is termed band gap. The
bigger the band gap, the bigger the energy required to excite electrons from valence band into
conduction band [103]. For a smaller sized quantum dot or metal nanoparticles the band gap
is larger. This means that more energy will be required to excite an electron from its valence
band to conduction band and will in turn emit light of higher energy (i.e. shorter
wavelengths) as it relaxes to lower energy state. The reverse is also true.

The difference between the bands in solid and discrete atomic or molecular orbitals is note
worthy. The organization of energy levels is quite different between nano-materials and bulk
materials in that the nano-materials have larger band gaps and consist of more discrete energy
levels. This could be attributed to the various quantum confinement effects within nanoparticles whose sizes can be as small as only a few dozen atoms wide (couple of nanometers).
Quantum confinement is restriction from movement of the particles in one or more
dimensions. Conversely bulk solids are a composed of several thousands of atoms which
contribute to highly overlapping orbitals system, less pronounced energy bands and
consequently smaller band gap. Band gap can be calculated from UV-Vis spectra data by
applying the following formula:

Eg* = hc/λc

(3)
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Where: λc = wavelength absorbed by the sample, c = the speed of light, 299,792,458
m/s, and h = Planck’s constant, 6.62606957(29) ×10−34 J.S

UV-Vis absorption spectroscopy is an effective technique used to study particle growth of
nanocrystal. The radius of the particle is related to the absorption band by effective mass
model [104-105]. Therefore UV-Vis characterisation gives an idea about the size of the
particles under investigation since the band edge depends on the particle size.

2.9 Fundamental principles of Raman spectroscopy
Raman spectroscopy named after Sir C.V. Raman, is a spectroscopic technique used to
observe vibrational, rotational, and other low-frequency modes in a system. Basically a
monochromatic light (only one colour and not a mixture), usually from a laser in the visible,
near infrared, or near ultraviolet range is focused on a sample, most of which are absorbed,
reflected, or transmitted by the sample, see Figure 2.13 for illustration [106].

(b)

(a)
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(c)

Figure 2.13: (a) Illustration of incident light scattering and (b) energy level diagram showing
the states involved in Raman signal (c) typical Raman spectra.

A small fraction of photons interacts with the sample and during this interaction, some energy
is transmitted to elementary particles of which materials are constituted (electrons, ions etc.)
[107]. This causes their transition from ground energy levels to ‘virtual’ excited states. These
excited states are highly unstable and particles decay instantaneously to the ground state by
one of the following three different processes (see Figure 2.13) [98]:

 Rayleigh scattering: the emission of a photon of the same energy allows the
molecule to relax to its ground vibrational state (elastic scattering). Rayleigh
scattering, therefore, bears no information on vibrational energy levels of the sample.
 Stokes and anti-Stokes Raman photons (inelastic) scattering: emission of a photon
with energy either below or above that of Rayleigh photons, thereby generating a set
of frequency-shifted ‘Raman’ photons. The energy differences of the Stokes and anti-
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Stokes Raman photons with respect to the excitation energy give information about
molecular vibrational levels

Raman spectroscopy involves molecular and crystal lattice vibrations and is therefore
sensitive to the composition, bonding, chemical environment, phase, and crystalline structure
of the sample material in any physical form: gases, liquids, solutions, and crystalline or
amorphous solids [98].

2.9.1 Components of a Raman spectrometer
A typical Raman spectrometer is made up of five basic parts (see Figure 2.14) [106-107]:

 Excitation source (generally a laser): A laser is used to produce Raman spectra
because it gives a coherent beam of monochromatic light. This gives sufficient
intensity to produce a useful amount of Raman scatter [107].
 Sample illumination and scattered light collection system (probe): The probe is a
collection device that collects the scattered photons, filters out the Rayleigh scatter
and any background signal from the fibre optic cables, and sends the scattered light to
the spectrograph.
 Sample holder
 Spectrograph (spectral grid): When Raman-scattered photons enter the spectrograph;
they are passed through a transmission grating to separate them by wavelength and
are passed to a detector.
 Detection system (optical multichannel analyser, PMT or a charged coupled device,
CCD): this records the intensity of the Raman signal at each wavelength. This data is
represented as a Raman spectrum.
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Figure 2.14: Representation of basic parts Raman of spectrometer.

2.10

Fundamental principles of atomic force microscopy (AFM)

Atomic force microscopy (AFM) is an electroanalytical technique that is grouped under the
scanning probe microscopy (SPM). It has the ability to view details (morphology) at atomic
and molecular level with very high resolution, thus increasing our understanding of how
systems work and leading to new discovering in many fields like life science, material
science, electrochemistry, polymer science, biophysics, nanotechnology and biotechnology.
This technique was discovered by Gerd Binnig and Heinrich Rohrer at IBM Research in
Zurich and this earned them the Nobel Prize for Physics in 1986 [108-109].

2.10.1 Operation of AFM
The principle of operation of the AFM is very similar with that of a stylus profilometer where
a sharp cantilever tip interacts with the sample surface, sensing the local forces between the
molecules of the tip and sample surface. To measure the forces acting between a fine tip and
a sample, the tip which is attached to the free end of a cantilever is brought very close to the
surface. Attractive or repulsive forces resulting from interactions between the tip and the
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surface will cause a positive or negative bending of the cantilever. The bending is detected by
means of a laser beam, which is reflected from the back side of the cantilever (see Figure
2.15 for illustration). The microscope consist of two major components- the piezocrystals and
the probe as shown in Figure 2.15 [108-109].

Figure 2.15: Schematic illustration operational principles of AFM.

2.10.1.1

Piezocrystals

Piezocrystals are ceramic materials that expand or contract in the presence of voltage gradient
and conversely, they develop an electrical potential in response to mechanical pressure. In
this way, movements in x, y and z direction are possible [108-109].
50

2.10.1.2

Probe

The AFM probe represents a consumable and measuring cantilever with a sharp tip at one
end, which is brought into interaction with the sample surface. The dimensions of the
cantilever are in the scale of micrometers and different shapes too. V-shaped cantilevers are
the most popular (but also there are rectangular), providing low mechanical resistance to
vertical deflection, and high resistance to lateral torsion. Cantilevers typically range from 100
to 200 μm in length (l), 10 to 40 μm in width (w), and 0.3 to 2 μm in thickness (t). Integrated
cantilevers are usually made from silicon (Si) or silicon nitride (Si3N4). They are
characterized by their force constant and resonant frequency, which have to be chosen
according to the sample to be studied [108-109].

2.10.2 Modes of operation
The main modes of operation for an AFM are contact mode, non contact mode and tapping
mode.

2.10.2.1

Contact mode

In this mode, the cantilever tip makes a soft physical contact with the surface of the sample
then it is dragged across it at a constant small height above the surface or under the
conditions of a constant force, and the contours of the surface are measured directly using the
deflection of the cantilever. The deflection of the cantilever ∆x is proportional to the force
acting on the tip, via Hook’s law [108-109]:

F = -k.∆x

(4)

Where, k is the spring constant of the cantilever.
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2.10.2.2

Non-contact mode

Here the probe operates in the attractive force region and the cantilever tip-sample interaction
is minimized and the tip of the cantilever does not contact the sample surface. The use of
non-contact mode allowed scanning without influencing the shape of the sample by the tipsample forces. Also non-contact mode AFM does not suffer from tip or sample degradation
effects that are sometimes observed after taking numerous scans with contact AFM. This
makes non-contact AFM preferable to contact AFM for measuring soft samples. In most
cases, the cantilever of choice for this mode is the one having high spring constant of 20-100
N/m so that it does not stick to the sample surface at small amplitudes. The tips mainly used
for this mode are silicon probes [108-109].

2.10.2.3

Tapping mode

In tapping mode-AFM, the cantilever is oscillates close to its resonance frequency. An
electronic feedback loop ensures that the oscillation amplitude remains constant, such that a
constant tip-sample interaction is maintained during scanning. Forces that act between the
sample and the tip will not only cause a change in the oscillation amplitude, but also change
in the resonant frequency and phase of the cantilever. The amplitude is used for the feedback
and the vertical adjustments of the piezo-scanner are recorded as a height image.
Simultaneously, the phase changes are presented in the phase image (topography). The
advantages of the tapping mode are the elimination of a large part of permanent shearing
forces and the causing of less damage to the sample surface, even with stiffer probes [108109]. Example of AFM image obtained by contact mode is shown in Figure 2.16.
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Figure 2.16: AFM image of gold nanoparticles-dotted 4-nitrophenylazo functionalized
graphene (AuNp/G/PhNO2).

2.11

Fundamental principles of scanning electron microscopy (SEM)

SEM is another powerful technique that is classified under scanning probe microscopy
(SPM); it produces images of a sample by scanning it with a focused beam of high-energy
electrons. The electrons interact with atoms in the sample surface and produce various signals
that can be detected, revealing information about the sample including external morphology
(texture), chemical composition, and crystalline structure and orientation of materials making
up the sample. In most applications, data are collected over a selected area of the sample
surface and a 2-dimensional image is generated that displays spatial variations in these
properties [110-111].
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2.11.1 Components of a scanning electron microscope
A scanning electron microscope is a machine comprised of an electron generating component
called the gun, a column through which the electron beam travels, a series of lenses to shape
the electron beam, the sample chamber at the base and a series of pumps to keep the system
under vacuum [111-112].

2.11.2 Basic operation principle of SEM
The scanning electron microscope (SEM) enables the investigation of specimens with a
resolution down to the nanometre scale. Accelerated electrons from the gun carry significant
amounts of kinetic energy and it is focus on a solid sample surface through the column and
lenses. The electron-sample interaction produces variety of signal when the incident electrons
are decelerated. These signals include:

 Secondary electrons (that produce SEM images) - Secondary electrons are commonly
used for imaging samples: They are most valuable for showing morphology and
topography on samples.
 Backscattered electrons (BSE) - are also used for imaging samples. They are most
valuable for illustrating contrasts in composition in multiphase samples (i.e. for rapid
phase discrimination)
 Diffracted backscattered electrons - are used to determine crystal structures and
orientations of minerals
 Photons – these are characteristic X-ray that are used for elemental analysis and
continuum X-rays
 Visible light – Cathodeluminescenc CL and heat

54

X-ray is produced by inelastic collisions of the incident electrons with electrons in discrete
orbitals (shells) of atoms in the sample. As the excited electrons return to lower energy states,
they yield X-rays that are of a fixed wavelength (that is related to the difference in energy
levels of electrons in different shells characteristic of a given element). SEM analysis is
considered to be "non-destructive"; that is, X-rays generated by electron interactions do not
lead to volume loss of the sample, so it is possible to analyze the same materials repeatedly.
Figure 2.17 shows a schematic representation of a scanning electron microscope [108, 110112].
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Figure 2.17: Schematic representation of a scanning electron microscope.

2.12

Fundamental principles of transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a scanning probe microscopy (SPM) technique
in which a beam of electrons having energy of the order of hundreds of KeV is transmitted
through an ultra-thin specimen, interacting with the specimen as it passes through to provide
morphologic, topographic, compositional and crystallographic information of the sample. An
image is formed from the interaction of the electrons transmitted through the specimen; the
image is magnified and focused onto an imaging device or detected by a sensor such as a
CCD camera (see Figure 2.18 for illustration) [113].
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Figure 2.18: A representation of TEM operating system and a TE microscope.

The images allow researchers to view samples on a molecular level in the order of a few
angstroms (10-10 m), making it possible to analyze structure and texture at a significantly high
resolution (see example in Figure 2.19). High-resolution transmission electron microscopy
(HRTEM) is an imaging mode of the transmission electron microscope (TEM) that allows for
direct imaging of the atomic structure of the sample rather than just the morphology [98,
114]. The transmission electron microscope (TEM) operates almost on the same basic
principles as SEM as both uses electrons. However they vary and their difference are shown
in Table 2.4.
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Figure 2.19: The typical TEM image of (A) silver nanoparticles, (B) gold nanoparticles.

Table 2.4: Evaluation between TEM and SEM.

TEM

SEM

Based on transmitted electrons

Based on scattered electrons

Provides

the

composition:

details
morphology,

about

internal Focuses on the sample’s surface reactivity

crystallization, and composition.

stress or even magnetic domains
Sample in TEM has to be cut thinner

No such need with SEM sample

With TEM only small amount of sample can SEM allows for large amount of sample to
be analysed at a time

be analysed at a time

Used for imaging of dislocations, tiny Used for surfaces, powders, polished &
precipitates, grain boundaries and other defect etched microstructures, IC chips, chemical
structures in solids

segregation

Pictures are shown on fluorescent screens

Picture

Provides a 2-dimensional picture

Provides a 3-dimensional image
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is

shown

on

monitor.

2.13

Fundamental principles of Energy Dispersive X-ray Spectroscopy (EDX)

Energy Dispersive X-ray Spectroscopy (EDX) is a qualitative and quantitative X-ray micro
analytical technique that can provide information on the chemical composition of a sample.
An electron beam is focussed on the sample in either a scanning electron microscope (SEM)
or a transmission electron microscope (TEM). The electrons from the primary beam penetrate
the sample and interact with the compositional atoms. Two types of X-rays result from these
interactions: Bremsstrahlung X-rays, which means ‘braking radiation’ also referred to as
continuum or background X-rays and characteristic X-rays [115-118] (see Figure 2.20 for
illustration).

Figure 2.20: Illustration of incident electron beam on a thin sample and X-rays produced.

The X-rays are detected by an Energy Dispersive detector which displays the signal as a
spectrum, or histogram, of intensity as shown in Figure 2.21.
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Figure 2.21: A typical EDX spectrum.

Energy dispersive X-ray spectroscopy (EDX) coupled with a transmission electron
microscope with high resolution is one of the most revealing analytical methods for analysing
the composition of nanomaterials. It use of the X-ray spectrum emitted by a solid sample
bombarded with a focused beam of electrons to obtain a localized chemical analysis [117,
119].

 Qualitative analysis involves the identification of the lines in the spectrum and is
fairly straightforward owing to the simplicity of X-ray spectra.
 Quantitative analysis (determination of the concentrations of the elements present)
entails measuring line intensities for each element in the sample and for the same
elements in calibration standards of known composition.

The underlying principles for generation of X-rays and detection by EDX are the same for
SEM and TEM [115]. However, due to the differences in construction of the two types of
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microscope, and the different accelerating voltages used in their operation, there are some
differences in how EDX detectors perform on the two platforms [116, 119]. The spatial
resolution of EDX analysis in the SEM depends on the size of the interaction volume, which
in turn is controlled by the accelerating voltage and the mean atomic number of the sample, Z
[118].

For EDX in the SEM, spatial resolution and depth resolution is on the order of a few microns.
In the TEM, the sample is a thin foil and there is less spreading of the electron beam at higher
accelerating voltages, so the spatial resolution is better at higher kV. The spatial resolution of
EDX analysis in the TEM is on the order of nanometres while the depth resolution is
governed by the thickness of the sample [117, 119].

2.14

Fundamental principles of cyclic voltammetry (CV)

Cyclic voltammetry is a very versatile electrochemical technique that is classified under
sweep techniques and majorly applied in probing the mechanics of redox and transport
properties of a system in solution. It is sensitive to the mechanism of deposition and therefore
provides information on structural transitions, as well as interactions between the surface and
the ad layer. This electroanalytical technique is the most-important and most-widespread
applied electrochemical technique and is ideally suited for a quick search of redox couples
present in a system; once located, a couple may be characterized by more careful analysis of
the cyclic voltammogram

2.14.1 Instrumentation for cyclic voltammetry (CV) experiments
A three-electrode set-up is needed to perform cyclic voltammetry (CV) experiments: a
working electrode (WE), a reference electrode (RE), a counter electrode (CE), a potentiostat
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and a computer for recording and displaying results. This is accomplished by the continuous
potential scan of the WE relative to some reference electrode while the resulting current
flowing through a counter (or auxiliary) electrode is monitored in a quiescent solution by the
potentiostat. The potentiostat is a controlling electronic, designed such that the potential
between the reference and the working electrodes can be adjusted but the big impedance
between these two components effectively forces any resulting current to flow through the
auxiliary electrode [120-122]. See Figure 2.22 and 2.23 for illustration.

Analyte
Sample

Computer

Figure 2.22: A representation of potentiostatic three-electrode system.

Voltage drop exists between the reference electrode and the working electrode and this is
determined by iR as illustrated in Figure 2.22, where R is an uncompensated resistance due to
the electrolyte between the WE and the RE. This resistance causes a drop in potential in the
solution during current flow owing to Ohms law [100]. This drop increases with solution
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resistivity and with the distance between the WE and the reference point [99, 123]. Hence, it
is advisable to place the RE outside the path of ion migration between the WE and the CE.
When this is not possible because of the setup configuration, one should try to place the RE
as close as possible to the WE to avoid large potential drops between the WE and the RE,
which are responsible for incorrect potential measurement or control. The effect of
uncompensated resistance can be calculated or measured separately for a given setup; thus,
corrections can be made to enable data analysis, although at the price of larger experimental
errors [108, 124].

Figure 2.23: A pictorial representation of an electrochemical cell.

2.14.2 Definition of electrochemical terminology
To understand the working principles of cyclic voltammetry properly, I will first define some
commonly used electrochemical terminologies [99-100, 108, 121, 123-124].
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 Electrode: An electron conductor usually made of a solid material like graphite or
metal.
 Anode: The electrode where an oxidation takes place.
 Cathode: The electrode where a reduction takes place.
 Potentiostat: An electronic amplifier that controls the potential drop between an
electrode (the WE) and the electrolyte solution; it usually constitutes a RE as a
sensing component and a CE for balancing the current flow. In other words, it is a
device used to keep a working electrode (WE) at desired potential with respect to a
reference electrode (RE).
 Reference Electrode (RE): A non-polarisable (stable) electrode with a fixed
potential that sets or measures the potential of the WE. It establishes the electrical
potential against which other potentials may be measured.
 Working Electrode (WE): An electrode at which a given electrochemical reaction of
interest is examined; its potential is controlled versus the RE in a three-electrode
system.
 Counter Electrode (CE): Also called auxiliary electrode allows the reaction at the
WE to take place by accompanying it with a respective reverse reaction. In other
words it functions as a cathode whenever the working electrode is operating as an
anode and vice versa. The counter electrode often has a surface area much larger than
that of the working electrode to ensure that the half-reaction occurring at the counter
electrode can occur fast enough so as not to limit the process at the working electrode.
 Three-Electrode Arrangement: An experimental set-up used for electroanalytical
measurements consisting of WE, RE, CE and usually using a potentiostat as the
measuring and controlling device.
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 Electrolyte Solution: An ionic conductor; here, an aqueous solution containing a
dissolved inorganic salt.
 Electro-catalysis: An effect that increases the reaction rate of an electrochemical
reaction at a given potential by decreasing the over potential needed to drive the
reaction to a certain current.
 Standard Potential (Eo): Represents the equilibrium potential of an electrode under
standard conditions, i.e., in solutions with the relative activities of all components
being unity and under a pressure of 1 atm and pH 7.0 (mV).
 Formal Potential (Eθ): Replaces the standard potential when the activities of the
species involved and of the side-reactions are unknown or too complex. It is
arithmetic mean of the anodic and cathodic peak potentials of an electrochemical
reaction involving redox species (mV).

Eθ =

Epa + Epc

(5)

2
 Start Potential: The set potential of the WE at the start of a scan in a voltammetric
experiment.
 Peak Potential (Ep): The potential of the working electrode at which the peak current
in a voltammetric measurement is obtained (mV).
 Scan Rate (ν): The speed of potential change per unit of time in a voltammetric
experiment (mV/s).
 Current (I): The flow of electric charge (A).
 Current Density (j): Current divided by the electrode surface area (Am-2).
 Capacitive Current (Ic): The current related to the change in the electrode surface
charge, not related to an oxidation/reduction reaction.
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 Faradaic Current (If): The current generated from the oxidation (positive current) or
reduction (negative current) of chemical species.
 Peak Current (Ip): The maximum current at the working electrode in a voltammetric
measurement (A).
 Charge (q): Its values can be determined by the integration of current-time curves
(C).

2.14.3 Principles for the generation of a cyclic voltammetric curve
Usually the potential is scanned back and forth linearly with time between two extreme
values [121, 125]. When the potential of the working electrode is more positive (i.e. if
scanned from a negative to a positive potential) than that of a redox couple present in the
solution, the corresponding species may be oxidized (i.e. electrons going from the solution to
the electrode) and produce an anodic current. The current is first observed to peak at E pa (with
value Ipa) indicating that an oxidation is taking place and then drops due to depletion of the
reducing species from the diffusion layer [100, 126].

During the return scan, the processes are reversed as the working electrode potential becomes
more negative (i.e. scanning from a positive to negative potential) than the reduction potential
of a redox couple, electrons flows away from the electrode and reduction occurs to cause a
cathodic current. By IUPAC convention, anodic currents are positive and cathodic currents
negative [108, 121, 123, 125-126]. A linearly dependent potential relative to the RE is
imposed on the working electrode beginning at an initial potential (E i) to final (or reverse)
potential (E f) and then returns to the initial potential. The potential at which the change in
direction occurs is also known as the switch potential. The scan rate (ν) is the change of
potential as function of time and can be deduced from the gradient of the curve [99, 108].
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Scan rate is the same for both directions and it is always written with positive numbers.
Potential and current are interrelated because they are both functions of time, therefore the
current flow can be plotted as a function of the applied electrode voltage. A typical cyclic
voltammogram is shown in Figure 2.24

(a)

Figure 2.24: (a) A typical cyclic voltammetry potential waveform
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Ef

Ei

(b)

Figure 2.24: (b) Expected response of a redox couple.

The overall electrochemical rate of the many processes occurring at the working electrode
surface can be determined by the magnitude of the observed faradaic current. The slowest
rate determines the rate as is the case for any multi-step process. For any redox reaction
induced at a working electrode, the rate determining step may be any one of the following:

 rate of mass transport of the electroactive species in solution,
 rate of adsorption or de-sorption at the electrode surface,
 rate of the electron transfer between the electroactive species and the electrode,
interfacial electron transfer.
 rate of the individual chemical reactions which are part of the overall reaction scheme.
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For the oxidation reaction involving n electrons (4), the Nernst equation gives the relationship
between the potential and the concentrations of the oxidized and reduced form of the redox
couple at equilibrium (at 298 K) as shown in equation (6)

(6)

(7)

Where E is the applied potential and E 0' the formal potential; [OX] and [Red] represent
surface concentrations at the electrode/solution interface, not bulk solution concentrations.
Note that the Nernst equation may or may not be obeyed depending on the system or on the
experimental conditions [108, 126-127]. There are three main types of processes usually
encountered in cyclic voltammetric experiments, the reversible, quasi-reversible and
irreversible process.

2.14.4 Analytical criteria to identify a reversible processes
For reversible charge-transfer processes (diffusion-controlled) where there is no surface
interaction between the electrode and the reagents, and that the redox products are stable, at
least in the time frame of the experiment:

 the ratio of the reverse and the forward current I pr/Ipf = 1.0
 the corresponding peak potentials E pa and Epc are independent of scan rate and
concentration
 the formal potential is centered between E pa and Epc: E0'= (Epa + Epc)/2
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 separation between peaks is given by Ep = Epa – Epc = 59/n mV (for a n electron
transfer reaction) at all scan rates (however, the measured value for a reversible
process is generally higher due to uncompensated solution resistance and non-linear
diffusion. Larger values of Ep, which increase with increasing scan rate, are
characteristic of slow electron transfer kinetics).

It is possible to relate the half-peak potential (E p/2, where the current is half of the peak
current) to the polarographic half-wave potential, E1/2: Ep/2 = E1/2 ± 29 mV/n (The sign is
positive for a reduction process.) For multi-electron-transfer (reversible) processes, the cyclic
voltammogram consists of several distinct peaks, if the E o values for the individual steps are
successively higher and are well separated [100, 128-129]. The electrochemical processes are
occurring at the interface of two different phases, the electrode and the electroactive species
in solution. Therefore the processes under studies are usually heterogeneous in nature. For the
electron transfer to occur therefore, the molecules in solution have to approach the electrode.

In a cyclic voltammetry experiment, when the solution is kept unstirred, mass transport can
occur only by diffusion due to concentration gradients created around the electrode surface.
The magnitude of the observed signal will be very much a function of these diffusional
properties of the system. Intuitively, the current intensity (i.e. the flow of electrons) is
expected to depend on the surface area of the working electrode and the concentration of the
electroactive species. Also, one can expect the voltage scanning rate to affect the
concentration profile around the electrode which itself directly affects the rate of charge
transport, and for this matter the diffusion coefficient appears explicitly. The expression of
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the peak current (A) for the forward sweep in a reversible system at 298 K is given by the
Randles–Sevcik equation [98, 100, 130]:

(8)

Where n is the number of electron equivalent exchanged during the redox process, A (cm2)
the active area of the working electrode, D (cm2/s) and C* (mol/cm3) the diffusion coefficient
and the bulk concentration of the electroactive species; ν is the voltage scan rate (mV/s).

Epa

Epa

Epa

Epc

Epc

Epc

Figure 2.25: Qualitative diagrams showing concentration-distance profile.

Figure 2.25 represents concentration-distance profile at various stage of the cyclic
voltammogram; the solid lines correspond to the reducing species and the dotted lines to the
oxidizing species.
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2.14.5 Analytical criteria to identify a irreversible processes
To distinguish between reversible (diffusion-controlled) and irreversible (charge-transfer
controlled) kinetics of electrode processes, potential scan-rate is used as diagnostic tool.

 The rate of reagent transport is proportional to square root of scan-rate. Thus in one
experimental set a shift in reversibility might be executed and analysis of Ep vs. ν1/2
gives information on reversibility and applicability of further calculations [100].

 Irreversible processes are those with sluggish electron exchange, therefore the
individual peaks are reduced in size and widely separated. Totally irreversible systems
are characterized by a shift of the peak potential with the scan rate [99]:

Ep = E° - (RT/αnF) [0.78 - ln(ko/(D)1/2) + ln (αnaFν/RT)1/2]

(9)

Where α is the transfer coefficient and n is the number of electrons involved in the chargetransfer step. Thus, Ep occurs at potentials higher than E°, with the over potential related to k°
(standard rate constant) and α. Independent of the value k°, such peak displacement can be
compensated by an appropriate change of the scan rate. The peak potential and the half-peak
potential (at 25 oC) will differ by 48/αn mV [100]. Hence, the voltammogram becomes more
drawn-out as αn decreases. The peak current, given by:

ip = (2.99x105)n(αna)1/2ACD1/2ν1/2

(10)

And is still proportional to the bulk concentration, but will be lower in height (depending
upon the value of α). Assuming α = 0.5, the ratio of the reversible-to-irreversible current
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peaks is 1.27 (i.e. the peak current for the irreversible process is about 80% of the peak for a
reversible one).

2.14.6 Analytical criteria to identify a quasi-reversible processes
For quasi-reversible systems (with 10 -1 > k° > 10-5 cm/s) the current is controlled by both the
charge transfer and mass transport. The shape of the cyclic voltammogram is a function of the
ratio k°/(πνnFD/RT)1/2. As the ratio increases, the process approaches the reversible case. For
small values of it, the system exhibits an irreversible behavior. Overall, the voltammogram of
a quasi-reversible system are more drawn out and exhibit a larger separation in peak
potentials compared to a reversible system [99-100]. For quasi-reversible reaction (Ep up to
200 mV) a numerical approach brings values of function Ψ (see Figure 2.26):

Ψ = ks (Dox/Dred)α/2 / [ Doxπ(nF/RT)]1/2

(11)

Summarily, the following analytical condition distinguishes quasi-reversible processes:

 |Ip| increases with ν1/2 but is not proportional to it
 Ipa = Ipc or Ipa/Ipc = 1 provided αc = αa = 0.5
 ΔEp is greater than 59/n mV and increases with increasing ν
 Epc shifts negatively with increasing ν.
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Figure 2.26: Illustrative cyclic voltammogram for an irreversible electrochemistry process
(Curve A) and for a quasi-reversible process (Curve B)

2.15

Fundamental principles of square wave voltammetry (SWV)

Square wave voltammetry is an electroanalytical technique that is classified under pulse
technique. It is a derivative of linear sweep voltammetry. In linear sweep voltammetry the
current at a working electrode is measured while the potential between the working electrode
and a reference electrode is swept linearly in time [128, 131]. But in this technique, a
potential waveform, consisting of a square wave of constant amplitude is applied to the
working electrode, oxidation or reduction of species is registered as a peak in the current
signal at the potential at which the species begins to be oxidized or reduced, see Figure 2.27
(a).

The current is measured at the end of each half circle, right before the next, so that the
contribution to the current signal from the capacitive charging current is minimized, and the
current measured on the reverse half-cycle (Ir) is subtracted from the current measured on the
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forward half-cycle (If). This difference current (If - Ir) is displayed as a function of the applied
potential. A square wave voltammogram therefore is just a graph of the difference (∆Ф)
between these two currents as a function of the applied potential (E-Eo), see Figure 2.27 (b).
A typical potential wave form for square wave voltammogram is shown in Figure 2.27 (a)
[100, 132].

(a)

.

(b)

Figure 2.27: (a) Excitation signal for square wave voltammetry, (b) Theoretical square-wave
voltammogram.
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2.16

Fundamental principles of electrochemical impedance spectroscopy

Electrical impedance is the measure of the opposition to the passage of a current when a
voltage is applied in a circuit. It is the frequency domain ratio of the voltage to the current.
Quantitatively, it is the complex ratio of the voltage to the current in an alternating circuit
(AC). Impedance is measured as a function of the frequency of the ac source [133]. The
technique where the cell or electrode impedance is plotted vs. frequency is called
electrochemical impedance spectroscopy (EIS). EIS studies the system response to the
application of a periodic or perturbative small amplitude ac signal and these measurements
are carried out in a range of ac frequencies [126, 134-137].

The response of the system as a function of the perturbation frequency can reveal internal
dynamics [137]. EIS is capable of high precision and is frequently used for the evaluation of
heterogeneous charge-transfer parameters and for the studies of double-layer structure.
Impedance in ac circuits possesses both magnitude and phase unlike resistance which has
only magnitude. There is no distinction between impedance and resistance when a circuit is
driven by a direct current (DC), it can be thought of as impedance with zero phase angles
[133, 138].

2.16.1 Operating principle of electrochemical impedance spectroscopy EIS.
Basically, as mentioned in the last section, EIS is performed by applying a small, sinusoidal
voltage or current signal to an electrochemical cell, and measuring the system’s response to
the applied current or voltage with respect to amplitude and phase repeatedly for a range of
different frequencies [100, 137, 139]. This is done so that the cell's response is pseudo-linear.
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In a linear (or pseudo-linear) system, the current response to a sinusoidal potential will be a
sinusoid at the same frequency but shifted in phase [99] (see Figure 2.28)

Figure 2.28: Sinusoidal Current Response in a Linear System.

The excitation signal when expressed as a function of time has the form,

(12)

Where, Et is the potential at time t, Eo is the amplitude of the signal and ω is the radial
frequency. The relationship between radial frequency ω (expressed in radians/second) and
frequency f (expressed in hertz) is [135]:

(13)
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In a linear system, the response signal, It, is shifted in phase (Φ) and has different amplitude
than I0 as expressed in equation (13) [134, 140-142]:

(14)

An expression analogous to Ohm's Law allows us to calculate the total impedance of the
system in terms of a magnitude, Zo, and a phase shift, Φ as:

(15)

And in terms of frequency with real and imaginary components as:

Z(jω)

E(jω)
=

I(jω)

=

Zʹ(ω) + jZʹʹ(ω)

(16)

Where Zʹ(ω) and jZʹʹ(ω) are real and imaginary impedance respectively, j = √-1 and is an
imaginary number.

For a sinusoidal current (AC) or voltage input, the polar form of the complex impedance
relates the amplitude and phase of the voltage and current [98, 141]. In particular,

 The magnitude of the complex impedance is the ratio of the voltage amplitude to the

current amplitude.
 The phase of the complex impedance is the phase shift by which the current is ahead

of the voltage.
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Frequency-domain analysis requires that the system under investigation is linear or at least
can be linearized with respect to signal amplitudes in its working point. The concept of
impedance in ac circuits is necessary because there are two additional mechanisms impeding
the flow of current besides the normal resistance of DC circuits. The mechanisms include
[134, 143]:

 Inductance, which is the generation of voltages in conductors self-induced by the
magnetic fields of currents
 Capacitance, which is the electrostatic storage of charge induced by voltages
between conductors

The impedance caused by these two effects is collectively referred to as reactance and forms
the imaginary part of complex impedance whereas resistance forms the real part. In
general, impedance will be a complex number, with the same units as resistance, for which
the SI unit is the Ohm (Ω). The reciprocal of impedance is admittance which is the currentto-voltage ratio, and it conventionally carries units of Siemens [141, 143].

2.16.2 Data presentation
To simplify the calculations of impedances, the result obtained from the periodic perturbation
of an electrical circuit may be represented using complex notation and various forms of graph
[100, 139]. The most common is the Nyquist and Bode plots. The expression for total
impedance Z(ω) is composed of a real and an imaginary part (see Figure 2.29 ).
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Figure 2.29: Typical impedance diagram.

2.16.2.1

Nyquist plot

If the real part (Zr) is plotted on the X-axis and the imaginary part (Zi) is plotted on the Y-axis
of a chart) over a wide frequency range normally 100 kHz to 0 Hz, we get a "Nyquist Plot"
(see Figure 2.30). Interpretation of the Nyquist plots is most often used in the electrochemical
literature because they allow for an easy prediction of the circuit elements. Nyquist plots
allow for an easy relation to the electrical model [144-145].

(a)
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(b)

Figure 2.30: (a) a typical Nyquist plot (b) Nyquist plot showing some kinetic parameters.

Notice that in this plot, the Y-axis is negative and that each point on the Nyquist Plot is the
impedance at one frequency. Figure 2.30 (a) has been annotated to show that low frequency
data are on the right side of the plot and higher frequencies are on the left. A major
shortcoming of Nyquist plot is the when you look at any data point on the plot; you cannot
tell what frequency was used to record that point [145-146].

2.16.2.2

Bode plot

In the Bode plot, the impedance is plotted with log frequency on the X-axis and both the
absolute values of the impedance (|Z| = Z0) and the phase-shift on the Y-axis. Bode plots
contain all the necessary information. That is why Bode plots are mainly used in the circuit
analysis. The Bode magnitude plots may be easily predicted from the circuit impedance.
Unlike the Nyquist Plot, the Bode Plot does show frequency information (see Figure 2.31)
[99, 138].
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Log I/(Cdl)
Log |Z|

Phase angle (deg)

Log (Rct + Rs)

Log Rs
Log Frequency
Figure 2.31: Typical Bode plot.

2.16.3 Electric circuit components
An electric circuit is formed by individual electronic components through which electric
current (I) can flow continuously [135, 139, 147]. The electronic components include ideal
resistors (R), capacitors (C), and inductors (L) Voltage (v) is the measure of potential energy
present in a circuit capable to move electrons from one point to another one (see Table 2.4 ).
The opposition to a motion of free electrons in a circuit is called resistance (R) and similar to
voltage, it is relative to two points. Capacitors and inductors are associated with space-charge
polarization regions, such as the electrochemical double layer, and adsorption/desorption
processes at an electrode, respectively. By Ohm’s law voltage is the product of resistance and
current [141];

Voltage (V) = current (I) x resistance (R)

(17)
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Table 2.5: Electric circuit components

Component

Current Vs.Voltage

Impedance

Resistor (R)

E= IR

Z=R

Capacitor (C)

I = C dE/dt

Z = 1/jωC

Inductor (L)

E = L dI/dt

Z = jωL

2.16.4 Resistor
The resistor is independent of frequency and has no imaginary component. With only a real
impedance component, the current through a resistor stays in phase with the voltage across
the resistor [99].

2.16.5 Inductor
The impedance of an inductor increases as frequency increases. Inductors have only an
imaginary impedance component. As a result, the current through an inductor is phase-shifted
-90 degrees with respect to the voltage [99].

2.16.6 Capacitor
A capacitor's impedance decreases as the frequency is raised. Capacitors also have only an
imaginary impedance component. The current through a capacitor is phase shifted 90 degrees
with respect to the voltage. The impedance versus frequency behaviour of a capacitor is
opposite to that of an inductor [99].
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2.16.7 Serial and parallel combinations of circuit elements
Only a few electrochemical cells can be modelled using a single equivalent circuit element.
EIS models usually consist of a number of elements in a network in which the circuit
elements can be arranged in series and parallel connections [135]. Fortunately, there are
simple formulas that describe the impedance of circuit elements in both parallel and series
combination.

For linear impedance elements in parallel as shown below (Figure 2.32), you calculate the
equivalent impedance from [143]:

1
Zeq

=

1
Z1

+

1
Z2

+

1

(18)

Z3

Z1

Z2

Z3

Figure 2.32: Impedances in Parallel.

For linear impedance elements in series as shown below Figure 2.33, you calculate the
equivalent impedance from:

Zeq = Z1 + Z2 + Z3

(19)
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Z1

Z2

Z3

Figure 2.33: Impedances in Series.

A common circuit used for impedance data modelling is Randle equivalent circuit as shown
in Figure 2.34.

Cd

Rs
Rct

Figure 2.34: Randles equivalent circuit in series with the solution resistance.

2.16.8 Equivalent electrical circuit modelling
In a typical equivalent circuit, resistors represent conductive pathways for ion and electron
transfer. They therefore represent the bulk resistance of a material to charge transport such as
the resistance of the electrolyte to ion transport or the resistance of a conductor to electron
transport. Resistors are also used to represent the resistance to the charge-transfer process at
the electrode surface. Other sources that contribute to the resistance of a cell are solution
resistance (Rs) and charge transfer resistance (R ct) [99, 136, 145].

EIS data are commonly analyzed by fitting to an equivalent electrical circuit model. An
equivalent circuit consist of a number of circuit elements in a network in which the elements
can be arranged in series and parallel connections, and at any frequency, the circuit is able to
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give the same electrical response as to an electrical ac-stimulus as the electrochemical system
under examination [99, 136, 145].

Equivalent circuit modelling of EIS data is used to extract physically meaningful properties
of the electrochemical system by modelling the impedance data in terms of an electrical
circuit composed of ideal resistors (R), capacitors (C), and inductors (L). Examples of
common equivalent circuit models are shown in Table 2.6. Because we are dealing with real
systems that do not behave ideally with processes that occur in distributed time and space, we
often use specialized circuit elements. These include the generalized constant phase element
(CPE) and Warburg element (ZW).

Table 2.6: Common equivalent circuit models

Equivalent Element

Admittance

Impedance

R

1/R

R

C

JωC

1/ JωC

L

1/ JωL

JωL

W (infinite Warburg)

Y0√(jω)

1/Y0√(jω)

O (finite Warburg)

Y0√(jω)Coth(B√(jω))

Tanh(B√(jω))/Y0√(jω

Q (CPE)

Y0(jω)α

1/Y0(jω)α
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2.16.8.1

Warburg element (ZW)

The Warburg element is used to represent the diffusion or mass transport impedances of the
cell. It is the resistance associated with the diffusion of ions across the electrode/electrolyte
interface [134-135, 148]. Warburg depends on the frequency of the potential perturbation. At
high frequencies, the Warburg impedance is small since diffusing reactants don't have to
move very far. At low frequencies, the reactants have to diffuse farther, increasing the
Warburg-impedance. On a Nyquist Plot the Warburg impedance appears as a diagonal line
with a slope of 45°. On a Bode Plot, the Warburg impedance exhibits a phase shift of 45°.
Infinite Warburg impedance is represented by the equation [134, 143]:

(20)

With σ, the Warburg coefficient mathematically defined as,

(21)

Where, ω = radial frequency, D o = diffusion coefficient of the oxidant, DR = diffusion
coefficient of the reductant, A = surface area of the electrode and n = number of electrons
involved.

This form of the Warburg impedance is only valid if the diffusion layer has an infinite
thickness. If the diffusion layer is bounded (as in thin-layer cell or coated samples), the
impedance at lower frequencies no longer obeys equation (21) [134, 143]. Instead, we get the
form:
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(22)

Where, δ = Nernst diffusion layer thickness, D = some average value of the diffusion
coefficient of the diffusing species
This equation is called the finite Warburg. For high frequencies where ω → ∞, or for an
infinite thickness of the diffusion layer where δ → ∞, tanh (δ(jω/D)½).

2.16.8.2

Constant phase element (CPE)

The constant phase element is an equivalent circuit component that models the behaviour of a
double layer which is an imperfect capacitor. Capacitors in EIS experiments often do not
behave ideally. Instead, they act like a constant phase element as defined in equation (23)
[134, 142].

(23)

Where Yo = C = the capacitance, α = exponent equalling 1 for a capacitor. For a constant
phase element, the exponent α is less than one. The "double layer capacitor" on real cells
often behaves like a CPE, not a capacitor.

2.16.8.3

Electrochemical double layer capacitance

An electrical double layer exists on the interface between an electrode and its surrounding
electrolyte. This double layer is formed as ions from the solution adsorb onto the electrode
surface [148-149]. The charged electrode is separated from the charged ions by an insulating
space, often on the order of angstroms. Charges separated by an insulator form a capacitor so
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a bare metal immersed in an electrolyte will behave like a capacitor. The value of the double
layer capacitance depends on many variables - Electrode potential, temperature, ionic
concentrations, types of ions, oxide layers, electrode roughness, impurity adsorption, etc
[148-149].

2.16.8.4

Solution resistance

This is simply means resistance to the flow of ions in between the working electrode and the
reference electrode in ionic solution. Solution resistance is often a significant factor in the
impedance of an electrochemical cell [134, 142]. A modern three electrode potentiostat
compensates for the solution resistance between the counter and reference electrodes.
However, any solution resistance between the reference electrode and the working electrode
must be considered when you model your cell. The resistance of an ionic solution depends on
the ionic concentration, type of ions, temperature, and the geometry of the area in which
current is carried. In a bounded area with area, A, and length, l, carrying a uniform current,
the resistance is defined as [135, 149]:

(24)

Where, ρ is the solution resistivity. The reciprocal of ρ is called the conductivity (κ) of the
solution and its relationship with solution resistance is:

(25)

Standard chemical handbooks will often list κ values for specific solutions. For other
solutions, you can calculate κ from specific ion conductances. The units of κ are Siemens per
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meter (S/m) [98, 100, 141]. The Siemen is the reciprocal of the ohm, so 1 S = 1/ohm.
Unfortunately, most electrochemical cells do not have uniform current distribution through a
definite electrolyte area. The major problem in calculating solution resistance therefore
concerns determination of the current flow path and the geometry of the electrolyte that
carries the current. Fortunately, we usually do not calculate solution resistance from ionic
conductances. Instead, we calculate it when we fit experimental EIS data to a model [98,
141].

2.16.8.5

Charge transfer resistance

Characteristic quantity for a single, kinetically-controlled electrochemical reaction, indicative
of its inherent speed: a large charge-transfer resistance indicates a slow reaction. This charge
transfer reaction has a certain speed. The speed depends on the kind of reaction, the
temperature, the concentration of the reaction products and the potential [140, 150]. The
general relation between the potential and the current (which is directly related with the
amount of electrons and so the charge transfer via Faradays law) is:

(26)

Where, io = exchange current density, Co = concentration of oxidant at the electrode surface,
Co* = concentration of oxidant in the bulk, CR = concentration of reductant at the electrode
surface, CR* = concentration of the reductant in the bulk, η = over potential (E app – Eoc), F =
Faradays constant, T = temperature, R = gas constant, a = reaction order and n = number of
electrons involved.
When the concentration in the bulk is the same as at the electrode surface, C o = Co* and CR =
CR*, this equation simplifies into:
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(27)

This is called Butler-Volmer equation. It is applicable when the polarization depends only on
the charge-transfer kinetics. Stirring the solution to minimize the diffusion layer thickness
can help minimize concentration polarization. When the over potential, η, is very small and
the electrochemical system is at equilibrium, the expression for the charge-transfer resistance
changes to [99-100, 126]:

(28)

From this equation the exchange current density can be calculated when R ct is known.

2.17

Fundamental principles of chronoamperometry (CA)

Chronoamperometry is a very powerful square wave pulsed voltammetric technique where
the potential of the working electrode is stepped and the corresponding current due to
faradaic processes is measured as a function of time. The recorded current can be analysed
and its nature can be identified from the variations with time. As with all pulsed techniques,
chronoamperometry generates high charging currents, which decay exponentially with time
as any RC circuit [141].. The Faradaic current which is due to electron transfer events and is
most often the current component of interest decays as described in the Cottrell equation
below. For example: at short times the capacitive current is dominant (I ∝ e-t/RC; with R =
solution resistance and C = capacitance) while at longer time scales, the diffusion limited
faradaic current might prevail (I ∝ t-1/2) [128].
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Faradaic currents result from electrochemical reactions at the electrode surface. From the
position of the current peak (peak potential), the nature of the species can be deduced.
Usually under potentiostatic conditions, faradaic currents are slower to diminish than
capacitive currents [141]. The chosen scan rate should therefore be slow enough to reduce the
charging current, without letting the magnitude of the faradaic current decline below noise
level. In case of fast scan rates, there might be an overlap with the capacitive current. Usually
in these cases, one will employ a range of scan rate allowing for detailed analysis of the
electrochemical components [128].

At the beginning of the transient experiment the potential of the working electrode is held at
EI, see Figure 2.35 (a) . At t=0 the potential is instantaneously changed to a new value E f, and
corresponding current time response is recorded as shown in Figure 2.35 (b) [99, 151]

First
Step Time
Ef

Second
Step Time
(a)

Quite
Time
EI

Ic

(b)
Io

Time

Figure 2.35: Chronoamperometric experiment.
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Figure 2.35, (a) is the potential-time profile applied during experiment, E I is initial value is
the potential where no reduction of Ox occurs and E f is the second step potential or other
potential of interest where reduction/oxidation of electroactive specie occurs (b) the
corresponding response of the current due to changes of the potential.

In order to determine the exact form of current-time dependence for a planar electrode or the
current density, Cottrell equation is used [128, 141]:

nF.√Do.Co
|I| =

(29)

√πt

This is also simplified as [152],

i=

nFACo√Do

(t-1/2)

(30)

1/2
Where, n = number of electrons transferred per ion or molecule (eq/mol), F = Faraday’s
constant (96,485 C/eq), A = electrode surface area (cm2), Co = concentration of Ox (mol/cm),
Do = diffusion coefficient of Ox (cm /s), t = time (s).

For diffusion controlled process, it can be noticed that the current decreases as a function of t
-1/2

. This feature is frequently used as a test for this type of process and from the slope of I vs.

t-1/2 the diffusion coefficient Do can be calculated [141].

It is important, that such an analysis has to be applied over a broad time interval in order to
ensure the reliability of results. At short times the current consists of a large non faradaic
component due to charging of the double-layer capacitance. The non-faradaic current decays
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exponentially with time constant RuCd, where, Ru is an uncompensated resistance and Cd is
the double layer capacitance [99]:

|I| =

E
Ru

e-t/RuCd

(31)

Thus, the time constant RuCd will determine the shortest time required to conduct the
chronoamperometric experiment. Therefore, measurements should be performed for times
which are much greater than RuCd. After passing the time equal to RuCd, the double layer
capacitance is charged by 63 % and after 3RuCd by 95 %. See equation (30). Thus, knowing
the time constant one can easily estimate the time needed for double layer charging [99-100].

At long time, however, the natural convection (may be caused by temperature and
concentration gradients) comes into effect and diffusion in that case is not the only mode of
the mass transport. Hence, the typical time range of chronoamperometric measurements lies
normally in the range from 0.001 to 10 s. However, there are a number of additional
instrumental and experimental limitations. For example, current and voltage characteristics of
a potentiostat can limit the current maximum and time resolution [128, 141].

Even though the chronoamperometry is relatively simple technique, there are a number of
difficulties, which are related to the interpretation of the current-transient curve. Hence, it is
very important to find the possibility of comparative analysis of the chronoamperometric
results with the results of cyclic voltammetry and other techniques. This type of comparison
will also help to understand the studied system more completely and with better precision
[99, 128].
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2.18

Fundamental principles of chronocoulometry (CC)

Chronocoulometry is

a

controlled

potential

electroanalytical technique

involving

measurement of the charge vs. time response to an applied potential step waveform. The
shape of the resulting chronocoulogram can be understood by considering the concentration
gradients in the solution adjacent to the electrode surface.

Chronocoulometry (CC) and chronoamperometry (CA) have the same potential wave form
which is one of the simplest potential wave forms as shown in Figure 2.36.
Chronocoulometry is useful for measuring electrode surface areas, diffusion coefficients, the
time window of an electrochemical cell, adsorption of electroactive species, and the
mechanisms and rate constants for chemical reactions coupled to electron transfer reactions
[108, 128, 131-132, 152-153].

Figure 2.36: Potential wave form for chronocoulometry.
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Typically the experiment starts at a potential (Initial E) at which there is no electrolysis. The
potential is then changed instantaneously (stepped) to a value that leads to oxidation or
reduction of some species in solution (First step E) and is held at that potential for a userdefined time period (First step time). In a single potential step experiment, the experiment is
complete at the end of this first step time. In a double potential step experiment, the potential
is stepped to a third potential (Second step E) at which the species formed on the first step is
re-electrolyzed (in many instances, the Second step E is identical to the Initial E).

The first and second potential steps are also often referred to as the forward and reverse
potential steps respectively. The effects of the changes in potential used in the CC experiment
can be understood by considering the Nernst equation, which relates the applied potential E
(in V), the formal redox potential E o, and the surface concentrations (C s) of the relevant
electroactive species. For the redox couple Ox + ne = Red, the Nernst equation is shown in
equation (32) [99, 141, 152-153]:

s
0.059 log C Ox
E = E +
CsRed
n

(32)

o

Where, n = number of electrons transferred.

2.18.1 Concentration response
The changes in the surface concentration that accompany a potential step establish
concentration gradients in the solution adjacent to the electrode surface. These gradients can
be illustrated graphically using concentration-distance profiles. It is important to note that
diffusion is the only mode of mass transport used in the CC experiment; that is, the solution
must be in a quiescent state [128, 131].
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2.18.2 Current response
The response to a potential step is current due to the electrolysis of Ox or Red. Current vs.
time experiment (chronoamperometry) has been explained in section 2.17. Upon application
of each potential step, there is a current “spike” followed by a gradual decay in the current,
see Figure 2.35 (b). This response can be rationalized by noting that current is a measure of
the rate of electrolysis. The current “spike” that follows the application of the potential step is
due to electrolysis of the molecules adjacent to the electrode surface [152]. And the current is
described by Cottrell equation (29) [131].

2.18.3 Charge response
Charge is the integral of current with respect to time; therefore response for the CC
experiment can be obtained by integrating the current response for the CA experiment, and is
shown in the Figure 2.37 [128, 132].

.

Figure 2.37: Charge response due to changes of the potential.
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Similarly, the equation for the Q vs. t curve (the Anson equation) is obtained by integrating
the Cottrell equation.

Q=

2nFACo√Do

(t1/2)

(33)

1/2

From Ansons equation, Q is a function of t 1/2. Since the value of Q at any time is a measure
of the amount of Ox that has been reduced up to that point, the charge will decrease following
the reverse step due to the re-oxidation of R generated by the first potential step. And from
the slope of Q Vs t1/2, we can calculate the electrode surface areas, diffusion coefficients, and
concentration of adsorbed electroactive species [132, 152].

2.18.4 Adsorption
Chronocoulometry is particularly useful for studying electroactive material that is adsorbed
on an electrode surface [153]. The key feature is that the charge due to electrolysis of the
adsorbed species can be distinguished from the charge that is due to electrolysis of solution
species. This distinction is based on the fact that the adsorbed material is on the electrode
surface and hence is electrolyzed immediately upon application of the potential step, whereas
solution species must diffuse to the electrode surface in order to react. The total charge (Q)
measured in response to the potential step comes from three sources [128, 131]:

 charging of the double layer (Qdl)
 electrolysis of adsorbed species(Qad)
 electrolysis of solution (diffusing) species (Qdiff)
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That is:

Q = Qdiff + Qads + Qdl

(34)

Q = 2nFACD½ Π-½ t ½ + nFAΓ0 + Qdl

(35)

Where, Qdiff = charge due to electrolysis of solution species
Qads = charge due to electrolysis of adsorbed species
Qdl = double-layer charge
Γ* = surface concentration of adsorbed species (mol cm-2)
D = diffusion coefficient of solution species (cm2 s-1)
A = Surface area of the glassy carbon electrode, 0.071 cm2
F = Faraday’s constant, 95484.56 C mol-1
C = Concentration of the electrolyte, 0.1 M
t = Time of potential step (s)
T = time following potential step (s)

The intercept of Q versus t½ plot is the sum of Qdl and Qads. The Qdl can be eliminated from
the equation by running identical experiment on the electrolyte alone [152-153].
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2.19

Fundamental principles of electrochemiluminescence (ECL)

2.19.1 Luminescence
Luminescence is the emission of light which occurs when electrons within an excited
molecule relaxes radiatively (moves from its higher energetic state) to less energetic state or
to its ground state [89]. There are many types of luminescence and they are classified
according to their different sources of excitation energy:

Bioluminescence (BL) is produced by living organisms e.g. glow worms, fireflies etc; radioluminescence (RL) is a result of bombardment by ionizing radiation; electroluminescence
(EL) results from an electric current passed through a substance; piezo-luminescence (PL) is
produced by the action of pressure on certain solids; photoluminescence (which includes
fluorescence and phosphorescence) is produced by absorption of radiant energy, for
phosphorescence the luminescence continues after the radiation causing it has stopped, while
for fluorescence the luminescence ceases very shortly after the radiation causing it ceases
(see Figure 2.38); thermo-luminescence (TL) is the re-emission of absorbed light when the
substance is heated; Chemiluminescence (CL) is produced by chemical reactions and
electrochemiluminescence (ECL) is produced by electrochemical reactions.

Chemiluminescence and electrochemiluminescence do not require irradiation of the sample.
This is a unique advantage over other luminescence methods because the problem of light
scattering, source instability and high background signals due to unselective photo excitation
as frequently encountered in photoluminescence is avoided completely [154].
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Figure 2.38: Illustration of excitation and relaxation pathways of an atom: (1) Vibrational
relaxation, (2) Internal conversion, (3) Absorption, (4) Fluorescence, (5) Intersystem
crossing, (6) Phosphorescence

Luminescence measurements and visualization techniques have gained more attention due to
the dangers inherent in radioactivity-based methods and its dramatic increase in sensitivity.
The analytical sensitivity of CL- and ECL- based immunoassays is better than that obtained
with radioactive labels. Detection limits are at sub-picomolar level and detection can be made
in a wide linear dynamic range. CL and ECL labels are typically extremely stable, with shelflives in excess of one year at room temperature. For these reasons and more, their
applications have grown from clinical assays to DNA sequencing, antioxidant detection and
high-throughput screening.
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2.19.2 Electrochemiluminescence
Electrochemiluminescence (ECL) by simple definition is the emission of light observed when
the excited product of an electrochemical reaction relaxes radiatively to its ground state. The
reactants that produce this luminescence are formed in situ in the vicinity of an electrode
surface to which appropriate potential is applied [155]. By comparison with conventional
analytical methods and simple chemiluminescence, highly reactive reagents are produced at a
known time, position and concentration from stable precursors and the procedures of storage,
handling and mixing of reactive reagents are circumvented.

2.19.3 Components of an electrochemiluminescent system
Electrochemiluminescent systems consist of four major components (see Figure 2.39 for
schematic illustration):

 Electrochemical instrument/ potentiostat; which consists of an electrochemical
cell, which has the following three electrodes; working, reference and counter. To
monitor the electrochemical reaction.
 Photomultiplier tube (PMT); used as a light detector. The tube multiplies the effect
of light that strikes it & converts photons of light into electrical signals so that the
light can be precisely measured.
 Photodiode; It’s a type of a photo detector capable of converting light into either
current voltage.
 Charge coupled device (CCD); is positioned to collect light from the working
electrode, and hence detect ECL.
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Figure 2.39: Schematic illustration of electrochemiluminescent components.

2.19.4 Mechanisms of electrochemiluminescence
Electrochemiluminescence involves the electro-generation of highly reducing and oxidizing
species in the vicinity of the electrode surface, which then annihilate with each other to form
excited state compounds if the excitation energy of the compounds produced are smaller than
the potential difference of the reduced and oxidized radical. The species that can emit light
when electrochemically excited are called ECL luminophores.

An ECL luminophore may be an atom or group of atoms which when present in an organic
compound increases the ability of the compound to luminescence e.g. [Ru(bpy)3]2+ ,
[Os(bpy)3]2+ , [Cr(bpy)3]2+ complexes and/or clusters containing Ag, Al, Au, Cd, Cr, Cu, Eu,
Hg, Ir, Mo, W, Os, Pd, Pt, Re, Ru, Si and Tb.
Electrogeneration of highly reducing and oxidizing species can be carried out in three main
ways namely: (a) Hot electron-induced ECL, (b) Two-step potential sweep method
(annihilation pathway) and (c) One-step potential sweep method (co-reactant pathway):
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2.19.4.1

Hot electron-induced electrochemiluminescence (HEI ECL)

This is an ECL system in which metal electrodes are covered with oxides of Aluminum,
Magnesium, Silicon, Gallium and Tantalum. The oxide-covered electrodes act as cold
cathodes during cathodic pulse polarization and tunnel emit hot electrons into an aqueous
electrolyte [156]. The injected hot electrons induce electron generated chemiluminescence
(ECL) of various luminophore in fully aqueous solutions. It is more of direct formation of the
excited states at the electrode surface than electron transfer chemiluminescent reactions of
electrochemically generated reactants.

The simultaneous presence of highly reducing and oxidizing species in the vicinity of the
electrode surface makes it possible to generate ECL from luminophores that cannot be
excited at conventional metal cathodes in fully aqueous solutions [156-157]. This type of
ECL provides a means to simultaneously excite several luminophores emitting at different
spectral region with different luminescence lifetimes. The difference in emission wavelengths
and/or luminescence lifetimes are exploited in the analysis of the electrochemiluminescence
signals emerging from these different luminophores [158-159].

The use of oxide-covered cathode widens the potential range of the electrode. And the wider
the potential range, the more energetic the light emissions can be. The injected “hot electron”
denotes an electron possessing higher energy in aqueous solution than electron
heterogeneously transferred to an electrolyte solution from an active metal electrode in
conventional ECL [160]. The mechanism of HEI ECL is illustrated below [157]:

e¯aq + S2O82e¯aq + [Ru(bpy)3]2+

SO4●- + SO42-

(36)

[Ru(bpy)3]+

(37)
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[Ru(bpy)3]+ + SO4●-

[Ru(bpy)3]2+● + SO42-

(38)

[Ru(bpy)3]2+ + SO4●-

[Ru(bpy)3]3+ + SO42-

(39)

e¯aq + [Ru(bpy)3]3+

[Ru(bpy)3]2+●

(40)

[Ru(bpy)3]2+●

[Ru(bpy)3]2+ + hʋ

2.19.4.2

(λ = 610 nm)

(41)

Two-step potential sweep method (Annihilation pathway)

Cyclic voltammetric technique is commonly utilized in this method. The forward electrode
potential is swept to the value at which an oxidized radical form (A+) of a luminophore is
produced (42), while the reverse potential sweep process produces the reduced radical form
(A-) of same luminophore (43). As a result of this two-step potential sweep, both oxidized
and reduced radical forms of the luminophore exist in the diffusion layer near the electrode
surface and can annihilate (44) with each other to form excited state compounds if the
excitation energy of the compounds produced are smaller than the potential difference of the
reduced and oxidized radical forms of the luminophore. The excited state product relaxes (45)
radiatively to its ground state by emitting light [159, 161]. The mechanism of this two-step
potential sweep is illustrated below:

[Ru(bpy)3]2+
[Ru(bpy)3]2+ + e-

[Ru(bpy)3]3+ + e-

(42)

[Ru(bpy)3]+

(43)

[Ru(bpy)3]3+ + [Ru(bpy)3]+
[Ru(bpy)3]●2+

[Ru(bpy)3]2+ + [Ru(bpy)3]●2+

[Ru(bpy)3]2+ + hʋ

(Luminescence)

(44)
(45)

Invariably, annihilation pathway involves electron transfer reactions between an oxidized and
a reduced species, through alternate pulsing of the electrode potential. Both the oxidized and
reduced forms of the luminophore are generated at the electrode
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Figure 2.40: The schematic illustration of annihilation pathway ECL.

An advantage of the annihilation pathway is that it requires only the electrochemiluminescent
luminophore species, solvent, and supporting electrolyte to generate light. However, the
potential window of water is often not sufficiently wide enough to allow the luminophore to
be oxidized and reduced, making it necessary to use organic solvents such as acetonitrile and
N,N-dimethylformamide. Another problem is that one electron oxidized or reduced radical
luminophore is very unstable in aqueous solutions [154-155].

2.19.4.3

One-step potential sweep method (co-reactant pathway)

In coreactant pathway, ECL is generated in the presence of a coreactant and an ECL
luminophore with a single potential sweep. A coreactant is a specie which when
electrochemically oxidized produces a radical intermediate that can annihilate with an
oxidized luminophore to produce excited state compound e.g. hydrogen peroxide,
peroxydisulfate, oxalate ion (C2O42-), tri-n-propylamine (TPA) etc. These compounds
produce a strong reductant upon oxidation in aqueous solution [155, 162].
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An ECL luminophore is an atom or group of atoms which when present in an organic
compound increases the ability of the compound to luminescence e.g. [Ru(bpy)3]2+. At same
single potential sweep an ECL luminophore is oxidized to produce a radical oxidant e.g
[Ru(bpy)3]●3+, which now annihilate with a reductant e.g CO2●-, OH¯, TPA●- etc forming an
excited state product which emit light radiatively on relaxation to its ground state [92, 159].
The mechanism of one-step sweep is illustrated below:

For oxalate ion (C2O42-),
C2O42- — e-

[C2O4●-]

(46)

[Ru(bpy)3]●3+

[Ru(bpy)3]2+ — eCO2●- + [Ru(bpy)3]●3+
[Ru(bpy)3]●2+

CO2●- + CO2

(47)

[Ru(bpy)3]●2+ + CO2

[Ru(bpy)3]2+ + hʋ

(48)

(Luminescence)

(49)

For hydrogen peroxide,
[Ru(bpy)3]2+
[Ru(bpy)3]3+ + OH¯
[Ru(bpy)32+]*

[Ru(bpy)3]3+ + e-

(50)

[Ru(bpy)32+]* + ½ H2O + ¼ O2
[Ru(bpy)3]2+ + hʋ

(λmax = 610 nm)

(51)
(52)

TPA is especially important because it allows efficient ECL not only in aqueous media but
also at physiological pH 7.2. The use of this format widens the usable potential window of a
conventional metal electrode which especially in aqueous medium, is restricted by cathodic
hydrogen evolution, anodic oxygen evolution and their over voltages (this is known as
quenching of ECL reaction) [92]. Therefore for a conventional metal electrode system, coreactant ECL of organic luminophore generally takes place only in organic solvents [161].
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Water and dissolved oxygen must be rigorously excluded to avoid quenching of the ECL
reaction. ECL emission intensity is usually proportional to the concentration of the emitter or
co-reactant, hence, either of them can be used as a probe [26, 159, 163].

Using [Ru(bpy)3]2+/TPrA reaction sequence has a major advantage because [Ru(bpy)3]2+ is
regenerated in its ground state near the electrode surface after the luminescent excited state
[Ru(bpy)3]●2+ has emitted a photon. Hence, one [Ru(bpy)3]2+ molecule participates in
multiple ECL reaction cycles to produce multiple photons. This mechanism known as “nondestructive mechanism of [Ru(bpy)3]2+. It lowers detection limit and increases sensitivity [92,
159]. Co-reactant ECL is being used in a wide range of analytical applications including
clinical diagnostics, environmental assays such as food, water testing and bio-warfare agent
detection [92].

2.19.5 Optimization of electrochemiluminescence
Metallic nanoparticles are known to significantly influence the emission of vicinal
luminophores. Their presence close to luminophores enhances the rate of excitation of the
luminophore molecules and increases their radiative decay rate by coupling the emission of
luminophores with surface plasmon resonance or scattering of nanoparticles [164-166].
Surface plasmon is excited plasma wave of free electrons that vertically oscillate against the
ion-bodies of the nanoparticles and horizontally to the metal surface. See Figure 2.41 for
illustration [26, 47].
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Figure 2.41: Illustration of surface plasmon is excited plasma wave of free electrons.

The degree of the effects of plasmon depends strongly on the chemical structure, composition
and nanoparticles sizes as well as the type of vicinal luminophore. To achieve an enhanced
emission,

the

ground

state

and

excited

state

redox

properties

of

the

luminophore/nanoparticles separation distance and their spectral overlap is optimized while
minimizing electron and energy transfer quenching [47, 167].
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Chapter Three

Experimental Procedures and Analytical Methods

This chapter gives detailed research methodologies; general experimental
procedures; chemicals and sample preparations; chemical synthesis;
electrochemical

synthesis;

characterizations

and

construction

of

immunosensor platforms for the determination of deoxynivalenol
mycotoxin via impedimetric system.

3.1 Chemical synthesis of graphene oxide

3.1.1 Chemicals
Natural graphite powder (99.9995% purity grade) was purchased from Alfa Aesar,
phosphuric acid (H3PO4), potassium permanganate (KMnO4), hydrogen tetraoxosulphate (VI)
acid (H2SO4), Hydrogen peroxide (H2O2), hydrochloric acid (HCl, 37% purity, density 1.19
kg/L) and ethanol (C2H6O) were all supplied by Sigma Aldrich. The water used throughout
all experiments was purified through a Millipore system having a resistivity of 18.2 MΩ.

3.1.2 Experimental procedure
Graphene oxide (GO) was prepared through a modified Hummers and Offeman method using
natural graphite powder as the starting materials [35, 37, 168-172]. Briefly, 9:1 mixture of
concentrated H2SO4/H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g)
and KMnO4 (11.5 g) in a 250 mL capped round bottom flask. The reaction was then heated to

110

60 °C and stirred for 12 h. The reaction mixture was cooled to room temperature and poured
onto ice that is mixed with 30% H2O2 in the ratio (400 mL: 3 mL).

The mixture was filtered and washed in succession with 300 mL of 37% HCl solution in
order to remove metal ions, 300 mL of ethanol, 300 mL of water until the rinse water pH
became neutral [168]. The solid obtained was vacuum-dried overnight at ambient temperature
and kept in a capped glass bottle for further use.

Natural graphite powder

(Modified Hummer’s method KMnO4 + H2SO4/H3PO4, 60 °C)

Graphene oxide

Scheme 2: The illustration for graphene oxide synthesis
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3.2

Chemical synthesis of 4-nitrophenyl diazonium tetrafluoroborate (NDT)

3.2.1 Chemicals
Tetrabutylammonium tetrafluoroborate (NBu4BF4), sodium tetrafluoroborate (NaBF4), 1, 4nitroaniline (C6H6N2O2), sodium nitrite (NaNO2), potassium chloride (KCl), acetonitrile
(CH3CN) and hydrochloric acid (HCl, 37% purity, density 1.19 kg/L), diethyl ether were all
purchased from Sigma-Aldrich (South Africa). All reagents were used as received and
aqueous solutions were prepared with Millipore system having a resistivity of over 18.2 MΩ.

3.2.2 Experimental procedure
1, 4-Nitrophenyl diazonium tetrafluoroborate was prepared using the method of Saby et al
[173]. 4-Nitroaniline (3.5 g) was dissolved in 15 mL of 60% w/w aqueous hydrochloric acid
solution and heated on a steam bath for 15 minutes with occasional stirring to achieve
complete dissolution. The mixture was cooled in an ice-salt bath and stirred rapidly in order
to precipitate the hydrochloride as fine crystals. Cracked ice (10 g) was added and a saturated
10 mL solution of 1.8 g of sodium nitrite was added in drops with rapid mechanical stirring
while the temperature of the reaction mixture is maintained between −4 °C and +5 °C by
cooling with the ice-salt bath.

The solution was filtered and sodium tetrafluoroborate (2.7 g) was added into the filtrate. The
filtrate was then cooled to -4 °C causing crystallization of the product. The crude product (1,
4-nitrophenyl diazonium tetrafluoroborate, NDT) was purified by dissolution in a minimal
amount of acetonitrile and re-crystallized using diethyl ether. NDT was recovered by
filtration, dried in vacuum for 24 h and kept in an amber bottle for further use.
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NaNO2, HCl, H2O, 4oC
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4-nitroaniline

NO2
4-nitrophenyl diazonium cation

Scheme 3: The illustration for diazotization of 4-nitroaniline.

3.3

Chemical synthesis of nitrophenylazo functionalized graphene (G/PhNO2)

3.3.1 Chemicals and reagents
As-synthesised graphene oxide (GO) and 4-nitrophenyl diazonium tetrafluoroborate (NDT).
Sodium borohydride (NaBH4), sodium carbonate (Na2CO3), acetonitrile (CH3CN) and
hydrazine monohydrate (N2H4·H2O) were all purchased from Sigma-Aldrich (South Africa).
Milli-Q de-ionized water (resistance over 18.2 MΩcm) purified by a Milli-QTM system was
used throughout.

3.3.2 Experimental procedure
G/PhNO2 was synthesised using the as-synthesized GO in three steps by modified Yongchao
Si and Edward T. Samulski method [41]:
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3.3.2.1 Pre-reduction of GO
10 mg of GO was dispersed into separate sheets in 40 mL of distilled water contained in a
100 mL capped flask by simple sonication. Then the pH was adjusted to 9-10 using 10% w/v
sodium carbonate solution. Then 1 mL of 1 M NaBH4 solution was added slowly with
constant stirring. The mixture was allowed to stir at 80 oC for 1 h. This pre-reduction step is
necessary to achieve complete reduction in the final step (step 3) and to enable the
functionalisation reaction in step 2 by increasing the size of sp 2-carbon domains for reaction
with the aryl diazonium salt.

Graphene oxide
(Pre-reduction of graphene oxide: NaBH4, pH 10, 80 oC)

Pre-reduced graphene oxide

Scheme 4: The illustration for pre-reduction of graphene oxide
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3.3.2.2 Functionalisation of pre-reduced GO
Functionalisation of the pre-reduced GO with 4-nitrophenyl diazonium tetrafluoroborate was
done using the method of Saby et al [173]. After centrifuging and rinsing several times with
distilled water, partially reduced GO was re-dispersed in 40 mL of distilled water via mild
sonication. 0.5 mg of the as synthesised 4-nitrophenyl diazonium salt was dissolved in 5 mL
of 1:1 acetonitrile to water mixture and then added to the GO dispersion with constant stirring
in ice bath for 3 h.

3.3.2.3 Post-reduction with hydrazine
After centrifuging and rinsing with distilled water severally, 4-nitrophenylazo functionalised
GO was re-dispersed in 40 mL of distilled water. Then 3 mL of 1 M hydrazine (N 2H4·H2O)
was added into the dispersion and the mixture was kept at 100 oC for 16 h. Highly dispersive
4-nitrophenylazo (PhNO2) functionalised graphene (henceforth referred to as G/PhNO 2) was
recovered by washing and centrifuging severally with distilled water. It was dried in the
vacuum oven at 70 oC for 3 h and kept in an amber bottle for further use.

The chemical reduction of the diazonium cation as illustrated in scheme 5 , leads to the
elimination of a nitrogen molecule and the production of highly reactive aryl radical. This
radical attacked the pre-reduced GO surface and to form a covalent bond between the aryl
group and the GO. Simultaneously the functionalised GO was reduced to 4-nitrophenylazo
functionalised graphene with the elimination of H2O [174-176].
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4-nitrophenyl diazonium cation

Graphene oxide

N
N+
+

e¯

NO2
(Chemical reduction of
diazonium cation)

(Chemical reduction of graphene
oxide N2H4·H2O, 100 oC)

N2

H2 O
●
+
NO2
Aryl radical

Graphene

(In situ functionalisation of graphene with aryl radical)

Nitrophenylazo-functionalised graphene (G/PhNO2)
Scheme 5: The illustration for simultaneous chemical reduction of diazonium cation to
diazonium radical, GO to graphene and in situ PhNO2 functionalisation of graphene.
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3.4

Chemical synthesis of gold nanoparticles-dotted 4-nitrophenylazo functionalized

graphene (AuNp/G/PhNO2)

3.4.1 Chemicals and reagents
Asynthesised G/PhNO2. Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4.3H2O) and
trisodium 2-hydroxypropane-1,2,3-tricarboxylate (trisodium citrate, Na3C6H5O7) were
purchased from Sigma-Aldrich (South Africa). Milli-Q de-ionized water (resistance over 18.2
MΩcm) purified by a Milli-QTM system was used throughout.

3.4.2 Experimental procedure
The G/PhNO2 was dispersed in 2 mL of 5 mM HAuCl4 solution by sonication for 5 min. This
was then diluted to 20 mL with doubly distilled water and heated to boiling while stirring.
Afterwards, 10 mL of 0.2 M Sodium citrate was slowly added to the boiling solution and
allowed to heat with constant magnetic stirring until there was no colour change. The sample
was then cooled to room temperature, separated by centrifuge and washed five times with
doubly distilled water. The resulting products were dried in a vacuum oven at 70 oC for 3 h
[51].
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+

HAuCl4 (aq)

4-nitrophenylazo-functionalised graphene
(G/NPA)
Synthesis of gold nanoparticles-dotted 4-nitrophenylazo functionalised graphene
(AuNp/G/PhNO2) Na3C6H5O7, 70 oC

Gold nanoparticles-dotted 4-nitrophenylazo functionalised graphene
(AuNp/G/PhNO2)

Scheme 6: The illustration for the immobilization of gold nanoparticles onto nitrophenylazo
functionalized graphene surface.
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3.5

Preparation of G/PhNO2 and AuNp/G/PhNO2 modified GCE

3.5.1 Chemicals and reagents
Newly synthesised AuNp/G/PhNO2. Methanol (CH4O), hexaamineruthenium chloride
(Ru(NH3)6Cl3) were purchased from Sigma-Aldrich (South Africa). Milli-Q de-ionized water
(resistance over 18.2 MΩ cm) purified by a Milli-QTM system was used throughout.

3.5.2 Pre-cleaning of working electrode
Prior to electrochemical synthesis and modifications, glassy carbon electrode (GCE) was
polished consecutively with aqueous slurries of 1.0, 0.3 and 0.05 micro alumina powder, for
1 minute on a micro-cloth pad (Buehler) and rinsed thoroughly with doubly distilled water
between each polishing step. Residual polishing material was removed by washing
successively with 1: 1 water to nitric acid solution, ethanol and doubly distilled water in an
ultrasonic bath, air dried and used immediately.

3.5.3 Experimental procedure
The obtained AuNp/G/PhNO2 was dispersed in 1:1 water to methanol solution to yield 1
mg/mL dispersion by ultra-sonication for 1 h. Then, 2 μL of it was drop-casted on the pretreated glassy carbon electrode and dried in a desiccator for 24 h at room temperature
forming a thin film modified glassy carbon electrode depicted as GCE/AuNp/G/PhNO 2. 0.1
M PBS (pH 7.2) solution was used to prepare 5 mM hexaamineruthenium chloride (HRC)
solution. Relative electroactivity (Irel) of the modified electrode was quantified by cyclic
voltammetry in the presence of the prepared 5 mM HRC electrolyte as redox probe.
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3.6

Preparation of AuNp/G/PhNO2 and G/PhNO2 composite with [Ru(bpy)3]2+

mediated in Nafion on GCE

3.6.1 Chemicals and reagents
AuNp/G/PhNO2 and G/PhNO2 were prepared as described in section 3.3 and 3.4. tris
ruthenium 2, 2-bipyridine chloride (Ru(bpy)3Cl2) and methanol (CH4O) were purchased from
Sigma Aldrich, Nafion 117 solution purchased from Fluka, Milli-Q de-ionized water
(resistance over 18.2 MΩ cm) purified by a Milli-QTM system was used for aqueous solution
preparations throughout.

3.6.2 Experimental procedure
Nafion stock solution was diluted with 1:1 water to methanol mixture to yield 1% (v/v)
solution. AuNp/G/PhNO2 was dispersed in the 1% (v/v) Nafion solution by ultra-sonication
for 30 min to form 1 mg mL-1 uniform nanocomposite. 4 μL of it was drop-casted on the
surface of a pre-cleaned GCE and then excess solvent was allowed to evaporate to dryness in
the open at room temperature to form a thin film (Note that the GC electrode was first
cleaned following the steps described in section 3.5.2).

The Nafion/AuNp/G/PhNO2 modified GC electrode was placed in 1 mM Ru(bpy)3Cl2
aqueous solution for 2 h to incorporate [Ru(bpy) 3]2+ via electrostatic and ion-exchange
interactions, forming a thin film modified glassy carbon electrode depicted as
GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2. Large amount of the cationic signal probe
[Ru(bpy)3]2+ were entrapped on the modified electrode due to the enlarged electroactive
surface area of AuNp/G/PhNO2 immobilized in the anionic matrix of the perfluorosulfonate
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ionomer. Also the slight negative charge conferred on the nanocomposite by PhNO2 units
enhanced the quantity and stability of the cation electrostatically.

Two other pre-cleaned GC electrodes were also modified, one with G/PhNO2 and the other
without

any

catalyst

following

the

same

protocol.

They

were

depicted

as

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/Nafion/[Ru(bpy)3]2+ respectively and were all
characterized comparatively. Previous research has shown that Nafion as a perfluorosulfonate
polymer with a micellar pore structure can incorporate other molecules into its bulk
membrane through coulombic and/or hydrophobic interactions [38-39, 67].

[Ru(bpy)3]2

AuNp/G/Ph-NO2
(GCE)

Scheme

+

(GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2)

(GCE/Nafion/AuNp/G/PhNO2)

7:

The

illustration

of

the

stepwise

preparation

of

Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 on GCE.

3.7

Electrochemical synthesis of PDMA and PDMA/ AuNp/G/PhNO2 composite

3.7.1 Chemicals and reagents
AuNp/G/PhNO2. 2, 5 dimethoxyaniline (DMA), hydrochloric acid (HCl, 37% purity, density
1.19 kg/L), ethanol (C2H6O), sodium phosphate dibasic (Na2HPO4), sodium phosphate
monobasic (NaH2PO4), potassium Chloride (KCl) were purchased from Sigma-Aldrich
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(South Africa). Milli-Q de-ionized water (resistance over 18.2 MΩ cm) purified by a MilliQTM system was used throughout.

3.7.2 Experimental procedure
Prior to modification, glassy carbon electrode was cleaned as described in section 3.5.2. The
electro-polymerization solution was prepared by accurately weighing 0.1915 g of 2, 5
dimethoxyaniline into 25 mL round bottom flask and made up to mark with 1 M HCl solution
to give 0.05 M DMA solution. The solution was made to dissolve completely by sonicating
for few minutes. 10 mL of the DMA solution was measured out with a 10 mL measuring
cylinder and transferred into 20 mL electrochemical cell. The system was set up as described
in chapter 2, section 2.14 without the working electrode initially.

The growth solution was de-aerated using dry argon gas for 10 min to remove dissolved
oxygen and then the pre-cleaned GCE was connected. Argon atmospheric head space was
maintained throughout the duration of the experiment. PDMA was electrodeposited on the
GCE by scanning its potential repeatedly between -200 and +900 mV for 10 cycles at a scan
rate 50 mV/s. After electro-polymerization the electrode was washed with de-ionized water
on the sides to remove the excess monomer from the electrode surface (see scheme 8 for
proposed mechanism of protonation).

The same electro-synthetic protocol was followed to synthesise various compositions of
PDMA/AuNp/G/PhNO2 on GCE with the monomer solution containing 0.2, 0.3, 0.6 and
0.8% AuNp/G/PhNO2 correspondingly. The electrochemical behaviour of GCE/PDMA and
GCE/PDMA/AuNp/G/PhNO2 was investigated in 1.0 M HCl solution by cyclic voltammetry
in the potential range between -200 to 900 mV and at varying scan rates (10-100 mV/s) as
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well as in 0.1 M phosphate buffer (pH 7.2) in the potential range -1200 to 1200 mV. The 0.1
M phosphate buffered saline (PBS) solution was prepared using 0.1 M Na 2HPO4; 0.1 M
NaH2PO4; 0.1 M KCl and kept at 4 oC before use.

OCH3

OCH3

OCH3

●

NH
A
OCH3

─n H

NH
OCH3

A

N
OCH3

n

OCH3
N
OCH3

n

Emeraldine base

Emeraldine salt

Scheme 8: The protonation of PDMA/AuNp/G/PhNO2 emeraldine salt to emeraldine base by
conditioning in PBS

3.8

Spectroscopic characterisation

3.8.1 Ultraviolet–visible spectroscopy
The UV-Vis spectra were recorded on a Nicolet Evolution 100 Spectrometer (Thermo
Electron Corporation, UK) at a wavelength of 190 nm to 800 nm. Dilute solutions of the
samples (4 mL) were in 5 mL fused quartz cuvette before measurements. The cuvette was
thoroughly washed with ethanol and distilled water between every measurement.

3.8.2 Raman spectrometry
Raman measurements were carried out with Raman spectrometer (LabRam HR by JobinYvon Horiba scientific Explora, France with a 1200 lines mm-1 grating) coupled to a
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microscope (Model BX41, Olympus). The excitation of Raman scattering was operated with
a laser at a wavelength of 532 nm. The laser beam was focused on the sample by means of an
x 100 microscope objective. The samples were prepared by drop coating 10 μL of G/PhNO 2
and GO suspensions on glass slides followed by drying in air at room temperature to form a
homogenous coverage before measurements.

3.9

Microscopic characterisations

3.9.1 High resolution transmission electron microscopy (HRTEM)
HRTEM analysis of the mounted G/PhNO2 and AuNp/G/PhNO2 were done using Tecnai G2
F20X-Twin MAT 200 kV Field Emission Transmission Electron Microscope from FEI
(Eindhoven, Netherlands). A small drop of dilute G/PhNO2 and AuNp/G/PhNO2 suspensions
were placed on a carbon coated copper grid and dried under electric bulb for 30 min before
measurements.

3.9.2 Scanning electron microscopy (SEM)
Scanning electron microscopy images of G/PhNO2 and AuNp/G/PhNO2 were recorded with a
Zeiss Auriga HRSEM analyzer using the secondary electron (SE) mode by interchangeable
accelerating voltages of 25 kV and a maximum resolution of 20 μm. The chemical
composition of the sample was obtained by energy dispersive x-ray spectroscopy (EDX)
which was coupled to the SEM machine. The SEM/EDX samples for G/PhNO 2 and
AuNp/G/PhNO2 were prepared by placing solid nano-material onto a carbon adhesive
mounted on aluminium stubs.
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3.9.3 Atomic force microscopy (AFM).
Atomic force microscopy (AFM) was used to study the surface morphology of G/PhNO2 and
AuNp/G/PhNO2 in ambient conditions using Veeco NanoMan V model (Cambridge, USA).
The samples were scanned with a silicon tip at a spring constant of 1-5 N/m and resonance
frequency of 60-100 kHz in a non contact mode. Samples were prepared by drop coating 10
μL of G/PhNO2 and AuNp/G/PhNO2 suspensions on glass slides followed by drying in air at
room temperature to form a homogenous coverage before measurements.

3.10

Electrochemical characterisations

3.10.1 Cyclic voltammetry (CV), Square-wave voltammetry (SWV), chronocoulometry
and chronoamperometry
All

cyclic

voltammetry,

square

wave

voltammetry,

chronocoulometry

and

chronoamperometry experiments were recorded with BASi 100B electrochemical work
station (LG Fayette) using the conventional three-electrode system described in chapter two,
section 2.9. The working electrode used was glassy carbon electrode (surface area = 0.071
cm2), the counter electrode was platinum wire (diameter 1.0 mm) while a platinum mesh or
wire and all potentials mentioned in all the experimental results were referred to standard
silver/silver chloride (saturated KCl solution) electrode (Bioanalytical Systems Ltd., UK).

10 mL of all the electrolytes used were measured into 20 mL electrochemical cell and deaerated with argon gas for at least 10 min before measurements. Argon atmospheric head
space was maintained throughout the duration of all the experiments, analytical grade argon
from Afrox, South Africa was used in degassing the system, alumina micro-polish (1.0, 0.3
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and 0.05 mm alumina slurries) and polishing pads (Buehler, IL, USA) were used for
polishing the electrode.

3.10.2 Electrochemical impedance spectroscopy (EIS)
All electrochemical impedance spectroscopy studies were measured using Voltalab PGL 402
from Radiometer Analytical (Lyon, France) and the data plotted in the form of complex plane
diagrams (Nyquist plots) at perturbation amplitude of 10 mV. 10 mL of all the electrolytes
used were measured into 20 mL electrochemical cell and de-aerated with argon gas for at
least 10 min before measurements. Argon atmospheric head space was maintained throughout
the duration of all the experiments, analytical grade argon from Afrox, South Africa was used
in degassing the system, alumina micro-polish (1.0, 0.3 and 0.05 mm alumina slurries) and
polishing pads (Buehler, IL, USA) were used for polishing the electrode.

3.11

The

application

of

Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

and

Nafion/[Ru(bpy)3]2+/G/PhNO2 sensor platforms for TPA detection via ECL system

3.11.1 Chemicals and reagents
Tri-n-propylamine (TPA) (C9H21N), sodium phosphate dibasic (Na2HPO4), sodium phosphate
monobasic (NaH2PO4), potassium Chloride (KCl) was purchased from Sigma Aldrich. MilliQ de-ionized water (resistance over 18.2 MΩ cm) purified by a Milli-QTM system was used
for preparation of 0.1 M PBS (pH 7.2).

3.11.2 Experimental procedure
Two

differently

modified

carbon

screen

printed

electrodes

(CSPE),

CSPE/Nafion/Ru(bpy)3]2+/G/PhNO2 and CSPE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 where
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prepared following the same protocol described in sections 3.6. They were applied for the
ECL detection of TPA adopting the coreactant method as illustrated in Figure 3.1 . Cyclic
voltammetric technique and the conventional three electrode set-up as illustrated in Chapter
two, section 2.14, Figure 2.22 was adopted. The modified electrodes were tested in a series of
TPA solutions with different concentrations prepared with 0.1 M PBS solution. And the ECL
responses under continuous scanning to obtain a relative steady ECL intensity was recorded
in a special 10 mL fused quartz cuvette

Figure 3.1: The schematic illustration of [Ru(bpy) 3]2+/TPA ECL system.
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3.12

Preparation of immunosensor

3.12.1 Chemicals and reagent
Deoxynivalenol (formula weight, 296.32 g/mol) was purchased from Sigma-aldrich, USA
(product code 01567-5MG), monoclonal antibody of deoxynivalenol (DON, 1 mg) was
purchased from Antibodies-online, Germany (order number ABIN1022125), ELISA kit
(Veratox 5/5 for deoxynivalenol: 0.1 ppm) was purchased from Neogen Corporation,
certified barley and coffee reference materials were purchased from RIDASCREEN®.

Methanol (CH4O, HPLC grade), ethanol (C2H6O, analytical grade), Bovine serum albumin
(BSA),

1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide

hydrochloride

(EDC),

N-

hydroxysuccinimide (NHS), basic salts including sodium phosphate dibasic (Na 2HPO4),
sodium phosphate monobasic (NaH2PO4), potassium Chloride (KCl) used in the preparation
of 0.1 M phosphate-buffered saline (pH 7.2) were all purchased from Sigma-Aldrich (SA).

All other chemicals were of analytical grade, Milli-Q de-ionized water (resistance over 18.2
MΩ cm) purified by a Milli-QTM system was used for aqueous solution preparations
throughout. And analytical grade argon from Afrox, South Africa was used to degas the
system.

3.12.2 Preparation of standard solutions
Deoxynivalenol (5 mg, formula weight 296.32 g/mol) from Sigma-aldrich was dissolved in 1
mL of analytical grade methanol to give 5 mg/mL (0.0169 M) stock solution and stored as
250 µL aliquots each in tightly sealed vials at -20 oC. Before every experiment, 1x10 -3 M and
1x10-6 M of deoxynivalenol standard (DONag) solutions were prepared in a (3:1) mixture of
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methanol/PBS solution (hereafter referred to as methanolic phosphate buffer saline (MPBS)
solution) and used for further dilutions. The monoclonal antibody of deoxynivalenol (1 mg)
was reconstituted by adding 1 mL deionised water to give 1 mg/mL stock solution and stored
as 250 µL aliquots each in tightly sealed vials at -20 oC.

3.12.3 Sample preparation and extraction
Following the extraction procedure described by Veratox Elisa Kit manual, 10 g of ground
certified corn, wheat and roasted coffee reference materials were each weighed out into
separate 250 mL capped pre-cleaned flask, mixed with 100 mL of deionised water and
shaken vigorously using hand for 3 min. The mixture was allowed to settle for 2 min and then
filtered using a Whatman #1 filter paper. The filtrate was collected for analysis without
further preparation for each material.

3.12.4 DON antibody immobilization
Label free electrochemical inhibition based immunosensors for sensitive detection of DON
mycotoxin

were

developed

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2,

with

three

differently

modified

electrodes,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

and

GCE/PDMA/AuNp/G/PhNO2, prepared as described in sections 3.6 and 3.5 correspondingly.
Before immobilization of antibody, each modified electrode was first

reduced

electrochemically to generate an aminophenyl surface in 0.1 KCl solutions by two cyclic
voltammetric scans over potential range 0 to -1200 mV at 50 mV/s [175-177]. See illustration
in Scheme 9. All the electrodes were reduced alike.
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+

6 e¯

+

6 H+

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

+

2 H2 O

GCE/Nafion/Ru(bpy)3]2+/AuNp/G/PhNH2 (Aminophenyl surface)
Scheme 9: Electrochemical reduction of 4-nitrophenyl group (-PhNO2) to 4-aminophenyl
group (-PhNH2) on the electrode surface.

The electrode was rinsed out from the sides after reduction using deionised water. The amine
on the electrode surface was activated by incubation for 60 min with 1:1 mixture of 0.5 mM
EDC and 8 mM NHS. After rinsing the electrode from the side with 0.1 M PBS (pH 7.2)
solution, 30 µL of 0.2 µg/µL (in 0.1 M PBS, pH 7.2) monoclonal deoxynivalenol antibody
(DONab) was spread on the electrode surface and incubated for 30 min at room temperature.
The electrode was again rinsed from the side using 0.1 M PBS (pH 7.2) solution to remove
any physically bound antibody and then 10 μL of BSA was spread on the electrode surface to
block nonspecific binding sites for 30 min at room temperature and rinsed with PBS (pH 7.2)
before making impedimetric measurements [177-179]. The immobilized electrodes were
denoted

as

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab
GCE/PDMA/AuNp/G/PhNH2/DONab.

All experiments were carried out

temperature.
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and
at

room

GCE/Nafion/Ru(bpy)3]2+/AuNp/G/PhNH2 (Aminophenyl surface)

Activation of aminophenyl electrode
Surface with NHS/EDC

Covalent coupling of DON
Antibody (DONab)

Blocking nonspecific
binding sites with BSA

DONab

BSA

Impedimetric
detection of DON
Antigen (DONag)

Scheme 10: The illustration for stepwise immunosensor fabrication processes.
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DONag

3.12.5 Application of the immunosensors as impedimetric DON mycotoxin sensor
The

three

GCE/Nafion/Ru(bpy)3]2+/G/PhNH2/DONab,

immunosensors

GCE/Nafion/Ru(bpy)3]2+/AuNp/G/PhNH2/DONab,
GCE/PDMA/AuNp/G/PhNH2/DONab

were

and

tested

for

impedimetric

sensing

of

deoxynivalenol mycotoxin in various concentrations (0 ng/mL, 6 ng/mL, 12 ng/mL, 18
ng/mL, 24 ng/mL, 30 ng/mL and 36 ng/mL) of the deoxynivalenol standard (DONag)
solutions prepared in section 3.12.2. In order to compare the different electrode
measurements under equivalent conditions and to obtain the normalised values that were
plotted, the charge transfer resistance (Rct) value for the blank (0 ng/mL DONag) was
subtracted from the Rct values of DONag concentrations. The values of the ∆Rct observed
were plotted against the concentrations to construct a standard curve for each of the sensors.

3.12.6 Real sample studies
The applicability of these immunosensors in determining DON mycotoxin in natural samples
was demonstrated by testing corn, wheat

and roasted coffee purchased from

RIDASCREEN®. They were extracted according to section 3.12.3. The pH of the extracted
samples was 6.5 on the average and was adjusted to pH 7.2 by adding few drops of 0.1 M
NaOH. The samples were then analysed without any further pre-treatment. Following the
same protocol in section 3.12.5, 10 μL of the filtrate was spiked successively in 5 mL MPBS
solution contained in an electrochemical cell for impedimetric measurements of DONag.
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3.12.7 Competitive direct enzyme linked immunosorbent assay (CD-ELISA)
Veratox 5/5 ELISA kit was used to perform a CD-ELISA of various DONag standard
concentrations (0 ng/mL, 25 ng/mL, 50 ng/mL, 100 ng/mL and 200 ng/mL) as described in
section 3.12.5. And also of the corn, wheat and roasted coffee reference materials.
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Chapter Four

Results and discussion- Part one

The detailed account of characterizations for the synthesised gold
nanoparticles-dotted

4-nitrophenylazo

functionalised

graphene

(AuNp/G/PhNO2) is presented including its application in constructing
thin film sensor platforms with: tris (bipyridine) ruthenium (II) chloride
([Ru(bpy)3]Cl2) as a cationic reactant mediated in Nafion and poly (2, 5dimethoxyaniline).

4.1

Spectroscopic and microscopic characterisations of AuNp/G/PhNO2

4.1.1 Ultraviolet-visible spectroscopy (UV-Vis)
UV-visible spectroscopy has been widely adopted in studying the electronic structure of
graphene. The UV–Vis spectrum of GO in Figure 4.1 shows an absorption peak at 230 nm,
which is consistent with those in the literature [180-182]. This peak corresponds to π-π*
transitions of aromatic C=C bond. After formation of graphene through the post-reduction of
the 4-nitrophenylazo functionalised GO, the peak was observed at 260 nm. The red shift from
230 nm to 260 nm suggests that the electronic conjugation within graphene sheets was
restored. Characteristic absorption peak for gold nanoparticle was observed at 530 nm
corresponding to the surface plasmon absorption of Au nanoparticles [183-184].

Noticeably, after the chemical reduction of gold ions in the functionalised graphene, the UVVis absorption spectroscopy neither showed any absorption peak at 530 nm nor at 260 nm.
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This quenching of the surface plasmon absorption peak is most probably attributable to the
decrease in electron density due to the charge transfer from Au nanoparticles to G/PhNO 2
[185]. Indicating that above 90% of the synthesized gold nanoparticles were strongly coated
on the functionalised graphene (AuNp/G/PhNO2) surface [51, 186]

Figure 4.1: UV-visible spectra of AuNp, GO, (G/PhNO2), and (AuNp/G/PhNO2).

Based on the spectrum data, the band gaps E g* for GO and G/PhNO2 were determined by
applying equation (3), in section 2.8, chapter two. The cut-off wavelength was estimated
from the intersection of the tangent line of the peak with the wavelength axis. The band gaps
of G/PhNO2 and GO were calculated as 7.6402 x 10-28 eV and 8.6367 x 10-28 eV respectively.
The results of this investigation showed that the incorporation of nitrophenylazo units into
graphene structure acted as dopant and lead to a shift in absorbance of the composite towards
longer wavelengths.
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This is due to the introduction of more molecular orbital states to the total possible states by
the PhNO2 units and so a lower gap in energy exists between the HOMO and LUMO of the
composite, causing lower energy transitions as expected by the theory of molecular orbitals
[103]. From a qualitative perspective therefore, it is reasonable for a shift to the right to
occur, validating the observed spectrum in this investigation.

4.1.2 Raman spectroscopy
Raman spectra of the nanocomposite were examined to further prove the reduction of the
functionalised graphene oxide to graphene in the post- reaction step. D band and G band in
Raman spectra are usually utilized to characterize the reduction of graphene oxide. The shift
of G band to lower wave number and the increase of I D/IG ratio (peak intensity of D band:
peak intensity of G band) are two major indicators for graphene oxide reduction. As exhibited
in Figure 4.2, G band of graphene oxide shifts from 1599 cm-1 to 1587 cm-1 and ID/IG ratio
increases from 1.00 to 1.36. This agrees well with most reports on graphene oxide reduction
[50, 180, 187-188].

The cooperation between D and G peaks gives rise to a D+G combination band induced by
disorder at about 2930 cm–1; however the observed low strength of the D+G peak in the
spectra indicates a very small disorder in the sample. The 2D band shape and the high energy
second-order 2D band at 2675 cm–1 indicate single layer structure and an increase in
thickness of G/PhNO2, which is attributed to the attachment of 4-nitrophenylazo units. The
results of UV–Vis and Raman spectra confirm the reduction of GO to graphene in the postreduction step.
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Figure 4.2: Raman spectra of GO and G/PhNO2.

4.1.3 Transmission electron microscopy (TEM)
The morphology and surface reactivity of the gold nanoparticles-dotted 4-nitrophenylazo
functionalised graphene (AuNp/G/PhNO2) was studied by examining its high resolution
transmission electron microscopy (HRTEM), scanning electron microscopy (SEM) and
atomic force microscopy (AFM) images comparatively with that of 4-nitrophenylazo
functionalised graphene (G/PhNO2). The HRTEM image in Figure 4.3 (a) clearly shows dark
spots as opposed to what is observed for G/PhNO2 in Figure 4.3 (b).

The presence of such spots can be attributed to the attachment of gold nanoparticles on to
G/PhNO2 surface. Similar dark spots have been observed by other authors with both pristine
graphene and functionalised graphene as described elsewhere [50, 187-189]. It could be
observed in Figure 4.3 (a) that gold nanoparticles appeared as dark dots on a light shaded
graphene substrate with average particle size of 30 nm. The G/PhNO 2 surface was uniformly
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decorated by the Au nanoparticles with very few aggregations, indicating a strong interaction
between the G/PhNO2 and Au nanoparticles.

(a)

(b)

Figure 4.3: HRTEM images of (a) AuNp/G/PhNO 2 and (b) G/PhNO2.
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A monolayer graphene sheet could be observed clearly in Figure 4.3 (b), indicating a smooth
surface of the chemically reduced G/PhNO2 single layer. This corroborates the fact that there
was no aggregation of graphitic sheets after post-reduction step. Indicating the presence of
negatively charged PhNO2 units, which in turn imparted sufficient electrostatic repulsion to
keep graphene sheets separated in solution [41].

4.1.4 Scanning electrochemical microscopy (SEM) and Energy-dispersive X-ray
(EDX) spectrum
Figure 4.4 (b) shows the elemental composition of AuNp/G/PhNO2 with percentage atomic
compositions of 90.34, 2.22, 5.13, 1.27 and 1.04 for Carbon, Nitrogen, Gold, Oxygen and
Chlorine respectively. And Figure 4.5 (b) also shows the percentage composition of G/PhNO 2
with percentage composition of 94.79, 2.4, 1.7, and 1.11 for Carbon, Oxygen, Nitrogen and
Chlorine respectively.

The EDX results confirmed the functionalisation of graphene with 4-nitrophenylazo and gold
nanoparticle during the chemical preparation. The surface morphology of AuNp/G/PhNO2 is
shown in Figure 4.4 (a). It could be further observed that gold nanoparticles were
homogeneously embedded into the graphene lattice compared to the surface morphology
image of G/PhNO2 in Figure 4.5 (a).
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(a)

(b)

Figure 4.4: (a) SEM image of AuNp/G/PhNO2 and (b) EDX spectrum of AuNp/G/PhNO2.
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(a)

(b)

Figure 4.5: (a) SEM image of G/PhNO2 and (b) EDX spectrum of G/PhNO2.

4.1.5 Atomic force microscopy (AFM)
The 2-D and 3-D AFM images of the AuNp/G/PhNO2 nano-sheets are shown in Figure 4.6
(a)-(b). A lot of small dots on the graphene nano-sheet that appears to be in the order of few
nanometres could be observed suggesting the successful incorporation of gold nanoparticles
with the graphene and an enlarged surface reactivity area compared to that of G/PhNO2 in
Figure 4.6 (c) – (d). This correlates with the HRTEM results.
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(a)

(b)

Figure 4.6: (a) 2-D and (b) 3-D AFM images of AuNp/G/PhNO2.

(c)

(d)

Figure 4.6: (c) 2-D and (d) 3-D AFM images of G/PhNO2.
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4.2

Electrochemistry of starting materials

4.2.1 Electrochemical behaviour of [Ru(bpy)3]Cl2 in solution
Figure 4.7 (ii) shows the cyclic voltammogram of bare GCE in 0.5 mM [Ru(bpy) 3]Cl2 and 0.1
M PBS (pH 7.2) solution and (i) is the cyclic voltammogram of bare GCE in 0.1 M PBS (pH
7.2) solution. The CVs were recorded over a potential range of 650 mV to 1350 mV at a scan
rate 50 mV/s. One oxidation peak was observed on the anodic scan; peak a, (E p,a = 1190 mV,
Ip,a = 4.882 μA) and one reduction peak was observed as well on the cathodic scan, peak b,
(Ep,c = 1073 mV, Ip,c = -2.844 μA).

Peaks a and b were attributed to the oxidation of tris (bipyridine) ruthenium (II) chloride to
[Ru(bpy)3]3+ and its reduction back to [Ru(bpy)3]2+ respectively as illustrated in the equation
below.
a
Ru

2+

-

Ru3+

1e

(53)

b
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Figure 4.7: (i) CV of bare GCE in 0.1 M PBS (pH 7.2) solution, and (ii) bare GCE in 0.5
mM [Ru(bpy)3]Cl2 at50 mV/s.

Figure 4.8: CV at various scan rates of bare GCE in 0.5 mM [Ru(bpy)3]Cl2.

The peak current increased with increase in scan rate as shown in Figure 4.8.
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4.2.2 Electrochemistry of AuNp/G/PhNO2 and NDT in 0.1 M PBS solution
The electrochemical behaviour of 4-nitrophenyl diazonium tetrafluoroborate (NDT) and
AuNp/G/PhNO2 is shown in Figure 4.9. The CV of bare GCE in 0.1 M NDT (prepared with
0.1 M PBS) Ar-saturated solution was recorded over a potential range of -1500 mV to 100
mV at a scan rate 100 mV/s. And the CV of 0.2% AuNp/G/PhNO2 in 0.1 M PBS (pH 7.2)
argon saturated solution was also recorded over the same potential rage at scan rate 100
mV/s.

One reduction peak was observed on the cathodic scan, peak b, (E p,c = -1030 mV, Ip,c = -15.2
μA) NDT solution. This is attributed to the formation of 4-nitrophenyl radical from the NDT
[190-191]. The electrochemical behaviour of aryl diazonium cations has been studied in great
detail by Elofson and co-workers, who have observed aryl radical formation and release of
nitrogen upon reduction [175, 192-193]:

(54)

The CV of 0.2% AuNp/G/PhNO2 in 0.1 M PBS (pH 7.2) Ar-saturated solution were recorded
over the same potential range and scan rate using bare glassy carbon electrode. An
irreversible wave was observed having a reduction peak on the cathodic scan, peak a, (E p,c = 854 mV, I p,c = -2.4 μA). This is ascribed to O2N-C6H4● radical formation as illustrated in
equation (54), indicating that the synthesised graphene was actually engrafted with 4nitrophenyl diazonium.
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The shift in reduction potential and the reduced current in peak a comparing with peak b in
Figure 4.9 further confirm that 4-nitrophenyl diazonium was successfully functionalised on
the graphene with its valence electrons delocalised within the engrafted graphene conjugated
system which caused the relative shift and drop in peak current [175]. The CV of bare GC
electrode in 0.1 M PBS (pH 7.2) Argon-saturated solution over the same potential range and
scan rate did not show any electro activity.

Figure 4.9: CV of bare GCE in (A) 0.2% AuNp/G/PhNO2 in 0.1 M (B) 0.1 M NDT (C) 0.1
M PBS.

4.2.3 Electrochemistry of G/PhNO2 and AuNp/G/PhNO2
Figure 4.10 shows the cyclic voltammogram of G/PhNO2 and AuNp/G/PhNO2 modified GC
electrodes at scan rate 100 mV/s in 0.1 M PBS (pH 7.2) solution. There was no observed
electro activity for both modified GC electrodes over the potential range of 650 mV to 1350
mV.
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Figure 4.10: CV of GCE/G/PhNO2and GCE/AuNp/G/PhNO2 in 0.1 M PBS.

To further interrogate the electro activity of the synthesised gold nanoparticles-dotted 4nitrophenylazo

functionalised

graphene

(AuNp/G/PhNO2)

and

4-nitrophenylazo

functionalised graphene (G/PhNO2) on glassy carbon electrode surface, we have used
hexaamineruthenium (III) chloride [Ru(NH3)6]2+/3+ complex as cationic redox probe (because
its electrochemistry is well known with one electron couple). Figure 4.11 shows cyclic
voltammograms of bare GC electrode, G/PhNO2 and AuNp/G/PhNO2 modified GC
electrodes, recorded in aqueous 5 mM [Ru(NH3)6]2+/3+ which was prepared with 0.1 M PBS
of pH 7.2, at a scan rate of 50 mV/s.

The voltammogram of the [Ru(NH3)6]2+/3+ cationic redox system is reversible with bare GC
electrode having anodic and cathodic peaks (E p,a = 160 mV, Ip,a = 56 μA) and (Ep,c = -247 mV,
Ip,c = -73.1 μA) respectively. Relatively, drastic drop in peak currents were observed in the
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CV of GCE/G/PhNO2 (Ep,a = -157 mV, Ip,a = 37.53 μA and Ep,c = -275 mV, Ip,c = -59 μA),
evidencing surface saturation and suggesting that a monolayer of fixed 4-nitrophenylazo
molecules was achieved or successfully grafted on the graphene surface (see chapter two
section 3.3) which led to the inhibition of electron flow and lower conductivity [175].

On the contrary, the AuNp/G/PhNO2 modified electrode (GCE/AuNp/G/PhNO2) presented a
quasi-reversible electrochemistry with almost equivalent cathodic peak current and peak
potential with the CV of bare GCE, indicating almost 100% relative electro activity when
substituted into equation (55).

Irel (%) = Ipc GCE-film/(Ipc Bare GCE)-1 x 100

(55)

Where, Ipc is cathodic peak current.

The increase in current for GCE/AuNp/G/PhNO 2 was observed due to the fact that gold
nanoparticles increases the effective surface area of the gold nanoparticles-dotted 4nitrophenylazo functionalised graphene (AuNp/G/PhNO2) and enhances greatly its rate of
electron transfer. This is due to the change in carrier concentration of the PhNO 2
functionalised graphene, the adsorbed gold nanoparticles on AuNp/G/PhNO 2 surface acting
as donors and acceptors. The slight reduction in anodic peak current is due to inhibition of
electron flow through GCE/AuNp/G/PhNO2 caused by the slight negative charge conferred
on the AuNp/G/PhNO2 composite by PhNO2 units. This repels some of the reduced
electroactive species in solution. Consequently all the reduced species in the vicinity of the
electrode where not oxidised completely and this reflected as a slight drop in anodic current
[173, 175-176].
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Figure 4.11: CV of bare GCE, GCE/G/PhNO2 and GCE/AuNp/G/PhNO2 in 5 mM HRC.

4.2.4 Construction of sensor platforms and optimization
The synthesised gold nanoparticles-dotted 4-nitrophenylazo functionalised graphene
(AuNp/G/PhNO2) and the 4-nitrophenylazo functionalised graphene (G/PhNO2) were used to
design electrochemical sensor platforms by coupling tris (bipyridine) ruthenium (II) chloride
([Ru(bpy)3]Cl2) as a cationic reactant mediated in Nafion. Before that, the electrochemical
behaviour of [Ru(bpy)3]Cl2 and Nafion were studied. The insert in Figure 4.12 (b) shows the
cyclic voltammogram of the GCE/Nafion electrode in argon-degassed 0.1 M PBS (pH 7.2)
solution at a scan rate 50 mV/s. It did not exhibit any electrochemistry as expected since
Nafion is not electroactive but can incorporate other molecules into its bulk membrane
through coulombic and/or hydrophobic interaction [38, 40, 67]
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This property was explored as described in chapter 3 section 3.6, to incorporate [Ru(bpy) 3]2+
molecules and obtained a modified GC electrode depicted as GCE/Nafion/[Ru(bpy) 3]2+. A
well defined redox couple could be observed at 1124 mV and 1026 mV for its CV in argon
degassed 0.1 M PBS (pH 7.2) solution at 50 mV/s. The redox couple consist of cathodic peak
(Ep,c =1026 mV, Ip,c = -5.9037 μA) and an anodic peak (Ep,a =1124 mV, Ip,a = 7.1879 μA) with
a midpoint potential E0, of 1075 mV. These peaks are due to oxidation of Ru2+ and reduction
of Ru3+ respectively and these corresponds to equation (52).

Figure 4.12: CV of GCE/Nafion/[Ru(bpy)3]2+ and GCE/Nafion in the insert in 0.1 M PBS.

The synthesised AuNp/G/PhNO2 and G/PhNO2 were used to design electrochemical sensor
platform following the protocol described in Chapter three Section 3.6. To explicate the
effect of AuNp/G/PhNO2 on the properties of Nafion/[Ru(bpy)3]2+ films on glassy carbon
electrode, cyclic voltammetric measurement of Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2
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composite films prepared with 1% (v/v) Nafion solution containing 0, 0.2, 0.3, 0.6 and 0.8%
AuNp/G/PhNO2 in 0.1 M PBS (pH 7.2) solution was performed. Figure 4.13 shows the cyclic
voltammograms at the specified percentage compositions.

It could be observed that 0.2% composition exhibited the best electro catalytic properties.
Similar result was obtained for the films prepared with 1% (v/v) Nafion solution containing
0, 0.2, 0.3, 0.6 and 0.8% G/PhNO2 in 0.1 M PBS (pH 7.2) solution at scan rate of 20 mV/s,
see Figure 4.14. This result is ascribed to the enlarged electroactive surface area of
AuNp/G/PhNO2 which increased the loaded quantity of the signal probe under the
electrochemical condition, consequently benefits its contact with the transducer.

Figure 4.13: CV of Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 composite films prepared with 1%
(v/v) Nafion solution containing 0, 0.2, 0.3, 0.6 and 0.8% AuNp/G/PhNO 2.
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Figure 4.14: CV of Nafion/[Ru(bpy)3]2+/G/PhNO2 composite films prepared with 1% (v/v)
Nafion solution containing 0, 0.2, 0.3, 0.6 and 0.8% G/PhNO 2.

4.2.5 CV

of

GCE/Nafion/[Ru(bpy)3]2+,

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

and

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 sensor platforms.
Figure 4.15

exhibits the

GCE/Nafion/[Ru(bpy)3]2+,

variance

in the cyclic

voltammetric

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

behaviour

of
and

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 sensor platforms prepared according to the
protocol described in Chapter three Section 3.6.

The oxidation peaks a, b, c for the three electrodes and their respective reduction peaks aʹ, bʹ,
cʹ vary significantly. Peak a, (E p,a = 1132 mV, Ip,a = 11.01 μA) and peak aʹ, (Ep,c = 1040 mV,
Ip,c = -9.103 μA); peak b, (Ep,a =1122 mV, Ip,a = 9.172 μA) and peak bʹ, (Ep,c = 1032 mV, Ip,c
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= -6. 863 μA); peak c, (Ep,a = 1121 mV, Ip,a = 4.921 μA) and peak cʹ (Ep,c = 1033 mV, Ip,c = 4.134 μA).

About 16.7% and 24.6% increase in the magnitude of the I p,a and Ip,c respectively could be
observed

in

the

CV

of

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

and

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2. While average of 55.3% increase in the peak currents
was

achieved

comparing

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

and

GCE/Nafion/[Ru(bpy)3]2+. The significant increase is most likely attributed to the enhanced
electrical conductivity of graphene due to the adsorbed gold nanoparticles which act as
donors or acceptors. In addition, the enlarged electroactive surface area of AuNp/G/PhNO2
increased the loaded quantity of the signal probe, consequently benefits its contact with the

Current / µA

transducer. The square-wave voltammogram in Figure 4.16 corroborate these findings.

Potential / mV vs Ag/AgCl

Figure

4.15:

CV

of

(a)

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 (0.2%) and (c) GCE/Nafion/[Ru(bpy)3]2+.
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(0.2%),

(b)

Figure 4.16: SWV of GCE/Nafion/[Ru(bpy)3]2+, GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 (0.2%)
and GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 (0.2%) in 0.1 M PBS.

For a better understanding of electro activity of the three sensor platforms, they were
subjected to characterization by CV in 0.1 M PBS (pH 7.2) at various scan rates. The scan
rate

dependence

voltammograms

(5-500

mV/s)

for

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 is shown in Figure 4.17. It was observed that the
anodic peak potentials and corresponding currents vary with increasing scan rate while the
cathodic peak potentials are relatively independent of varying scan rate, indicating that
surface bound electro active species ([Ru(bpy)3]2+/AuNp/G/PhNO2 film) was successfully
and firmly immobilised onto glassy carbon electrode surface.
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Figure 4.17: CV of GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 at various scan rates.

The number of electrons transferred was estimated to be one (1) electron using double
potential chronocoulometry [99, 152-153]. This is in agreement with those reported in the
literature for [Ru(bpy)3]2+ [194-196]. Notably, the ratio of the anodic to cathodic peak
currents (Ia/ Ic) for all scan rates was not unity (unsymmetrical) meaning that the redox
kinetics for the two processes were not similar and suggesting that the electron transfer
reaction may be quasi-reversible.

To confirm this, further kinetic studies was performed by plotting peak currents versus square
root of scan rate (see Figure 4.18). It could be observed that peak currents increased with
square root of scan rate but it was not proportional to it. It was also observed that the ∆Ep was
greater than 59/n mV and increases with increasing scan rate. This implies that the thin film
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was conducting and exhibited quasi-reversible behaviour in PBS (pH 7.2) solution involving
one electron process.

ν1/2 / mV vs Ag/AgCl

Figure 4.18: The plots of peak currents versus square root of scan rate.

The anodic peak current (Ip) increased linearly with scan rate (ν) at very low scan rates and
deviated significantly at higher scan rates as shown in Figure 4.19. This implies that the
charge transfer at the electrode-film interface, in the absence of oxygen is rapid, adsorption
controlled at low scan rates; and both adsorption and diffusion controlled at higher scan rates
[99].
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Figure 4.19: The plots of the anodic peak current versus scan rate.

For a more detailed studies of the kinetic behaviour of Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2
thin film on GC electrode at higher scan rates (100 - 500 mV/s), a plot of log peak current
versus log of scan rate of data from Figure 4.17 show that the peak currents (peak a and peak
b) increased linearly with log of scan rate and had non-zero intercept because of non-faradaic
current, see Figure 4.20 (a).

This corroborates the result in Figure 4.19, indicating that the redox process of the thin film
was limited by both diffusion and adsorption for the peak a (slope = 0.7926) and peak b
(slope = 0.6872) [197].

At lower scan rates (5 - 40 mV/s), the plots of peak current versus log scan rate, see Figure
4.20 (b), was linear and had non-zero intercept also, but the redox process involving the film
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was limited by adsorption for peak a (slope = 0.9853 ≈ 1), and both diffusion and adsorption

Log peak current / µA

for peak b (slope = 0.7754) as also observed in Figure 4.19 [197].

(a)

Log scan rate / mV/s

Log peak current / µA

Figure 4.20 (a): The plot of log Ip vs log v for data at higher scan rate (100-500 mV/s)

(b)

Log scan rate / mV/s

Figure 4.20 (b): The plot of log Ip vs log v for data at lower scan rates (5- 40 mV/s)
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Similar electro-kinetic studies was carried out for GCE/Nafion/[Ru(bpy) 3]2+ and
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2. It was observed that their anodic peak potentials and
corresponding currents vary with increasing scan rate as well while the cathodic peak
potentials are relatively independent of varying scan rate. The observed electron transfer
reactions for both electrodes were quasi-reversible as well exhibiting the same
electrochemical behaviour but at a lower degree.

It could be observed that the relative increases in peak currents at specific scan rates for both
electrodes are not the same. The peak currents in GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 are
greater due to the incorporation of G/PhNO2 electro-catalyst into sensing platform. This
enhanced

electrochemical

response

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

of

is

attributed to the high conductivity and large specific surface area of gold nanoparticle dotted
4 nitrophenylazo functionalised graphene (AuNp/G/PhNO2) which increased the loaded
amount of [Ru(bpy)3]2+. In addition, the slight negative charge conferred on the
nanocomposite by PhNO2 units further enhanced the quantity and stability of the cation
electrostatically.

4.2.6 Chronoamperometric
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

studies
and

of

GCE/Nafion/([Ru(bpy)3]2+,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

sensor platforms
Chronoamperometric technique was also employed to further interrogate the electro catalytic
activity of the modified electrodes in 0.1 M PBS (pH 7.2). As mentioned earlier in chapter 2
section 2.17, this is a square wave pulsed voltammetric technique where the potential of the
working electrode is stepped from a potential of zero electrolysis to a potential where the
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adsorbed electroactive specie(s) on the transducer surface is reduced or oxidised, and the
corresponding current due to faradaic processes is measured as a function of time. The
current component of interest decays as described by Cottrell equation 29 and 30.

The experiments were done in a 2 step potential mode, 2 sec quiet time, pulse width of 500
msec and quiescent condition. The choice of potential steps for each sensor platform was
made from the cyclic voltammogram at 50 mV/s of each modified electrode in 0.1 M PBS
(pH 7.2). It ranges from the onset-potential of each platform, to their corresponding peak
potentials. It could be observed [Figure 4.21 (a) and (b)] that the electrode containing
AuNp/G/PhNO2 nanocatalyst showed a huge difference in the measured peak currents.

The anodic peak currents where 9.633E-5, 6.341E-5 and 4.15E-5, as presented in the bar
chart for platforms (a), (b) and (c) respectively. Since the output current directly depends on
the quantity of electroactive species coupled on the surface of the working electrode, which
undergoes the faradaic processes when the potential is stepped [99-100, 128, 152], the result
therefore implies that more [Ru(bpy)3]2+ were loaded on the sensor platform compared to
others. This corroborates the results observed with the CV experiment above and could also
be attributed to the high conductivity and large specific surface area of gold nanoparticle
dotted 4 nitrophenylazo functionalised graphene (AuNp/G/PhNO2) which increased the
loaded amount of [Ru(bpy)3]3+.
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(a)

Figure

4.21(a):

Chronoamperogram

of

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2,

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/Nafion/([Ru(bpy)3]2+ sensor platforms

(b)

Figure 4.21(b): Bar chart indicating anodic peak currents of the platforms
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4.2.7 Chronocoulometric

studies

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

of

and

GCE/Nafion/([Ru(bpy)3]2+,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

sensor platforms
The diffusion coefficient of solution species and surface concentration of the adsorbed
[Ru(bpy)3]2+

for

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

was

determined

by

chronocoulometry [153]. According to Anson’s equation, if the electrolysis of solution
species is diffusion-controlled, Q depends on t½. In contrast, the electrolysis of adsorbed
species is essentially instantaneously, as well as the double layer charging as already
explained in chapter two, section 2.18.4. The equations (33 and 34) for the total charge Q
were given:

Q = Qdiff + Qads + Qdl

or

(56)

Q = 2nFACD½ Π-½ t ½ + nFAΓ* + Qdl

(57)

Where: Qdiff = charge due to electrolysis of solution species
Qads = charge due to electrolysis of adsorbed species
Qdl = double-layer charge
Γ* = surface concentration of adsorbed species (mol/cm2)
D = diffusion coefficient of solution species (cm2 /s1)
A = Surface area of the glassy carbon electrode, 0.071 cm2
F = Faraday’s constant, 95484.56 C mol-1
C = Concentration of the electrolyte, 0.1 M
t = Time of potential step (s)
T = time following potential step (s)
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The intercept of Q versus t½ plot is the sum of Qdl and Qads. The Qdl was eliminated from the
equation by running identical experiment on the electrolyte alone. Noticeably, the adsorption
of [Ru(bpy)3]2+ specie produced significant changes in the interfacial capacitance, therefore
values of Qdl evaluated in the absence of the reactant did not apply when the reactant is
present. From Figure 4.22 (b), the intercept value is 1.27178E-7.

Applying this value in nFAΓ *, the surface concentration (Γ *) of adsorbed [Ru(bpy)3]2+ on
GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 was calculated to be 1.87 x 10-11 mol cm-2 . Its
diffusion coefficient, estimated from the slope (2nFACD½ Π-½) of Q versus t ½ of Anson’s
plot (Figure 4.21 a), was calculated as 1.12 x 10-17 cm2/s.

163

(a)

Figure

4.22(a):

Chronocoulograms

of

GCE/Nafion/([Ru(bpy)3]2+,

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 sensor
platforms.

(b)

Figure 4.22(b): Anson plot of GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 chronocoulogram.
164

From

the

slope

and

intercept

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

of

Anson’s

and

plot

for

the

GCE/Nafion/([Ru(bpy)3]2+

forward

step

of

chronocoulograms

(Figure 4.22 b and c), the surface concentration (Γ *) of adsorbed [Ru(bpy)3]2+ and the
diffusion coefficient of solution species observed for both electrodes were derived. The
values of surface concentration (Γ *) of adsorbed [Ru(bpy)3]2+ for GCE/Nafion/[Ru(bpy)3]2+
and GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 were 1.71x10-12 and 1.22 x 10-11 mol cm-2
respectively. While the diffusion coefficients were 6.89x 10 -20 and 8.4 x 10-19 cm2/s
respectively.

These

values

are

less

compared

to

that

of

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2.

Again, the enhanced electrochemical response of GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2
is attributed to the high conductivity and large specific surface area of gold nanoparticle
dotted 4 nitrophenylazo functionalised graphene (AuNp/G/PhNO2) which increased the
loaded amount of [Ru(bpy)3]3+. In addition, the slight negative charge conferred on the
nanocomposite by PhNO2 units further enhanced the quantity and stability of the cation
electrostatically as observed in CV characterization.

4.2.8 EIS studies of GCE/Nafion/([Ru(bpy)3]2+, GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2
and GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 sensor platforms
Electrochemical impedance spectroscopy was used to study the kinetics and mechanisms of
electron transfer processes of the three modified electrodes (GCE/Nafion/([Ru(bpy)3]2+,
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2)

and

comparably with that of bare GC electrode in PBS (pH 7.2). In order to get better potential,
the EIS studies of the three modified electrodes were first ran over a range of bias potentials
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0, 100, 200, 400, 600, 800 and 1000 mV. A similar trend of Nyquist plot as shown in Figure
4.23 was observed for all three platforms.

Based on different equivalent circuits used in modelling the results, the optimal AC potential
was found to be 0 mV. This conforms to the reports that zero potential is ideal for EIS
studies, reason being that it leads to low induced diffusion current and simplified electronic
circuit [198-200].

Figure 4.23: Nyquist plot of GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 performed at
different bias potentials: 0, 100, 200, 400, 600, 800 and 1000 mV respectively.
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The electrocatalytic behaviour of the four electrodes GCE, GCE/Nafion/([Ru(bpy)3]2+,
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 was
investigated using Nyquist plot as shown in Figure 4.24.

Figure

4.24:

Nyquist

plots

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

for

GCE,

GCE/Nafion/([Ru(bpy)3]2+,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2,

and

measured in 0.1 M PBS solution at 0 mV

The analysis of the Nyquist plot was based on an equivalent circuit shown in Figure 4.25,
where the solution resistance, R s, precedes a constant phase element, CPE, which is in
parallel with charge transfer resistance, R ct and Warburg element short, (WS). Rct represents
the resistance to charge transfer kinetics between the electrolyte and the electrode.
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accordingly, this in turn benefits closer contact between the signal probe and the transducer,
and

consequently

faster

electron

transfer

rate

as

was

corroborated

by

CV,

chronoamperometric and chronocoulometric studies above.

It also implies that the presence of AuNp/G/PhNO2 exhibits an excellent electrocatalytic
effect on oxidation of tris (bipyridine) ruthenium (II) [Ru(bpy)3]2+ mediated in Nafion in
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which charge transport in the nanocomposite occurs through hopping within the bipyridine
and graphene conjugated system enhanced by the presence of gold nanoparticles which act as
donor

and

acceptor

in

the

graphene

matrix

[198].

This

makes

the

Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 modified electrode very suitable for charge transfer
applications and for immobilisation of charged biomolecules.

Table

4.1:

EIS

parameters

of

GCE,

GCE/Nafion/[Ru(bpy) 3]2+,

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

Sensor platforms

Rs (Ω) Rct (Ω)

CPE (nF)

WS (Ωs1/2)

Bare GCE

70.56

0.6113

0.43119

GCE/Nafion/[Ru(bpy)3]2+

131.93 2183

0.61498

0.44851

GCE/ Nafion/[Ru(bpy)3]2+/G/PhNO2

213.8

1827

0.50245

0.47386

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

269.8

950.4

0.75183

0.46073
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The frequency dependence of both the phase angle and the impedance is shown in the Bode
plots of Figure 4.26 (a) and (b). The impedance versus frequency plot, Figure 4.26 (b), shows
that at high frequency the total impedance of the electrodes decreased due to Ohmic
resistance which is solution resistance in this case and at low frequency an increase in total
impedance was observed due to additional resistance in the system which is charge transfer
resistance.

It

could

be

observed

that

the

total

impedance

for

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 is the lowest at low frequencies compared to
others

in

the

order

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2
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<

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 < GCE/Nafion/[Ru(bpy)3]2+ < GCE, which is an
indication of improved conductivity of the modified electrodes.

The electrode with the lowest impedance is the most conducting and it follows that order to
GCE. The phase shift of the modified electrodes (GCE, GCE/Nafion/[Ru(bpy)3]2+,
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2) at the
lowest frequency were 79.92o, 64.47o and 52.52o respectively. The phase shift increased with
frequency for curves (i), (ii) and (iii) until a characteristic frequency, fc = 1.14, 1.0 and 0.85
Hz respectively, then they all decreased to lowest value of 3.98 o which is expected for simple
equivalent circuit [150].

On the contrary, the phase shift of GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 (45.52o ) at
frequency, fc = -0.05 Hz decreased constantly with higher frequencies to lowest value of
3.98o. This implies that the modification of the GC electrode with the newly synthesised
AuNp/G/PhNO2 greatly enhanced the electro-activity of the GC electrode surface.
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(a)

Figure 4.26(a): The phase angle versus frequency plot for EIS data.

(b)

Figure 4.26(b): The impedance versus frequency plot for EIS data.
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The Rs value represents the property of the bulk solution that reflects uncompensated Ohmic
resistance

via

non-Faradaic

process

[201].

The

great

drop

in

Rct

value

of

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 led to faster reduction of ions in proximity of the
electrode causing higher concentration gradient in the bulk electrolyte solution. Therefore
oxidised ions in solution diffuse faster towards the electrode surface, creating a flux of
oxidised species towards the electrode as the concentration gradient is increased. A
comparative study of the interfacial heterogeneous electron transfer rate of all the electrodes
was done using equation (55) and (56) [99].

Rct = RT/nFIo

(58)

Io = nFAk0C*

(59)

Where n (number of electrons transferred) = 1 e, F (Faraday constant) = 95484.56
C/mol, R (Gas constant) = 8.314 J/mol/K, T (Reaction temperature) = 298 K, A
(Geometric area of electrode) = 0.071cm2, C* (concentration of PBS electrolyte) = 0.1
M, Io (Standard exchange current, A) and k0 (Heterogeneous rate transfer const. cm/s).

The calculated values of I o and the corresponding k0 values from the Rct values of the
electrodes

are

shown

in

Table

4.2.

The

larger

Io

and

k0

values

for

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 confirms that AuNp/G/PhNO2 exhibits an
excellent electrocatalytic effect on oxidation of tris (bipyridine ) ruthenium (II) [Ru(bpy)3]2+
mediated in Nafion. It signifies also that this newly synthesised nanocatalyst can act as a
suitable electron transfer mediator for enzyme electrodes and can couple electrons from the
enzyme active centre to the electrode surface. The sensitivity of this platform is ultimately
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dictated by the rate at which the Ru3+ site are regenerated within the film, which has reflected
in the higher interfacial heterogeneous electron transfer rate, exchange current, diffusion
coefficient and peak currents.

Table 4.2: Heterogeneous rate transfer constant and standard exchange current values for the
three sensor platforms

Sensor platforms

Io (A)

k0 (cm/s)

Bare GCE

8.17x10-6

1.2x10-8

GCE/Nafion/[Ru(bpy)3]2+

1.19x10-5

1.7x10-8

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2

1.37x10-5

2x10-8

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2

2.6x10-5

3.8x10-8

4.3

Detection of tri-n-propylamine via electrochemiluminescent system

As mentioned earlier, electrochemiluminescence (ECL) is the emission of light observed
when the excited product of an electrochemical reaction relaxes radiatively to its ground
state. Luminescent signal can be obtained from the excited state of an ECL luminophore
generated at electrode surface during the electrochemical reaction [161, 202-203]. As the
combination of electrochemistry and chemiluminescence (CL), ECL presents several inherent
advantages of two methods, such as versatility, sensitivity, simplified optical setup, and wide
linear range for clinical and environmental analysis [204-205].

ECL behaviours of our sensor platforms were investigated in details using tripropylamine
(TPA) as the model. The ECL emission of [Ru(bpy) 3]2+ - TPA system resulted from the
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reaction between the de-protonated TPA radical (TPA●) and electro generated [Ru(bpy)3]3+ to
form [Ru(bpy)3]2+*, which then decays to produce emission [195-196]. See expression in
Chapter three, Section 3.11.2. Two carbon screen printed electrodes (CSPE) were modified
into CSPE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and CSPE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 as
previously described.

The modified electrodes were tested in a series of TPA solutions with different
concentrations prepared with 0.1 M PBS solution. And the ECL responses under continuous
scanning to obtain a relative steady ECL intensity were recorded in a special 10 mL fused
quartz cuvette. The results showed that the response ECL intensity increased with the
concentration increment of TPA and that the ECL intensity was directly proportional to the
concentration of TPA (as shown in Figure 4.28). The experimental results also show that
CSPE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 sensor had excellent ECL efficiency and longterm stability than CSPE/Nafion/[Ru(bpy)3]2+/G/PhNO2.

(a)
Figure 4.27(a): ECL signals of CSPE/ Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2 sensor with
different concentrations of TPA (0, 5, 50, 500, 1000 and 10000 pg/mL).
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(b)

Figure 4.27(b): Relationship between ΔECL and TPA concentration

4.4

Electrochemical synthesis and characterisation of PDMA/AuNp/G/PhNO 2

The direct electron transfer rate at a bare GC electrode surface is usually very slow [32].
Therefore the modification of the electrode surface using suitable matrices as already
reported is known to provide a conductive electro-environment for high interfacial
heterogeneous electron transfer rate directly with the underlying electrode [32, 206]. A
mediator is required to achieve this, which has been a major concern in developing
electrochemical sensors. In this regard, conducting polymers have been of interest because of
their electrical conductivity [206].

Among conducting polymers, polyaniline (PANI) has been one of the most studied owing to
its high conductivity, environmental stability and low cost of production. PANI exists in three
forms e.g., fully reduced leucoemeraldine; half oxidized emeraldine and fully oxidized
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pernigraniline [207]. It can be synthesized chemically or electrochemically and it has many
potential applications in various fields [208]. However, one major drawback of PANI which
continues to be a problem is its poor processability. PANI in itself is not soluble in common
solvents and it decomposes before it melts [209-210]. In order to improve on its
processability, disubstituted form of PANI such as poly 2, 5 dimethoxyaniline was preferred
in this research [32-33].

Poly 2, 5 dimethoxyaniline possesses interesting features which are superior and these
includes higher electrical conductivity, environmental stability, improved processability,
solubility in a variety of solvents and retention of its redox activity at pH above 4 [30, 33].
When doped with a suitable electro catalyst, it can act as a suitable electron transfer mediator
for biosensors enabling direct communication between the immobilized bio-molecules and
the electrode surface [30-34].

These systems could also have applications as donor-acceptor type conjugated systems [206],
or electro and photochemical manipulation of the metal centres on the polymer and could
represent switchable molecular wires responding to external stimuli. [31, 33, 206]. In this
contribution, the interesting features of our nanostructured PDMA/AuNp/G/PhNO 2 material
which was synthesized by incorporating our newly developed AuNp/G/PhNO2 into the
polymer matrix via electro-polymerisation method are explored.

4.4.1 Optimization for electrosynthesis of PDMA/AuNp/G/PhNO2 on GCE
PDMA/AuNp/G/PhNO2 composite films were formed on pre-cleaned glassy carbon electrode
by electro polymerization of 0.05 M 2, 5 dimethoxyaniline (DMA) in 1 M HCl solution
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containing 0, 0.3, 0.6, 0.8 and 1.0% AuNp/G/PhNO2 as already described in chapter 3,
section 3.7.

To evaluate the effect of AuNp/G/PhNO2 on the properties of PDMA films, electrochemical
performance of the composite films prepared from the various growth solutions were
investigated by carrying out CV measurements at scan rate 50 mV/s in 1.0 M HCl and at scan
rate 5 mV/s in 0.1 M PBS (pH 7.2) solutions. The results are shown in Figure 4.28 (a) and (b)
respectively. A distinct redox couple could be observed from the CV measurement in PBS
(Figure 4.28 b) while in the CV measurement in HCl showed three redox couples centred at
180 mV and 550 mV corresponding to leucoemeraldine radical cation/leucoemeraldine,
emeraldine/emeraldine radical cation and pernigraniline/pernigraniline radical cation were
observed [30, 211]. Largest voltammetric output current was observed with the film prepared
from the growth solution containing 0.3% AuNp/G/PhNO2 in HCl characterisation solution
compared to other compositions and to pure PDMA film; sees Figure 4.28 (a).

And a slight shift in peak potential between the 0.3% PDMA/AuNp/G/PhNO 2 and pristine
PDMA could be observed too. Similar observations were recorded in PBS characterisation
solution ran at scan rate 5 mV/s; see Figure 4.28 (b). The electrochemical behaviour of pure
PDMA and PDMA/AuNp/G/PhNO2 prepared from various composition solutions was clearly
expressed in Figure 4.28. Therefore, PDMA/AuNp/G/PhNO2 composite film prepared from
the growth solution containing 0.3% AuNp/G/PhNO2 was found to be the optimum ratio and
used all through for the electrochemical synthesis of PDMA/AuNp/G/PhNO 2 composite since
it exhibited highest peak current in both acid and PBS solutions compared to others.
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(a)
Figure 4.28(a): CV behaviour of PDMA/AuNp/G/PhNO2 films prepared from the growth
solutions containing 0, 0.3, 0.6, 0.8 and 1.0% AuNp/PhNO2 in 1 M HCl.

(b)

Figure 4.28(b): CV behaviour of PDMA/AuNp/G/PhNO2 films prepared from the growth
solutions containing 0, 0.3, 0.6, 0.8 and 1.0% AuNp/G/PhNO2 in 0.1 M PBS solution.
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The enhancement in electrochemical activity PANI and substituted PANI depends on the type
of dopant and degree of doping/protonation [212-213], therefore a promotion in the
protonation with the doping effect of AuNp/G/PhNO2 electro catalyst was expected. This is
due to the fact that our newly synthesised gold nanoparticles-dotted 4-nitrophenylazo
functionalised graphene (AuNp/G/PhNO2) have large π-bonded surface which might interact
strongly with the conjugated structure of PDMA via π-stacking.

And that the resulting highly conjugated π-system would promote the degree of electro
delocalization and lead to a preferential protonation of amine nitrogen atoms. It could be
observed from Figures 4.29 (a) and (b) that the 0.3% PDMA/AuNp/G/PhNO2 composite film
showed a great enhancement in the CV peak currents compared to that of pristine PDMA.
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(a)

Figure 4.29(a): CV of GCE/PDMA and GCE/PDMA/AuNp/G/PhNO2 (0.3%) in 1 M HCl
solution.

(b)

Figure 4.29(b): CV of GCE/PDMA and GCE/PDMA/AuNp/G/PhNO2 (0.3%) in 0.1 M PBS
solution.
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4.4.2 Electrochemical synthesis of PDMA/AuNp/G/PhNO2 composite
Electrochemical polymerization of 2, 5-dimethoxyaniline monomer on GCE in the absence
and presence of AuNp/G/PhNO2 was achieved by cyclic voltammetry in 1 M HCl. The
electrode potential was scanned between -200 and +900 mV for 10 cycles at a scan rate 50
mV/s, following the experimental procedure described in chapter two, section 3.7.2. The
polymerization reaction was initiated by the formation of resonance stabilized aniline radical
cations from the protonated 2, 5-dimethoxyaniline monomer [214-215].

Throughout the electro polymerisation, it was observed that the peak current increased as the
number of cyclic voltammograms increased. Also the polymer thickness increased with
successive potential cycles indicating that conductive polymeric films are being formed on
the surface of the glassy carbon working electrode [214, 216]. A homogenous film was
produced after the 10 cyclic voltammograms. The cyclic voltammograms for the electro
deposition of PDMA and PDMA/AuNp/G/PhNO2 films on the GCE surface are shown in the
Figure 4.30 (a) and (b) respectively.

Two pairs of redox peaks centred at 180 mV (a/aʹ) and 550 mV (c/cʹ), corresponding to
transition from leucoemeraldine to emeraldine, and emeraldine to pernigraniline states [215216] respectively, were observed for both the pristine PDMA and the doped
PDMA/AuNp/G/PhNO2 composite. This indicates the presence of discrete electroactive
regions in the films. The origin of another pair of redox peaks observed at 430 mV (b/bʹ) for
both PDMA and PDMA/AuNp/G/PhNO2 is complex and can be attributed to different
intermediates and degradation products such as cross-linked polymer, benzoquinone,
emeraldine/emeraldine radical cation etc [217]. Noticeably, the incorporation of
AuNp/G/PhNO2 into the polymer matrix evidently improved the conductivity of the
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composite as could be observed from better defined redox peaks (a/aʹ), (b/bʹ) and (c/cʹ) in the
polymerisation CVs of Figure 4.30.

(a)
Figure 4.30(a): CV for electrochemical synthesis of PDMA in 1.0 M HCl

(b)
Figure 4.30(b): CV for electrochemical synthesis of PDMA/AuNp/G/PhNO2 films in 1.0 M
HCl
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4.4.3 Characterisation of PDMA
The electrodeposited PDMA and PDMA/AuNp/G/PhNO2 films were characterised by CV in
1.0 M HCl at various scan rates (10-70 mV/s) as shown in Figure 4.31 (a) and (b)
respectively. The voltammograms exhibited three redox peaks; (a/aʹ) is assigned to
leucoemeraldine radical cation/leucoemeraldine, the second redox peak (b/bʹ) is assigned to
emeraldine/emeraldine

radical

cation

and

the

third

one

(c/cʹ)

is

assigned

to

pernigraniline/pernigraniline radical cation [30, 211]. Analysis of the voltammograms
showed that the peak potentials and corresponding currents vary with increasing scan rates.
The increase in peak current is greater for the composite film Figure 4.31 (b) than for pure
PDMA Figure 4.30 (a) indicating that the AuNp/G/PhNO2 nanocatalyst truly improved the
conductivity of the assembled film. It was also observed that peak bʹ disappeared with
increase of scan rate from 60 mV/s. This indicates that PDMA/AuNp/G/PhNO2 was
successfully attached onto GCE surface and it is electroactive.

(a)
Figure 4.31(a): CV at various scan rates (10-70 mV/s) of GCE/PDMA in 1 M HCl
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(b)

Figure 4.31(b): CV at various scan rates (10-70 mV/s) of GCE/PDMA/AuNp/G/PhNO2
(0.3%) in 1 M HCl.

From Figure 4.31 (b), kinetic studies of PDMA/AuNp/G/PhNO2 were performed to
investigate its behaviour on GC electrode in 1.0 M HCl solution. The number of electrons
transferred was estimated from peak cʹat scan rate 20 mV/s and was calculated using
equation:

|Ep-Ep1/2| = 2.20RT/nF = 56.5/n

(60)

Where, Ep = maximum peak potential
Ep1/2 = half maximum potential
R = gas constant, 8.314 J (mol/K)
T = absolute temperature of the system, 298 K
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F = Faraday constant, 96584 C/mol
n = number of electrons transferred

It was calculated to be one (1) electro transfer system which is in agreement other reports in
the literature [210, 218]. Anodic peak current versus scan rate plot, Figure 4.32(a), is linear
indicating that there are conducting electroactive polymers on the electrode which undergo
rapid charge transfer reactions.

(a)

Figure 4.32(a): The Randles-Sevcik plots of Ipa peak (c) vs scan rate.

The surface concentration (Γ *) of the absorbed electroactive species could be estimated from
Figure 4.32 (a) using Brown Anson equation [210]:
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n2 F2 Γ* ν A
Ip

=

(61)

4RT

Where, Ip = peak current
A = electrode surface area
Γ* = surface concentration of absorbed electroactive species
ν = scan rate (mV/s)
n, F, R and T are as explained in equation (60).

n2 F2 Γ* A

From Figure 4.32 (a), the slope = 9.51607 =

4RT

(62)

Hence, the surface concentration of PDMA/AuNp/G/PhNO2 (peak c) was estimated to be
1.269 x 10-4 mol/cm2.

The linear dependence of peak current on the square root of the scan rate was done by
Randles-Sevcik plot Figure 4.32 (b) for GCE/PDMA/AuNp/G/PhNO2 peak c. The result
obtained indicates a diffusion controlled system in which the peak current arises from the
electro propagation through the polymer chain.
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(b)

Figure 4.32(b): The Randles-Sevcik plots of Ipc peak (cʹ) vs square root of scan rate.

Randles-Sevcik equation was used to estimate the rate of charge transport coefficient (D)
within the polymer matrix applying the slope of the straight line plot obtained in Figure 4.32
(b) in the equation. The diffusion coefficient for GCE/PDMA/AuNp/G/PhNO2 was estimated
to be 8.853 x 10-3 cm2/s for peak c.
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Chapter Five

Results and discussion- Part two

This chapter presents the optimisation and characterisation of DON
immunosensors fabricated with the three sensor platforms that was
developed in chapter four. The results obtained from the application of
these immunosensors in the detection and determination of DON in
standard samples and real samples via impedimetric system are also
discussed.

EIS is a sensitive, non-destructive and an excellent electrochemical sensing method as
reviewed earlier in chapter two. It was envisaged that impedance sensing is most useful for
large species that significantly perturb the sensing interface. Regardless of the method of
transduction, any immunosensor relies on robust sensing interfaces with well-defined
molecular interactions between an antibody and the epitope/antigenic species to which it
selectively binds [179]. Hence, the efficient immobilization of biomolecules on transducers is
a potentially important prerequisite for the fabrication of ultrasensitive biosensors and
nanotechnology devices. The aryl diazonium salt system for modifying surfaces is one
surface modification system that has the requisite stability and versatility to be applied to a
wide range of different sensing interfaces [177]

5.1

Fabrication of deoxynivalenol mycotoxin immunosensors

Label free electrochemical inhibition based immunosensors for sensitive detection of
deoxynivalenol (DON) mycotoxin was developed with gold nanoparticles-dotted 4188

nitrophenylazo

functionalised

graphene

(AuNp/G/PhNO2),

as

signal

amplification

nanocatalyst mediated in Nafion and PDMA as the sensing platforms. And I adopted
diazonium chemistry as the biomolecule immobilization method. Three glassy carbon
electrodes were first modified with thin film Nafion/[Ru(bpy)3]2+/AuNp/G/PhNO2,
Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/PDMA/AuNp/G/PhNO2 as described in Chapter
Three, Sections 3.6 and 3.5.

The resulting modified electrodes offered an excellent platform for high performance
biosensing applications as observed from the various characterisation techniques in chapter
four. The immunosensors were tailored by covalently coupling the capture antibody onto the
surface of the modified electrodes which contained diazonium salt-functionalised graphene
that was chemically prepared according to the previously described procedure in Chapter
Three, Section 3.3.

5.1.1 Electro-reduction of nitrophenyl group to aminophenyl group.
The modified electrodes were first reduced electrochemically to obtain a modified film of 4aminophenyl on the electrode surface in 0.1 KCl solutions by two cyclic voltammetric scans
over potential range -1200 to 0 mV at scan rate of 50 mV/s. Figure 5.1 shows an irreversible
long cathodic sweep of p-nitrophenyl modified electrode at around −1200 mV (Ag/AgCl).
During the second scan, the long sweep drastically diminished, indicating that nearly all the
electroactive -PhNO2 groups are reduced in the first scan. However, the reduction of -PhNO2
to -PhNH2 is incomplete as evidenced by the reversible couple that appeared at

½

= −260

mV (Ag/AgCl). This couple is assigned to the aminophenyl/nitrosophenyl inter-conversion
[174]
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Figure 5.1: Electrochemical reduction of 4-nitrophenyl group to 4-aminophenyl on the
electrode surface.

5.1.2 CV behaviour of electrochemically reduced modified electrodes
Once the p-aminophenyl surface layer was formed, the electrochemical behaviour of the
modified GC/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2 electrode surface was investigated by
cyclic voltammetry in the presence of the [Ru(NH3)6]2+/3+ redox couple. Figure 5.2 shows the
cyclic voltammogram for bare GC electrode, GC/Nafion/[Ru(bpy) 3]2+/AuNp/G/PhNO2
electrode and for GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2 electrode, in the presence of the
[Ru(NH3)6]2+/3+

redox

couple.

The

data

clearly

show

that

the

characteristic

oxidation/reduction waves of the [Ru(NH3)6]2+/3+ redox couple was completely suppressed at
the GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2 electrode in curve (iii). This is expected for
completely blocked surfaces. The aminophenyl group is assumed to be covalently grafted to
the graphene surface [176, 178]. Similar trend of CV behaviour was observed for
GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 and GCE/PDMA/AuNp/G/PhNO2.
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Figure 5.2: CV of (i) bare GCE, (ii) GCE/Nafion/[Ru(bpy) 3]2+/G/PhNO2 and (iii)
GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2 recorded in 5 mM [Ru(NH3)6]2+/3+.

5.1.3 EIS study of electrochemically reduced modified electrodes
The characteristic of the modified electrode was further investigated by EIS, the results of
which were completely consistent with the cyclic voltammetry results. The Nyquist plots of
these impedance results are shown in Figure 5.3. The analysis of the Nyquist plots was based
on an equivalent circuit shown in the inset Figure 5.3, where the solution resistance, R s
(resistance of solution and of Ohmic contacts) in series precedes a constant phase element
(CPE) which is related to the capacitance of the functionalized glassy carbon sensing
interface [100, 108].
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CPE reflects the non-ideality of the double-layer at the functionalized glassy carbon
electrode/ electrolyte interface due to the roughness and porosity of the interfacial film. The
CPE is in parallel with charge transfer resistance, Rct and Warburg element open, (Wo). Rct
represents the resistance related to the charge transfer rate of redox reactions at the
functionalized electrode [98, 139, 141].

The

charge-transfer

resistance

of

GC/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2

the

Nyquist

electrode

plots

than

for

is
the

highest

for

the

bare

GC

and

GCE/Nafion/[Ru(bpy)3]2+/G/PhNO2 electrodes. This is due to the formation of insulating
organic layer or blocking effect of –PhNH2 group on the modified electrode surface which
leads to the lower rate of electron transfer through the film [173], evidencing high coverage
of the electrode surface with p-aminophenyl group. Similar trend of result was observed for
the other sensor platforms.
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Figure 5.3: Nyquist plots in 5 mM [Fe(CN) ]
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The Rct, Rs , CPE and Wo values obtained from the circuit fitting for the Nyquist plots of
impedance

spectra

of

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2,

GCE,

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2 and GCE/PDMA/AuNp/G/PhNH2 recorded in the
presence of 5 mM [Fe(CN)6]3−/4− redox system in the frequency range of 100 mHz–10 kHz
are shown in Table 5.1 . The R ct value for GCE/PDMA/AuG/PhNH2 is the lowest indicating
that this platform is more conducting than others and it follows that sequence to the least
conducting platform which is GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2.

Table

5.1:

EIS

parameters

of

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2

GCE/Nafion/[Ru(bpy) 3]2+/AuNp/G/PhNH2,

GCE,
and

GCE/PDMA/AuNp/G//PhNH2

in

5

mM

[Fe(CN)6]3−/4− solution.

Sensor platforms

Rs (Ω)

Rct (Ω)

CPE (nF)

Wo (Ωs1/2)

Bare GCE

703.7

394.3

0.79092

0.47896

GCE/PDMA/AuNp/G/PhNH2

641.2

1607

0.80966

0.50364

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2

517.2

2095

0.85138

0.41336

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2

634.8

1952.3

0.82431

0.47722

5.2

Immobilisation of DON antibody

The p-aminophenyl surface layer on the modified electrodes was activated with EDC/NHS to
give a stable intermediate derivative that covalently binds with antibodies (see schematic
illustration in chapter 3 scheme 9 & 10) [176]. After rinsing the electrode from the side with
0.1 M PBS (pH 7.2) solution, 30 µL of 0.2 µg/µL (in 0.1 M PBS, pH 7.2) monoclonal
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deoxynivalenol antibody (DONab) was spread on the electrode surface and incubated for 30
min at room temperature.

The electrode was again rinsed from the side using 0.1 M PBS (pH 7.2) solution to remove
any physically bound antibody and then 10 μL of BSA was spread on the electrode surface to
block nonspecific binding sites for 30 min at room temperature and rinsed with PBS (pH 7.2)
before making impedimetric measurements [177-179]. This same immobilisation protocol
was used in preparing all other electrodes.

The

three

immobilized

electrodes

were

denoted

as

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab,
GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and

GCE/PDMA/AuNp/G/PhNH2/DONab. All experiments were carried out at room temperature
(see chapter two section 3.12.4).

5.3

UV-Vis study of DON antibody-antigen reactivity

DON molecule is characterized as a tetra-cyclic sesquiterpene with seven stereo centres, six
oxygen atoms consisting of an epoxide, a carbonyl-C=O, an aromatic C=C group, cyclic
ether and three alcoholic -OH groups (see Chapter Two, Section 2.1 for the chemical
structure of DON). As mentioned earlier, UV-visible spectroscopy is widely adopted in
studying the electronic structure of chemical compounds [98, 101, 103]. Figure 5.4 (a) shows
the absorbance spectrum of 5 µg/mL deoxynivalenol (DONag) standard solution prepared in
a (3:1) mixture of methanol/PBS solution, methanolic phosphate buffer saline, (MPBS).
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It was recorded on a Nicolet Evolution 100 Spectrometer (Thermo Electron Corporation, UK)
at a wavelength of 190 nm to 800 nm. The sample (4 mL) was measured into a pre-cleaned 5
mL fused quartz cuvette before measurements as described in Chapter Three, Section 3.8. An
absorption band with a peak around 224 nm was observed. This peak corresponds to π-π*
transitions of aromatic C=C bond in the DON chemical structure [183-184].

10 µL of various dilute concentrations of deoxynivalenol antibody (DONab) (2.5 µg/mL, 5.0
µg/mL, 7.5 µg/mL and 10.0 µg/mL) were added in separate experiments to the 5 µg/mL
DONag solution and measured. It was observed that the absorbance decreased in intensity as
the concentration of the added DONab solution increased; see Figure 5.4 (b). This indicates
that there is a binding interaction between the antigen and the antibody.

(a)

Figure 5.4(a): The absorption spectra of DON prepared in MPBS.
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(b)

Figure 5.4(b): The absorption spectra of DON antigen-antibody reactivity.

5.4

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab immunosensor

5.4.1 CV behaviour of the stepwise modification processes
The immunosensor was designed according to the protocol described in Chapter two, Section
3.12.4. The electrochemical behaviour of various stages in the modification of the
immunosensor was studied by cyclic voltammetry. It was observed that the immobilization of
deoxynivalenol antibody (DONab) on the GCE/Nafion/[Ru(bpy) 3]2+/AuNp/G/PhNH2, (curve
i) lead to a decrease in peak current of the [Ru(bpy) 3]2+ redox probe. This is due to decreased
electron transfer capability of the DONab modified electrode (curve ii). This result could
confirm that the immobilized DONab forms an insulating layer on the electrode and perturbs
the interfacial electron transfer considerably.
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After BSA was immobilized to block the remaining active cites in order to avoid any
nonspecific adsorption, a further decrease of the peak currents was observed with the fact that
BSA insulates the conductive support and hinders the transmission of electrons toward the
electrode surface further (curve iii).

Figure 5.5: CV response of different immobilisation steps:
(i) GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2, (ii) after immobilization of DON antibody,
(iii) after blocking nonspecific binding sites with BSA and (iv) after immobilization and
running in standard DON solutions at scan rate of 50 mV/s, over potential range of 650 –
1350 mV.

These results indicated that the immunosensor was successfully modified as premeditation.
The peak current reduced further after the immunosensor was applied in detecting DON from
the standard solution (curve iv).

197

5.4.2 Chronoamperometric behaviour of stepwise modification processes
The

electrochemical

behaviour

of

the

stepwise

modification

processes

of

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab immunosensor was further investigated
by chronoamperometry. The experiments were done in a 2 step potential mode, 2 sec quiet
time, and pulse width of 500 msec in a quiescent condition. The choice of potential steps was
made from the cyclic voltammogram at 50 mV/s of the immunosensor in 0.1 M PBS (pH
7.2).

The Faradaic chronoamperometric measurements were in good agreement with the CV
measurements. It could be observed from the chronocoulograms in Figure 5.6 (a) and (b) that
the current reduced with each modification step. This indicates that following the observed
blocking effect of the PhNH2 film in the previous sections, a further blocking effect was
observed after the covalent immobilization of the antibody and blocking of nonspecific
binding sites with BSA.

(a)

Figure 5.6 (a): Chronoamperometric response of different immobilisation steps.
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Figure 5.6 (a) is represented as (i) GCE/Nafion/[Ru(bpy) 3]2+/AuNp/G/PhNH2, (ii)
after immobilization of DON antibody, (iii) after blocking nonspecific binding sites
with BSA and (iv) after immobilization and running in standard DON solutions.

(b)

Figure 5.6 (b): Bar chart of the chronoamperogram.

5.4.3 Optimisation of assay condition

5.4.3.1 Effect of antibody concentration
The electrochemical responses of the immunosensor to various concentrations of DONab
applied in the immobilisation step were determined by impedance spectroscopy. Different
dilutions of DONab were prepared (1:10; 1:50; 1:100, 1:200 and 1:400 v/v, corresponding to
0.01, 0.02, 0.1, 0.2 and 0.4 μg/μL). 30 μL of each concentration was drop coated onto the
modified electrode to get GCE/Nafion/[Ru(bpy) 3]2+/AuNp/G/PhNH2/DONab, and then
impedimetric measurements were performed in presence of 30 ng/mL DONag MPBS
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solution (pH 7.2). The highest Rct was obtained with 0.2 μg/μL (Figure 5.7), indicating the
optimal formation of immune-complexes and inhibition. Thus, concentration of 0.2 μg/μL
was selected for all experiments.

Figure 5.7: The plot of Rct values versus deoxynivalenol concentration.

5.4.3.2

Effect of pH

In order to evaluate the influence of the pH on immunosensor performance, the
immunosensor was tested by cyclic voltammetric technique in a series of PBS working
solutions with pH ranging from 4.5 to 7.5. Figure 5.8 shows the pH effect of the detection
solution on the immunosensor. The current responses in presence of 30 ng/mL DONag were
monitored. There was no significant change in the peak currents between pH 4.0 – pH 6.5
indicating that the bioactivity of antigen and antibody was poor or absent in the alkaline
solution. Conversely, a drastic drop in peak current was observed at pH 7.0 and the lowest
current was at pH 7.2. This could be attributed to the formation of immune-complexes by the
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binding of DONab and DONag which led to inhibition of electron flow. Therefore PBS of pH
7.2 was adopted as the incubation solution considering the response of the immunosensor.

Figure 5.8: The plot of anodic peak currents from CV versus solution pH.

5.4.3.3

Effect of incubation time

Incubation time for the antigen–antibody interaction greatly influence the sensitivity of the
developed immunosensor. Chronoamperometric technique was used to investigate the current
responses of various immunochemical incubation time (from 5 to 40 min) of the
immunosensor The immunosensor was incubated in 30 ng/mL DONag MPBS solution (pH
7.2) It was observed that the current decreased as the incubation time increased and levelled
off after 30 min, indicating the optimal formation of immune-complexes, therefore, an
incubation time of 30 min was adopted for subsequent analysis (see Figure 5.8).
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Figure 5.9: The plot of peak currents from chronocoulograms versus incubation time.

5.4.4 GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab/BSA performance
Having developed our sensor, we studied its response towards different standard
concentrations of DONag. The electrode was incubated for 30 min in aliquots of a pH 7.2
MPBS solution containing various concentrations of DONag. Different concentrations of
DONag were tested and similar impedance spectra with increasing Rct as the concentration
increased were obtained. Figure 5.10 shows the Nyquist diagrams of the immunosensor
obtained after incubation in increasing concentrations (0, 6, 12, 18, 24 and 30 ng/mL) of
DONag which was prepared in a methanolic PBS as described in Chapter Three, Section
3.12.2.

The observed increase in Rct values with increasing DONag concentrations implies that more
DONag are being bound to the interface and also indicates that the binding of DONag to the
DONab immunosensor inhibits electron transfer at the sensing interface (Figure 5.11) [178,
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219]. This was reflected as an increase in charge transfer resistance in both imaginary and
real impedance as shown in Figure 5.10. The data, a, b, c, d, e and f in Figure 5.10 represents
0, 6, 12, 18, 24 and 30 ng/mL DON antigen respectively.
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Figure 5.10: EIS responses of GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab/BSA
immunosensor to standard DONag solutions.

The equivalent electrical circuit presented in Figure 5.10 insert was used to fit the responses
of the immunosensor to various standard DONag solutions in order to obtain the value of the
charge transfer resistance at each concentration. In order to compare the different electrode
measurements under equivalent conditions and to obtain the normalised values that were
plotted in Figure 5.11, the Rct value for the blank (0 ng/mL DONag) was subtracted from the
Rct values of DONag concentrations.
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Figure 5.11: The calibration plot of EIS detection data of the immunosensor.

A linear relationship between the electron transfer resistance and DONag concentrations was
found ranging from 0 to 30 ng/mL. When DONag was increased beyond 30 ng/mL, the
change in impedance spectroscopy gradually levelled out indicating that all the available
binding sites on sensor were occupied by the DONag. The detection limit of 0.2994 pg/L was
obtained on the basis of 3× S.D. of determination of the zero standards [220] and the
sensitivity is 32.14286 ΩL/ng.
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5.5

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab/BSA immunosensor

5.5.1 CV behaviour of the stepwise modification processes
This sensor was designed as already described in Chapter two, Section 3.12.4. The CV
behaviour of various stages of modification is shown in Figure 5.12. And the inhibition
characteristics observed were very similar to the first immunosensor as explained in Chapter
five, Section5.4.1 but in a lesser degree (see Figure 5.12). It could be observed that the peak
currents at every step are less compared to the first sensor. Evidencing that the additional
presence of gold nanoparticles acting as donor and acceptor in the first sensor platform
(GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab/BSA) greatly enhanced the rate of
electron transfer [221].

Figure 5.12: CV response of different immobilisation steps.

205

The data in Figure 5.12 is represented as (i) GCE/Nafion/[Ru(bpy) 3]2+/G/PhNH2, (ii)
after immobilization of DON antibody, (iii) after blocking nonspecific binding sites
with BSA and (iv) after immobilization and running in standard DONag solutions at
scan rate of 50 mV/s, over potential range of 650 – 1350 mV.

5.5.2 Chronoamperometric behaviour of stepwise modification processes
To further investigate the electroactivity at every modification stage, chronoamperometric
experiments were performed at each stage as already explained in Section 5.4.2. Similar
inhibition results were also observed with the peak currents at every stage being less in
comparism to the first sensor. This indicates that AuNp/G/PhNO2 exhibited an excellent
electrocatalytic effect on redox activity of tris (bipyridine) ruthenium (II) [Ru(bpy)3]2+, see
Figure 5.13 (a) and (b).

Figure 5.13(a): Chronoamperometric response of different immobilisation steps.
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The data in Figure 5.13 (a) is represented as (i) GCE/Nafion/[Ru(bpy) 3]2+/G/PhNH2,
(ii) after immobilization of DON antibody, (iii) after blocking nonspecific binding
sites with BSA and (iv) after immobilization and running in standard DONag
solutions.

(b)

Figure 5.13(b): Bar chart of the chronoamperogram.

5.5.3 GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab/BSA performance
Under the established optimal conditions, this immunosensor was designed and used as a
sensing interface for the detection of DONag. The sensor was incubated for 30 min in
aliquots of a pH 7.2 MPBS solution containing various concentrations of DONag as already
described in section 5.4.4. Similar increase in the Rct values as the DONag concentration
increased was observed as shown in Figure 5.14. This implies that more DONag are being
bound to the interface and also indicates that the binding of DONag to the DON
immunosensor inhibits electron transfer at the sensing interface [219]
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GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab/BSA

immunosensor to standard DONag solutions: a, b, c, d, e and f represents 0, 6, 12, 18, 24 and
30 ng/mL DONag respectively.

The equivalent circuit presented in the insert Figure 5.14 was used to fit the EIS responses of
the immunosensor to DONag standard concentrations. The R ct value for the blank (0 ng/mL
DONag) was subtracted from the R ct values of DONag concentrations and used to prepare the
linear calibration plot, Figure 5.15.
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Figure 5.15: The calibration plot of EIS detection data of the immunosensor.

A linear relationship was observed in the range 0 to 30 ng/mL of DONag concentrations.
From the calibration plot, the detection limit and sensitivity were obtained as 1.0621 pg/L and
9.4119

ΩL/ng

respectively.

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab/BSA

immunosensor

Relatively,
has

a

higher

sensitivity and lower detection limit owing to better electrocatalytic properties of
AuNp/G/PhNH2

5.6

GCE/PDMA/AuNp/G/Ph-NH2/DONab/BSA immunosensor

The electrochemical synthesis of PDMA/AuNp/G/PhNH2 film on GC was done as described
in Chapter three, Section 3.7 and characterised as already explained in Chapter four, Section
4.3. The use of acidic medium is necessary to produce emeraldine salt which is the most
conducting state of the polymer composite. It is has been reported that the conductivity of
PDMA film in its protonated emeraldine state (ES) is similar to that of a metal and that its
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conductivity is due to the formation of polaron band resulting from the proton-induced spinun-pairing mechanism [207, 210].

The acidic PDMA/AuNp/G/PhNH2 was conditioned in 0.1 M PBS solution using cyclic
voltammetry to lower the effect of hysteresis [209]. The proposed mechanism of acid-base
treatment of PDMA/AuNp/G/PhNH2 involving protonation-deprotonation process is
presented in Chapter three, Scheme 8.

5.6.1 Immobilisation of DON antibody
After the conditioning in PBS, the GCE/PDMA/AuNp/G/PhNO2 was rinsed from the side
using deionised water. The polymer nanocomposite was further reduced in 0.1 KCl solution
by two cyclic voltammetric scans over potential range -1200 to 0 mV at scan rate of 50 mV/s.
to

obtain

a

modified

film

of

4-aminophenyl

on

the

electrode

surface

(GCE/PDMA/AuNp/G/PhNH2) as described previously. The reduction spectrum, the CV
behaviour of the reduced sensor and the stepwise modification processes were similar to
those already reported in Sections 5.1.1, 5.1.2 and 5.4.1. See Table 5.1 for comparative EIS
studies of the three sensor platforms at the reduction stage. GCE/PDMA/AuNp/G/PhNH2 has
the lowest Rct value after reduction indicating that it was more conducting than others.

This is an evident that incorporation of AuNp/G/PhNO2 into the polymer matrix greatly
enhanced its conductivity as observed in Chapter four, Section 4.3. The p-aminophenyl
surface layer on the modified electrodes was activated with 1:1 mixture of 0.5 mM EDC and
8 mM NHS to give a stable intermediate derivative. Then 30 µL of diluted monoclonal
deoxynivalenol antibody (0.2 µg/mL in 0.1 M PBS, pH 7.2) was spread on the electrode
surface and incubated for 30 min at room temperature.
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The electrode was again rinsed from the side using 0.1 M PBS (pH 7.2) solution to remove
any physically bound antibody and then 10 μL of BSA was spread on the electrode surface to
block nonspecific binding sites for 30 min at room temperature and rinsed with PBS (pH 7.2)
before measurement, see Chapter three, Section 3.12.4.

5.6.2 GCE/PDMA/AuNp/G/PhNH2/DONab/BSA performance
The modified electrode (GCE/PDMA/AuNp/G/PhNH2/DONab/BSA) was used as a sensing
interface for the detection of DONag under optimal conditions. The electrode was incubated
for 30 min in aliquots of a pH 7.2 MPBS solution containing various standard concentrations
of DONag. The different concentrations of DONag were tested and similar impedance
spectra were observed with increasing charge transfer resistance as DONag concentration
increased (see Figure 5.16). The insulating property is attributed to the formation of immunecomplexes by the binding of DONab and DONag which led to inhibition of electron flow.
Increase in Rct indicates that more DONag were being captured.

In Figure 5.16, a, b, c, d, e and f represents 0, 6, 12, 18, 24, 30 and 36 ng/mL DON antigen,
respectively. The equivalent electrical circuit presented in Figure 5.16 insert was used to fit
the EIS responses of the immunosensor in order to obtain the values of R ct for each
measurement. Normalised Rct values were obtained by subtracting the R ct value for the blank
(0 ng/mL DONag) from the R ct values of DONag concentrations. Figure 5.17 shows the
calibration plot of ∆Rct versus DONag concentrations. A linear relationship was observed in
the range 0 to 36 ng/mL of DONag concentrations (see Figure 4.17). The detection limit of
1.1098 pg/L was obtained on the basis of 3× S.D. of the determined zero standard [144, 220]
and the sensitivity was 43.445 ΩL/ng.
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Figure 5.16: EIS responses of GCE/PDMA/AuNp/G/PhNH2/DONab/BSA immunosensor to
standard DONag solutions in PBS.

Figure 5.17: The calibration plot of EIS detection data of the immunosensor.
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Table 5.2 compares the sensitivity and detection limits of the three immunosensors. The
highest sensitivity was achieved with GCE/PDMA/AuNp/G/PhNH2/DONab immunosensor
followed by GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab which has an additional
advantage of having the lowest detection limit over the rest sensors. From these results, it is
evident that AuNp/G/PhNO2 is a very good electro catalyst and can greatly enhance any
signal of interest.

Table 5.2: Sensitivity and detection limits of the immunosensors

Sensitivity

Limit of detection

(ΩL/ng)

(pg/L)

GCE/PDMA/AuNp/G/PhNH2/DONab

43.45

1.1

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab

9.412

1.1

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

32.14

0.3

Immunosensors

5.7

Stability of the immunosensors

For stability study, the three immunosensors were prepared as described previously and
stored at 4 oC. They were measured impedimetrically at daily intervals using 30 ng/mL of
DONag MPBS solution. The electrodes were used for 5 days with minimal detectable loss of
the activity as compared to the original signal of the freshly prepared electrodes. The results
show that the immunosensors were 89.7%, 80.3% and 67.6% stable for,
GCE/PDMA/AuNp/G/PhNH2/DONab,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab respectively. The sensors were not
measured after this period but longer term stability may be expected due to the strong
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covalent attachment of the antibody molecules to the modified electrode which could prevent
the antibody from leaking out from the surface

5.8

Reproducibility of the immunosensors

The reproducibility of the response of the immunosensors was investigated by analysis of the
same DONag (30 ng/mL) concentration using five equally prepared electrodes for each
immunosensor. A relative standard deviation of 7.2%, 6.5%, and 4.8% was calculated for,
GCE/PDMA/AuNp/G/PhNH2/DONab,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab respectively. Such good precision reflects
the reproducibility of the electrode modification as well as the immobilization, immunebinding and impedimetric procedures.

5.9

Repeatability of the immunosensors

The repeatability of each immunosensor was investigated by five successive measurements of
the same DONag (30 ng/mL) concentration. The relative standard deviation (RSD) for five
parallel impedimetric measurements for each immunosensor gave 8.1%, 6.9% and 5.2% for
GCE/PDMA/AuNp/G/PhNH2/DONab,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab respectively. This result indicated that the
repeatability of the sensors were within experimental error.

5.10

Selectivity study of the immunosensors

To investigate the selectivity of the proposed immunosensors, each of them was incubated in
30 ng/mL DONab standard solution containing different interfering agents such as Nudularin
and Fumonisin. No remarkable change of R ct was observed in comparison with that which
contains only DONab except for the slight increase in R ct observed when Fumonisn was
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added. The immunosensors were also incubated in 30 ng/mL Fumonisin and 30 ng/mL
Nudularin standard solutions prepared in PBS (pH7.2) solution. Almost the same R ct value
was obtained when compared with the blank PBS2 (pH 7.4) solution. Figure 5.18 shows the
result for GCE/PDMA/AuNp/G/PhNH2/DONab immunosensor. Similar results were
observed

for

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab immunosensors. These results indicated that the
proposed immunosensors had a good selectivity.

Figure 5.18: The selectivity chart of GCE/PDMA/AuNp/G/PhNH2/DONab.

5.11

Detection of DONag and certified reference materials by Veratox ELISA test kit

Veratox for DON 5/5 is intended for the quantitative analysis of deoxynivalenol in grains and
grain products. Therefore, various standard concentrations of DONag and certified reference
materials of corn, wheat and roasted coffee were tested using ELISA method for validation of
the fabricated immunosensors. Veratox for DON 5/5 is a competitive direct enzyme-linked
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immunosorbent assay (CD-ELISA) which allows the user to obtain exact concentrations in
parts per million (ppm).

The concentration range of DONg standard for the ELISA test was between 0.25 – 1.99 ppm.
A standard calibration curve of absorbance versus deoxynivalenol concentrations was plotted
as shown in Figure 5.19. The sensitivity obtained from the slope of the initial linear part of
the graph was calculated to be 0.041 mg/L and the limit of detection was 2.1 ppm. These
values represent a better feedback in detecting DONag, and make the use of ELISA an
appropriate technique in validating the fabricated immunosensors.

Figure 5.19: The detection plot of DONag standards by ELISA.

The feasibility of the proposed impedimetric immunosensor for real sample analysis was
investigated by detecting DONag in extracted certified reference materials of wheat; roasted
coffee and corn following the extraction procedure described by Veratox Elisa Kit manual
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(see

Chapter

three,

Section

3.12.3).

GCE/PDMA/AuG/PhNH2/DONab,

The

DON

extract

was

analysed

with

GCE/Nafion/[Ru(bpy)3]2+/AuG/PhNH2/DONab

and

GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab as described in Chapter, Section 3.12.6 and the
results are shown in Table 5.3 .

The GCE/PDMA/AuG/PhNH2/DONab had higher sensitivity to all the certified samples. The
DON values of the immunosensors to certified reference materials were comparable to those
obtained with ELISA technique as well as the quantity advertised by the vendor.

Table 5.3: DON content of corn, wheat and roasted coffee certified reference materials

Certified Reference

A

B

C

Vendor

ELISA

materials

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

Wheat

0.29

0.3

0.26

0.71

0.2

Corne

1.2

0.92

0.89

1.88

1.1

Roasted coffee

0.22

0.19

0.16

0.77

0.24

Where A = GCE/PDMA/AuG/PhNH2/DONab/BSA immunosensor
B = GCE/Nafion/[Ru(bpy)3]2+/AuG/PhNH2/DONab/BSA immunosensor
C = GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab/BSA immunosensor
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Chapter Six

Conclusions and Recommendations

This chapter discusses and draws conclusions regarding the success of
the developed DON immunosensors with recommendations.

6.1 Conclusions
A highly dispersive gold dotted 4-nitrophenylazo functionalised graphene nanocomposite
(AuNp/G/PhNO2) was successfully synthesised and applied in enhancing sensing platform
signals. Electrochemical immunosensors for ultrasensitive detection and quantitation of
deoxynivalenol mycotoxin in cereals was effectively fabricated with this nanocatalyst.
Impedimetric detection technique was employed and its principle was based on the formation
of immune-complexes by the binding of DONab and DONag which led to inhibition of
electron flow, consequently increased the charge transfer resistance of the sensing interface.
The inhibition effect was found to be increasing as the concentration of DONag increased
under optimum conditions.

Three immunosensors were developed and their detection range for DONag in standard
samples was 6–30 ng/mL. The sensitivity and detection limit of the immunosensors:
GCE/PDMA/AuNp/G/PhNH2/DONab,

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab

and GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab were 43.45 ΩL/ng and 1.1 pg/L; 32.14
ΩL/ng and 0.3 pg/L; 9.412 ΩL/ng and 1.1 pg/L respectively, which was better than those
reported in the literature and compares favourably with the ELISA results.
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The immunosensors had very good detection limits and exhibited high sensitivity for DONag
except for GCE/Nafion/[Ru(bpy)3]2+/G/PhNH2/DONab immunosensor. This is due to the
presence of gold nanoparticles in the sensing platforms which acted as donors and acceptors.
This in effect introduced more molecular orbital states to the total possible states of the
composite thereby lowering the band gap energy/energy of transitions as expected by the
theory of molecular orbitals. Also the effective surface area of the nanocatalyst was enhanced
by the presence of gold nanoparticles which in turn facilitated the covalent immobilization of
DON antibodies to the sensor platform.

Indeed the new AuNp/G/PhNO2 nanocomposite improved the electrocatalytic efficiency of
[Ru(bpy)3]2+/3+ in the Nafion film. The Nafion nanocomposite-modified electrode efficiently
loaded large amount of [Ru(bpy)3]2+ cationic redox probe. This is attributable to the enlarged
electroactive surface area of the composite. In addition, the slight negative charge conferred
on the nanocomposite by the PhNO2 units also contributed in enhancing the quantity and
stability of the cation electrostatically. The sensitivity of the functionalised Nafion electrode
was determined by the rate at which the Ru2+ sites were regenerated within the film. In
comparison to pure Nafion film, the Nafion/AuNp/G/PhNO2 nanocomposite film exhibited
100% relative electroactivity, 30% increase in peak currents and 34.9% reduction in charge
transfer resistance. Ultimately, Nafion/[Ru(Bpy) 3]2+/AuNp/G/PhNO2 sensing platform could
be

used

to

develop

reproducible,

high-performance,

ultra-sensitive

electrochemiluminescence, voltammetric or amperometric sensors as briefly demonstrated in
Chapter four, Section 4.3

The diazonium-based procedure offers the advantages of simplicity, efficiency and speed of
the chemistry involved. Certainly, the modification protocol could be compatible with
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majority of the biomolecules and appears to be very promising in the development of new
biocompatible interfaces for more widespread biosensing applications.

6.2 Recommendations
The

results

indicated

that

GCE/PDMA/AuNp/G/PhNH2/DONab

and

GCE/Nafion/[Ru(bpy)3]2+/AuNp/G/PhNH2/DONab immunosensors are sensitive enough to
detect deoxynivalenol mycotoxin at very low concentrations. The selectivity study in Chapter
5, Section 5.10 showed a little increase in Rct in the presence of Fumonisin, indicating that
the sensor was slightly sensitive to it. Therefore, for the immunosensors to be fully applied in
the detection of deoxynivalenol in samples containing complex matrices, further optimization
and selectivity studies is required. A follow up procedure should include the studies of
interfering species in the analyte solutions.

However, once optimized further, it is clear that this inhibition based immunosensor would
provide ultrasensitive, rapid and reproducible monitoring of deoxynivalenol in cereal and
cereal products effectively. Integration of these immunosensors into an automated system
would be more attractive to provide the detection of DONag in many samples and as such
reduce the time of analysis. Miniaturization is further required for the immunosensors to be
applied for on-site monitoring of DONag.
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