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Abstract

Electrochemical sensor technology has the potential to revolutinise analytical
measurements in food analysis by providing a cheap, easy to use and
portable alternative to traditional chromotography and mass spectrometry
based techniques. In this thesis two such sensors are developed - one
for the detection of caffeine and other for the detection of the mycotoxin,
deoxynivalenol. These sensors are developed from both a food safety and
quality control point of view. The majority of sensor development has been
for the medical point of care sector, however apart from blood glucose sensing,
commerical successes have been limited. Regulatory barriers are not as
significant in the food industry compared to the medical industry and hence,
real world applications should be more feasible.

Chapter 1 provides a general introduction to sensor technology for food
analysis with an emphasis on electrochemical transducers and modified
electrodes in particular. Background theory is outlined for both fundamental
electrochemistry and immunoassay development and previously published
work in electrochemical sensors for food analysis is summarised. In Chapter
2 a number of electrochemical pretreatment techniques are compared with
multiwall carbon nanotubes (MWCNT) and reduced graphene oxide (RGO)
modified screen printed electrodes in the development of an electrochemical
immunosensor for mouse IgG detection. It was found that a MWCNT/Nafion
modified electrode had the most promising analytical characteristics with an
LOD of 0.2 ppm, IC50 value of 0.3 ppm, linear range of 0.04 - 2.7 ppm and
R? value of 0.9286. Subsequent to the optimisation of an electrode material
for this model analyte (mouse IgG), an electrochemical immunosensor for
deoxynivalenol was developed in Chapter 3. Firstly, an ELISA protocol was
developed with a LOD of 0.534 ppm and linear range of 0.9 - 53 ppm, followed
by the transfer of this protocol onto the MWCNT/Nafion electrode. A limit of
detection of 0.95 ppm and IC50 value of 2 ppm were found. These values
are promising considering that the EU maximum residue limit (MRL) for DON
in wheat samples is 1.75 ppm. However, the developed sensor was unable
to detect DON in wheat samples suggesting that a more sophisticated sample
pretreatment method would need to be investigated.

In Chapter 4, a number of different approaches for electrochemical
caffeine detection are investigated namely electrochemically pretreated, nafion

xvi



modified and screen printed graphene electrodes. It was found that the nafion
modified electrode was the most suitable in energy drinks samples. This sensor
had a LOD of 8 uM and linear range of 10 - 128 uM. Finally, in Chapter
5 some suggestions are given to future directions for electrochemical sensor
development.
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1.1 Electrochemical Sensors For Food Analysis

The need to ensure food safety, quality and standards is of great concern to both
the food industry and the consumer. At present, the majority of the necessary
analysis is carried out at the end of the production process using a range of
separation methods in conjunction with common chromatographic techniques
such as GC-FID, GD-EC, GC-MS, HPLC-UV, HPLC-Fl and HPLC-MS [1]. This
approach has a number of limitations. Firstly, as the analysis is carried out at
the end of the process, contaminated batches of product can go through an
expensive production process before any concerns are raised. Secondly, these
methods of analysis are time consuming, require highly trained personnel and
are expensive, especially considering the high volume of samples required to be
analysed. Electrochemical sensors offer a possible alternative to this approach,
by allowing for a screening step before the production process is fully complete.
This would mean a smaller number of samples would be required to be analysed
by the more expensive chromatographic techniques as outlined in Fig. 1.1.

Sample for Analysis

l Sensor Screening

Separation of positive

from negative m Positive
1] B Negative
No more analysis
required
el [ [ ] ]
SEEEEEE EE ) o] ]
[ [rrrrr
DEEEEEEEEEE
EnEEEEEEER l
HE EEE
e rrrrr .
HEE EEEEEE Further detailed
(rrrrrrmr . .
IEENEEEEEE analysis required by

HPLC/GC-MS etc.

Figure 1.1: Schematic of sample screening with an Electrochemical Sensor

Futhermore, contamination can occur at the production, packaging, transport
or storage stages of food production [2]. With this in mind, sensor technology
offers the possibility of providing quick on site analysis with real time
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information. However, biosensors in general have failed to gain much traction
in the food analysis. The reasons suggested for this include the conservative
nature of the market, the high cost of commercial biosensors in a small profit
margin field and the tendency of biosensors companies to focus their products
on pharmaceutical applications [3]. However, this could be about to change
due to the ever increasing guidelines outlined by the European Food Safety
Authority, a number of high profile food safety and authenticity scandals and
the renewed focus of sensor based researchers on food analysis applications
[4, 5]

1.2 Thesis Aims and Objectives

The aim of this thesis was to develop electrochemical sensors for the detection
of the mycotoxin deoxynivalenol (DON) and for the psychoactive substance
caffeine in food and food-related products. These analytes require monitoring
from both a food safety and quality perspective. In the case of caffeine the
concern of food companies is mostly from a food quality and standards point
of view despite the fact that high doses of caffeine are harmful to human
health. On the other hand, DON detection is approached very much from a
food safety perspective as illness from mycotoxin contamination is a significant
risk. The detection of these analytes is currently carried out by traditional
chromatographic and bioassay techniques which are costly, time consuming and
require skilled personnel to carry out the analysis [2] The sensors developed in
this thesis have the potential to offer a low cost, portable and time efficient
solution to these issues. An outline of the thesis structure is given in Fig. 1.2.

1.2.1 Chapter 1

In the subsequent sections of chapter 1 a general introduction is given to
biosensors and electroanalysis. Attention is given to recent advances in
electrochemical immunosensors as well as electrode modification strategies for
immunosensors and for electrochemical sensors in general. In particular, the
sp? family of carbon electrodes, namely graphite, graphene, graphene oxide
and carbon nanotubes are discussed in detail as they are used extensively in
this thesis. Finally, the latest electrochemical sensors from the literature for

mycotoxin and caffeine detection are outlined.

3



Introduction Chapter 1

1.2.2 Chapter 2

Chapter 2 is concerned with the evaluation of electrode materials for
electrochemical immunosensor applications. Two approaches are investigated
with mouse IgG used as a model analyte. Firstly, a number of previously
reported electrochemical pretreatment approaches are compared using a range
of characterisation techniques with the most promising pretreatment being used
to develop an immunosensor. Secondly, reduced graphene oxide and carboyxlic
acid funtionalised multiwalled carbon nanotubes are compared in a similar

manner.

1.2.3 Chapter 3

In Chapter 3 an electrochemical immunosensor for deoxynivalenol detection
is developed using a carboxylic acid funtionalised multiwalled carbon
nanotube/Nafion modified screen printed electrode. This electrode was
deemed to be the most promising for immnosensor applications from the
studies carried out in Chapter 2.

1.2.4 Chapter 4

In Chapter 4 the development of an electrochemical sensor for caffeine
detection is outlined. As caffeine is electrochemically active, a biological
recogntion element isn’t required. Again, an electrochemical pretreatment
approach is undertaken, on this occasion in comparison to a Nafion modified
screen printed graphite electrode. The developed sensor is used to determine
caffeine concentrations in energy drinks.

1.2.5 Chapter 5

At the end of each of the experimental chapters (2,3 and 4) specific details
are given which could be explored for the improvement of the developed
sensors. In chapter 5 however, a broader outline is given to potential future
developments in the field. In particular, emphasis is given to the discussion
of integrated analysis systems which the sensors developed in thesis could be
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used in conjunction with. This should provide ideas for the next stage of this
research.

Chapter 1 - General Introduction

v

Chapter 2 - Electrochemical Detection of Mouse IgG at pre-treated and
Nanocarbon modified electrodes
Part 1 - Characterisation of Electrochemically Pre-treated graphite electrodes
Part 2 - Mouse IgG detection at Pre-treated graphite electrode
Part 3 - Characterisation and mouse 1gG detection at Nanocarbon modified
electrodes

v

Chapter 3 - Develop Electrochemical Immunosensor for Deoxynivalenol (DON)
Detection

Part 1 - Development of ELISA for DON detection

Part 2 - Development of Electrochemical Immunosensor for DON

v

Chapter 4 - Electrochemical Detection of Caffeine
Comparison of pre-treated and nafion modified electrodes for caffeine
detection

Chapter 5 - Conclusions and Future Prospects

Figure 1.2: Outline of chapter structure within the thesis

1.3 Biological and Chemical Sensors

A chemical sensor can be defined as a device that transforms a variety
of chemical information into an analytically useful signal [6]. These
devices contain two key components, a chemical recognition system and a
physio-chemical transducer. If the recognition system contains a biological
element, the sensor is known as a biosensor. Biosensors can in turn be defined
either by their recognition element, or by the physio chemical transducer that
is used to produce an analytical signal. The different forms of biosensor
are summarised in Fig.1.3. The central motivation for the development of
biosensor technology is in the replacement of or as a compliment to traditional,
laborious analytical techniques. These new devices should be portable and easy
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to use allowing fast results for home, hospital or industrial use.

The first biosensor was reported by Clark and Lyons - a blood glucose sensor
which was used to monitor patients during cardiovascular surgery [7]. The
glucose sensor has been a major commercial success story with home use
devices accounting for 80 % of the entire biosensor market[8]. Despite the fact
that research focus and commercial successes have been in the medical sector,
biological and chemical sensors are now beginning to be developed in a wider
range of fields such as pharmaceutical analysis, environmental monitoring and
food analysis [9, 10, 3]. Food analysis is a particularly promising field as the
regulatory requirements bring a product to market are less than in other fields.
The development of sensor technology for this area is the focus of this thesis.

Analytes Biological Recognition Elements Transducers

Toxins Antibodib_

Optical
Heavy Metals

Virus’ Enzymes ’

ici M rabl

Resticides Electrochemical easf‘ abg
Electrical Signal
Sugars
Cells
Preservatives
Mass

Bacteria

A AL

Disease
biomarkers Aptamers

Piezoelectric

Figure 1.3: Biosensor classification based on analyte, biological recognition
element and transducer

1.4 Biosensor classification

1.4.1 Transducers

The transducer element of a sensor transfers the signal produced by the
biochemical reaction into an electrically readable output. For example, in

6
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the case of electrochemical sensors, the electrode itself is the transducer. In
the following subsections a number of different transducers used in biosensor
design are discussed.

1.4.1.1 Optical

Surface Plasmon Resonance (SPR) is a phenomenon which occurs when
transverse magnetic (TM) polarized photons incident on a metal dielectric
surface oscillate at the same frequency as the valence electrons of the metal.
The surface wave (plasmon) produced is then sensitive to changes in the
refractive index near the metal surface [11]. Biochemical changes such as the
antigen-antibody interaction within the plasmon field can result in changes to
the plasmon resonance which is detected as a change in the refractive index.

Hence, biochemical detection can occur.

The use of fibre optics is another strategy for optical based biosensor
development. Fibre optic biosensors all contain the following elements: a
light source, and optical transmission medium such as a fibre or wave guide, a
biological recognition element, optical probes for transduction and an optical
detection system [12]. The advantages of this type of sensor include the ability
for label free detection, isolation from electromagnetic interference, compact
design, accuracy and low cost [13]. However, challenges still exist in the
miniaturisation of the sensors as well as how to increase the stability of the
immobilised biocomponent.

1.4.1.2 Mass/Acoustic

A quartz crystal microbalance (QCM) consists of a quartz disk combined with
electrical contacts [14]. The QCM is piezoelectric i.e. the application of an
external electric field can induce an internal mechanical stress. This basic
device can be converted into a biosensor with the immobilisation of a biological
component. There is a linear relationship between the oscillating frequency of
the piezoelectric crystal and the mass variation on its surface. This change in
mass occurs when the analyte interacts with the biospecific agent immobilised
on the crystal surface which leads to a sensitive form of detection [15].
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1.4.1.3 Electrochemical

Electrochemical transducers rely on the generation of an electrochemically
active compound that can be oxidised or reduced, or through the change in
the surface properties of electrodes that can be detected electrochemically.
The main advantage of electrochemical transducers is the possibility that
these transducers have for miniaturisation and portability. This is particularly
important for in-field, medical, environmental or food analysis. The main
advances in this area has been through the development of novel electrode
materials that have allowed sensitive and selective determination of a wide
range of analytes [16, 17]. Electrochemical sensors are the focus of this thesis
and hence are discussed in detail throughout the rest of this chapter.

1.4.2 Biological Recognition Elements

It is also the case that biosensors can be classified in terms of the biological
recognition element used as outlined in the following sections.

1.4.2.1 Enzymes

The majority of enzyme based biosensors have been developed for the detection
of glucose through the use of the enzyme glucose oxidase [18]. Much of
the research in this area has been in the connection of the redox centre
of the enzyme with an electrode surface through the use of mediators such
as ferrocene and benzoquinone [19]. These mediators allow an increase
in the rate of electron transfer which ultimately leads to lower limits of
detection. However, recent advances in the detection of glucose have showed
that non-enzymatic approaches are also viable [20].

1.4.2.2 DNA

Single stranded DNA, when immobilised onto a sensor surface, can be used
to detect its complimentary strand in a sample. The two strands then form a
hybrid on the surface which can be detected by a range of different transducers
- electrochemical, optical, gravimetric and SPR [21]. In a similar way to
immunosensors, DNA biosensors often use a labelling step which can be
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photometric, enzymic or electroactive [22]. Much of the recent advances in the
area have come in the area of integrated devices; so called 'lab on a chip’ devices
[23]. These sensors could have applications in determining food authenticity,
particularly in light of recent food fraud scandals.

1.4.2.3 Whole Cells

Living cells are a versatile recognition element used in biosensors for drug
screening, clinical diagnostics, food analysis and environmental monitoring
[24]. One particularly popular techngiue has been the use of electrical cell
substrate impedance sensing (ECIS) which allows the label free monitoring of
cell attachment and spreading of cells on electrode surfaces[25, 26]. ECIS has
been also applied to cytotoxicity monitoring in environmental samples [27].

1.4.2.4 Molecularly Imprinted Polymers

Molecularly imprinted polymers (MIP) are an example of synthetic molecules
that can be used in biosensor applications. The synthesis of MIPs follows
three main steps. Firstly, functional monomers attach to the analyte of interest
through reversible or non-covalent bonding [28]. Secondly, a polymerisation
process occurs through a range of strategies which allows the formation of
a polymer/functional monomer/analyte matrix [29]. Finally, the analyte is
removed revealing a polymer with specific recognition sites for the analyte
in question. The MIP can then be deposited onto the sensing surface of
choice. One of the key advantages of MIPs is their robustness and low cost
of production. Due to the regulatory barriers being much lower for the food
industry, Uzun et. al have suggested that the first commercial biosensor using
MIPs could well be for food analysis applications [29].

1.4.2.5 Aptamers

A new class of biological recognition element known as aptamers are attracting
interest as a possible rival for antibodies in biosensor applications [30, 31, 32].
Aptamers are synthetic nucleic acid probes that have the ability to bind to
small molecules, thus performing the same role as antibodies. However, they

also offer some significant advantages such as not requiring animals for their
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production. The production of aptamers in vitro allows them to be engineered
to bind to a specific region of the target and also avoids the complication
associated with antibodies of identifying endogenous proteins as opposed to
the intended target. One of the most significant advantages that aptamers have
in comparison to antibodies is their stability at ambient temperatures which is
particularly important for sensor storage and transort. Ochratoxin A has proved
to be a popular analyte for the use of aptamers, even justifying a review article
in the area [33]. Electrochemical aptasensors have also been developed for a
range of other food related analytes such as fumoninsin B1 [34], tetracyclines
[35], aflatoxin M1 [36] and kanamycin [37] amongst others.

1.4.2.6 Antibodies

Antibodies can be defined as proteins produced by an organism that are used to
counteract a specific antigen. They come in five main classes, I1gG, IgA, IgM, IgD
and IgE. The most basic form of antibody consists of two light and two heavy
chains held together by noncovalent and disulphide bonds. The heavy chain of
the antibody determines which class it belongs to. The IgG, IgE and IgD forms
consist of the basic IgG structure with two light and heavy chains. In contrast,
IgA molecules can consist of a singlet, doublet or triplet of this basic structure
whilst IgM molecules are pentameric in structure.

In Fig. 1.4 you can see the structure of an IgG antibody. This type of antibody
has four polypeptide chains, two heavy chains, and two light chains linked by
disulphide bonds. Both the heavy and light chains have variable regions (Vy
and V1) which are responsible for antigen binding.

10
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Figure 1.4: Schematic of typical antibody IgG structure showing constant and
variable regions as well as connecting disulphide bond

Antibodies can also be divided into two different class types, depending on how
they are produced. Antibodies produced from multiple B-lymphocyte lines are
known as polyclonal antibodies, whereas antibodies that are produced from
the clones of a single B-lymphocyte [38]. The advantages and disadvantages of
using these types of antibodies are outlined in Table 1.1

Table 1.1: Monoclonal vs Polyclonal Antibodies

Monoclonal Antibodies Polyclonal Antibodies

High cost to prepare Cheaper to prepare

Same affinities Different affinities
Monospecific antibody Cannot be reproduced
Detects only one epitope Recognises multiple epitopes

Efficient for binding of antigens within a Not useful for probing
mixture of related molecules specific domains of antigens

Furthermore, in terms of bioassay development, primary antibodies are defined
as those antibodies that target the species of interest in an assay. In contrast,
secondary antibodies are targeted towards the primary antibody by binding of
their Fab domain to the Fc domain of the primary antibody. This allows for great

11
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flexibility in ELISA experiments (see following sections) by enabling labelling
of secondary antibodies which can be used with a range of different primary
antibodies. Hence, the specific binding of an enzyme to a primary antibody is
often not required.

1.5 Enzyme Linked Immunosorbent Assay

Enzyme linked immunosorbent assay (ELISA) is a common immunoassay
technique that has become, since its establishment in the early 1970s [39, 40], a
fundamental tool in the analytical sciences with wide ranging applications. The
basis of the ELISA procedure is the high specificity and affinity that an antibody
has for an antigen which allows binding of the antigen whilst in the presence of
hundreds of other substances. A range of different ELISA formats are possible,
some of which are shown in Fig. 1.5. The choice of ELISA format is dependent
on the requirements of the assay and the reagents available. For example, in
the case of small molecule detection, the competitive assay is most appropriate.
These experimental formats are outlined in detail in subsequent sections.

b
A

Direct Capture Indirect Capture Sandwich

4

e /| ¢ X+

Solid Support Blocking Coating  Primary  Antigen Labelled Substrate
Solution Conjugate Antibody Antibody

Figure 1.5: Direct capture (left), Indirect capture (centre) and sandwich (right)
ELISA assays
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1.5.1 Direct ELISA

In the direct ELISA format an antigen or antibody is immobilised directly onto
the solid support [41]. The next step involves blocking all vacant sites on the
surface followed by the binding of the enzyme labelled antibody to the antigen.
Any unbound compounds are then washed away using a washing buffer which
leaves only the antigen-antibody conjugate on the surface of the microtitre
well. Finally, an enzyme substrate is added which the enzyme converts into a
detectable product. The intensity of the signal produced is directly proportional
to the amount of antibody (or antigen in the case of an antigen capture assay)
captured. This intensity is measured using an absorbance plate reader, which
measures absorbances at the appropriate wavelength for the enzyme used.

1.5.2 Indirect ELISA

Indirect ELISA makes use of enzyme labelled secondary antibodies which bind
to the detecting antibody as opposed to an enzyme labelled primary antibody
in the case of the direct ELISA format. Secondary antibodies bind specifically
to their primary antibody counterpart in a similar way to the antibody-antigen
binding. In the same procedure as the direct assay, a primary antibody-antigen
complex is developed in the microtitre well. At this stage of the process,
an enzyme labelled secondary antibody is introduced which binds with its
primary conjugate. The enzyme substrate then indicates the concentration of
the antibody, also using an absorbance plate reader. The indirect system offers
the advantage that a wide range of antisera can be investigated for binding to a
particular antigen using a single antispecies conjugate [42]. This offers fantastic
versatility in antispecies conjugates of which there are thousands commercially
available.

1.5.3 Sandwich ELISA

In a sandwich assay, as indicated in Fig. 1.5 above, the antigen to be detected
is sandwiched between two antibodies. The primary antibody’s secondary
antibody is then attached (with enzyme label) and the same detection routine
is carried out. The advantage of the sandwich assay is increased sensitivity in
comparison to the direct and indirect approaches [43].

13
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1.5.4 Competitive ELISA

In a competitive ELISA (Fig. 1.6), the analyte to be detected competes with a
labeled antibody in order to bind to a primary antibody that has been attached
onto the well surface. In this format, there is an inverse relationship between
analyte concentration and absorbance signal due to the fact that the greater
the amount of labeled antibodies that attach to the coating conjugate, the less
analyte is present in the sample. Competitive assays are generally used for the
detection of small molecule analytes as only one antigen binding site is required
in contrast to the sites needed in a sandwich assay [44].

+ 4
. A
¢ & JI 4
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Direct Competitive Indirect Competitive

o )L« X+

Solid Support Blocking Coating  Primary  Antigen Labelled Substrate
Solution Conjugate Antibody Antibody

Figure 1.6: Direct competitive (left) and Indirect competitive ELISA formats

1.5.5 Displacement ELISA

A displacement assay (Fig.1.7) has a similar set of steps to the indirect
competitive assay. However, instead of a competition step between antibody
and antigen, the labelled secondary antibody is allowed to bind to the primary
antibody uninhibited. Then in the final step of the assay, the analyte is added
which displaces the coating conjugate/primary/secondary antibody complex
that has formed on the plate. Hence, a high concentration of analyte leads
to a low signal. The advantage of this type of assay is that the analyte can be
added at the very end of the assay allowing the plate to be prepared and stored
in advance. However, it also entails an extra incubation step which increases
overall assay time.
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Figure 1.7: Displacement ELISA format

1.5.6 Photometry and Beer-Lambert Law

Photometry is a method used to measure the amount of light that a chemical
sample adsorbs as light passes through it. It is the measurment principle upon
which all ELISA experiments are based. Each compound adsorbs light over a
range of wavelengths and the amount adsorbed is related to the concentration
of the sample as described by the Beer-Lambert law:

Absorbance = €lc (1.1

where the absorbance is defined as follows:
I
Absorbance = —Logw]— (1.2)
0

and ¢ is the molar attenuation, c is the concentration and 1 is the path length of
the beam of light through the sample.

A schematic representation of the measurement principle of the photometer is
given in Fig. 1.8. Firstly, a quartz tungsten halogen lamp (1) produces light
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which is chopped by the chopper wheel to minimise electronic noise (2). The
light then passes through the condenser lens (3) before part of the visible light
is reflected by a translucent mirror (4) which evens out the spectral density.
An appropriate wavelength is then selected using an interference filter (6). An
optical fibre bundle (7) then refracts the light into eight equal parallel beams
and deflects the beam upwards where it is focused using lenses (8). Finally the
intensity of the light is measured using a photocell detector (9).

Figure 1.8: Multiskan Ex Plate Reader measurement principle (reproduced from
the operating manual)

1.5.7 Enzyme Substrate Reactions

The two most commonly used enzymes in ELISA are alkaline phosphatase and
horseradish peroxidase. In the case of alkaline phosphatase, p-nitrophenol
phosphate (pNPP) is the most commonly used substrate and is used to produce
p-nitrophenol. The specific reaction is described in Fig 1.9. The intensity of the
yellow colour is representitive of the concentration of the analyte present.

pNPP pNP (yellow)
NOz Noz
Alkaline Ph hat
H,0 + © aline Phosphatase © + H3PO,
OH
0‘Po;,Hz

Figure 1.9: AP/pNPP substrate reaction
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1.6 Electrochemical Immunosensors

Electrochemical immunosensors, in a similar way to ELISA measurements,
also rely on the ability of antibodies to detect specific antigens. However,
in contrast to ELISA the signal is detected via an electrochemical signal
as opposed to a colour change. The is achieved by using an enzyme
substrate that, when reacting with an enzyme labelled secondary antibody;,
produces a product that can be oxidised or reduced with the application
of a fixed voltage. In the case of alkaline phosphatase labelled secondary
antibodies, para aminophenyl phosphate (pAPP) (see Fig 1.11) is commonly
used and tetramethybenzidine/hydrogen peroxide (TMB/H,0,) is used for
horseradish peroxidase labelled secondary antibodies. TMB/HRP has the
advantage of being able to be used for both optical and electrochemical assays.
Electrochemical immunosensors have a number of significant advantages
over ELISA including their small size, low cost and portability. Another
advantage, particularly in food samples, is the fact that there are significantly
less electrochemical interferences in food matrices as opposed to optical
interferences.

A schematic of a sandwich assay based electrochemical immunosensor is shown
in Fig. 1.10 which outlines some of the various strategies that have been used
in this type of sensor development in recent years. These include the type
of electrode material used - most commonly glassy carbon, screen printed
carbon, polycrystalline gold, screen printed gold and boron doped diamond.
Also shown is a number of electrode modification techniques that been used to
increase electrode surface area, allowing for greater antibody immobilisation.
These include nanomaterials such as gold nanoparticles, carbon nanotubes and
graphene as well as the use of self assembled monolayers which enable well
oriented antibody immobilisation. Finally, Fig 1.10 also describes the use of
an external magnet which can be used with magnetic particles coated with
antibodies for successful immobilisation.
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Figure 1.10: Schematic of typical electrochemical immunosensor utlising a
sandwich assay approach. Also shown are some of the various materials and
modifications used in this type of sensor development including self assembled
monolayers, gold nanoparticles, graphene and carbon nanotubes.
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Figure 1.11: AP/pAPP substrate reaction

Despite the fact that electrochemical immunosensor development adopts
similar steps to the development of an optical assay, the translation of the ELISA
assay to an electrochemical format is not straightforward . The reason for that
is the ELISA the measurement step occurs in a homogeneous solution whereas
for an electrochemical immunosensor the measurement step occurs at the
electrode/solution interface [45]. Hence, the immobilisation of any biological
entities onto the the electrode can necessarily change the measurement signal.
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However, it is this very change in measurement signal that has allowed the
development of another class of electrochemical immunosensors which do not
require antibody labelling. Instead electrochemical impedance spectroscopy is
used in order to measure the change of surface impedance on the electrode
surface, upon the creation of an antibody/antigen immunocomplex [46]. Label
free approaches provide the advantage of reducing the number of assay steps
required which in turn reduces assay time.

1.6.1 Antibody/Antigen Immobilisation

A key factor in the design of any immunosensor is the successful immbolisation
of antibodies onto the sensor surface. The antibodies should be evenly
distributed, well aligned and stable on the surface [47]. Fig.1.12 describes
some possible antibody positions on the sensor and the resulting activity of
the antibody. Evidently, only properly aligned antibodies will enable successful
antibody/antigen binding events.

Fully active Partially active  Inactive

/- |

Figure 1.12: Antibody Immobilisation

In the case of electrochemcial immunosensors, a number of methods have been
used to try and achieve successful immobilisation. The simplest of these is
passive adsorption of the antibody onto the electrode surface. This involves
the incubation of the antibody (often in a carbonate buffer of pH 9.6) at room
temperature, 37 degrees celcius or for longer periods at 4 degrees celcius. The
drawback of this approach is the random orientation of the antibodies on the
surface. Despite this drawback, it has proved to be a popular technique and has
been used in several studies particularly when using screen printed electrodes
[48].
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Figure 1.13: Strategies for antibody immobilisation [49]

Another option for antibody immobilisation is through covalent attachment.
The cross linker 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in
conjunction with Sulfo-NHS (N-hydroxysulfosuccinimide) is often used for this
type of attachment. This approach allows for a more well oriented antibody
which can remain active on the surface. Fig.1.14 shows how EDC/NHS
chemistry can be used for the immobilisation of proteins (antibodies in the
case of an electrochemical immunosensor) onto a carboxylic acid functionalised
carbon nanotube. Firstly, EDC reacts with the carboxylic groups on the
nanotube surface, producing an o-acylisourea intermediate. Without the use
of NHS (upper mechanism in Fig 1.14), this intermediate is very unstable and
susceptible to hydrolysis. Inclusion of NHS allows of a more stable NHS ester
which binds to primary amines that are present on an antibody. As indicated
in Fig 1.13 other approaches include matrix entrapment, cross-linking and
entrapment encapsulation can also be used.
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Figure 1.14: Conjugation of proteins to carboxylated CNTs using EDC in the
presence or absence of sulfo-NHS

1.6.2 Non-specific binding

A common problem in immunoassays is the issue of non-specfic binding,
in which binding events occur other than the designed antibody/analyte
or antibody/antibody interactions. Most commonly these occur between
secondary antibodies and either the ELISA plate well or sensor surface. A
number of strategies are used to prevent this unwanted binding. Firstly, after
immbolisation of the antibody or antigen onto the substrate, a blocking step
is carried out in which a protein that binds to the substrate, but not to any of
the constituents of the assay, is added to block binding sites on the surface.
Common choices of this protein include bovine serum albumin (BSA), casein
and non-fat dried milk. Often the approach in immunosensor design is to
compare these blocking agents to determine which provide the best signal to
noise ratios [50].
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1.7 Electrochemistry Fundamentals

1.7.1 The Electrochemical Cell

Electrochemical cells can be divided into two main classes. Galvanic (or voltaic)
cells derive electrical energy from spontaneous reactions and are the basis upon
which batteries work. In contrast, electrolytic cells require an external voltage
in order to drive a chemical reaction. Every electrochemical cell contains an
anode and cathode where oxidation and reduction occur respectively as well
an electrolyte which allows the flow of ions between anode and cathode.

The current that flows in an electrochemical cell is of two main forms: Faradaic
and non-Faradaic. Faradaic current occurs due to either oxidation or reduction
reactions. In contrast non-Faradaic or capacitive current is due to the electrode
double layer (discussed below). To achieve high signal to noise ratios in an
electrochemical sensor it is necessary to minimise this capacitive current where
possible.

In Fig. 1.15 a typical electrochemical cell set up containing working, reference
and counter electrodes can be seen. The choice of working electrode is key
in the design of any electrochemical experiment. For sensing applications the
electrode should be chemically inert, provide a wide potential window, low
capacitive background currents and fast electron transfer kinetics. Popular
choices of working electrode include glassy carbon, polycrystalline gold, screen
printed carbon, carbon paste and boron doped diamond. The purpose of the
reference electrode is to provide a fixed potential against which the potential
at the working electrode can be measured. It should be placed as close
as possible to the working electrode in order to avoid iR drop (the voltage
associated with the solution). Its purpose is to provide a stable potential against
which the potential at the working electrode is measured. Common choices
of reference electrode include the silver/silver chloride electrode and saturated
calomel electrode. The function of the counter (auxiliary) electrode is to supply
the current required by the working electrode without limiting the measured
response of the cell. As the counter electrode should not influence the measured
data, it should therefore be larger than the working electrode.
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Figure 1.15: 3 Electrode Electrochemical Cell

1.7.2 Electrode/Solution Interface - Double Layer Models

When an electrode is placed in solution, the charges on the surface attract
opposite charges from the solution creating a double layer as found in a
capacitor. This concept was first described by Helmhotz in the 19th century. The
model predicted a double layer capacitance that was constant and independent
of ion concentration and electrode potential. However, this contradicted
experiment which shows that the double layer capacitance is dependent on
both quantities. An improved model was then suggested by Gouy and Chapman
which introduced a diffuse double layer which took into account the thermal
motion of ions in solution. This model suggested that the oppositely charged
ion concentration in solution was greatest at the electrode surface but decreased
away from the surface until a homogeneous solution of cations and anions exists
in the bulk solution.

Stern provided a further improvement on the model by taking into account
the size of the ions in solution and combining the features of the Helmholtz
and Gouy-Chapman models. Grahame then proposed (Fig. 1.16) that if some
ions lost their solvation shell it would be possible to penetrate the Stern layer
and be adsorbed onto the electrode surface. Further developments in the
understanding of the electric double layer are ongoing [51].
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Figure 1.16: Grahame Electrical Double Layer Model

1.7.3 Mass Transport
1.7.3.1 Diffusion

Diffusion is the movement of a species due to a concentration gradient [52].
In electrochemical measurements, it is often the case that the concentration is
different in the bulk solution as opposed to the electrode surface and hence
diffusion plays a role. This difference in concentration is due to the fact that
at the electrode surface a reaction is taking place which converts the starting
material to product. So, there is a concentration profile where the concentration
of O and R are a function of distance from the electrode surface. This can be
up to 102cm thick [52]. In an unstirred solution, when undertaking cyclic
voltammetry or chronoamperometric measurements for example, diffusion is
the main contributor to mass transport.

Diffusion is governed by Fick’s laws, stated below for one dimension. Fick’s first
law shows how diffusion will take place from high to low concentrations. Fick’s
second law is then a statement about the concentration then varies with time.
In the case of macro electrodes diffusion can be entirely accounted for in one
dimension only (perpendicular to the electrode surface). However, in the case
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of micro and nano electrodes radial diffusion also plays a significant role.

Fick’s first law:

J = —D@ (1.3)
dx
Fick’s second law: 5 o
C C
ot D8$2 (19

1.7.3.2 Migration

Migration is the movement of a charged species due to a potential gradient
and accounts for the completion of the circuit through the solution between the
electrodes [52]. In general it is not a form of mass transport for the electroactive
species in solution as the charge is passed through an excess of supporting
electrolyte.

1.7.3.3 Convection

Convection is the movement of a species due to mechanical forces, such as
the stirring of the solution or the rotation of the electrode [52]. Unwanted
or natural convection can occur due to vibration, which can be minimised
by using a Faraday cage. However, forced convection can also be of use
in electrochemical measurements allowing higher current densities to be
achieved. It is generally introduced through the use of either a magnetic stirrer
bar or a rotating electrode.

1.7.3.4 Nernst Planck Equation

These three forms of mass transport can be described in a single expression
known as the Nernst Planck Equation:

dc _
ot

Dze 8A)}

kBTc(ngﬁ + —

V[DVc—uc—l— 5

(1.5)

where ¢ = concentration, D = diffusion coefficient, u = relative velocity of
the observer, z = valence of ionic species, e = charge on the electron, kg =
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Boltzmann constant and ¢= concentration per unit mol.

1.8 Electrochemical Techniques

In the following sections an introduction is given to the experimental techniques
that are used throughout this thesis.

1.8.1 Cyclic Voltammetry

In a cyclic voltammetry experiment the potential is swept linearly between the
reference and working electrode. The voltage is increased linearly (Fig 1.17)
until it reaches a specified value (V;), at which point the voltage is reversed
until the value reaches the initial voltage (Vy). The current is then measured
between the working and counter electrode which is plotted against the applied
voltages to produce the cyclic voltammogram. A typical cyclic voltammogram
for a one electron process can be seen in Fig. 1.18 below.
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Figure 1.17: Cyclic Voltammetry Waveform
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Figure 1.18: Typical Cyclic Voltammogram
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In order to understand the shape of this voltammogram, consider a redox
reaction:

oridant + e~ — product(reductionprocess) (1.6)

reductant — e~ + product(ozidationprocess) 1.7)

The voltage is linearly increased as indicated in Fig 1.16 above. At a certain
point it becomes energetically favourable for electrons to be transferred from
the electrode to the solution, which causes a sharp increase in the current. The
current then falls off as the concentration of the oxidant becomes depleted at
the electrode surface. This trend continues until the voltage reaches a specified
value (V7), at which point the potential is decreased at the same scan rate. The
reverse process now occurs, as the reductant becomes oxidised which causes
anodic current to flow (electrons flow into the electrode from the solution).
This continues until the reductant is depleted, at which point the system returns
to its initial state, completing the cyclic voltammogram seen below.

A more in depth understanding of the processes involved in cyclic voltammetry
may be gained by considering the Nernst equation as well as the concentration
profiles of the oxidant and reductant at the electrode surface:

T
E=E"+ fFlngo (1.8)
R

E = applied potential

E° = redox potential of the couple

C, = surface concentration of the oxidant

Cr = surface concentration of the reductant

n = number of electrons involved in the process
T = absolute temperature

R = universal gas constant = 8.31 JK'! mol

F = Faraday constant = 9.65 x 104 C mol*!

Now, consider the ratio of C; to Cg by simple manipulation of the Nernst

equation:
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Co nF(E — EY)
Co gy (12 »

By applying a certain potential, the concentrations C, and Cyr are forced to
maintain a certain ratio. For example, as the potential is scanned positively, the
concentration of C, is increased in order to satisfy the equation.

It is necessary also to consider concentrations profiles of the oxidant and
reducant in order to further understand the shape of the cyclic voltammogram.
Fick’s first law states that the flux of a species in solution through a plane
parallel to an perfectly flat electrode surface of infinite dimensions at the
electrode surface (x=0) is given by [52]:

de

Fluzx = —-D () (1.10)
dx o0

D = the diffusion coefficient of the species
¢ = concentration of the species at the electrode surface

Next, we can use Faradays law to relate the charge q required to convert N
moles of the species to its relevant product, involving the transfer of n electrons
[52]:

t
g= / idt (1.11)
0
dN
i =nF— 1.12
ci=nF— ( )
Also, if it’s noted that
dN
— =AxF 1.1
yr x Fluz (1.13)
=i=—FAD (dc) (1.19
dx z=0

Hence, the current is proportional to the rate of change of the species
concentration, or equivalently it’s proportional to the slope of the concentration
profile of the species of interest. So, in a cyclic voltammogram the
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current can be determined by analysing the slope of the corresponding
concentration-distance profile.

The peak current (i,) of the cyclic voltmmamogram is then given by the
Randles-Sevcik equation, which at 298K is given by:

=

ip = (2.69 x 10°)n2 AD*Cv (1.15)
Where n is the electron stoichiometry, A is the electrode area, D is the diffusion
coefficient, C is the concentration of the species in question and v is the scan
rate. The Randles-Sevcik can be derived from Fick’s second law of diffusion

using the appropriate boundary conditions.

1.8.2 Square Wave Voltammetry

The waveform of square wave voltammetry as seen in Fig. 1.19 is a combination
of a square wave imposed onto a potential staircase where AE, is the square
wave amplitude, AE; is the staircase height, t, is the pulse time and t, is the
cycle period. The advantage of SWV and other pulse techniques is that it allows
the removal of background capacitive current. Hence, limits of detection of 108

M are achievable.
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Figure 1.19: Potential wave form for Square Wave Voltammetry

The difference in current between the end of the forward and reverse scans is
plotted against the staircase potential as seen in Fig. 1.20 below
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Figure 1.20: Typical Square Wave Voltammogram

1.9 Chemically Modified Electrode Surfaces

It is often the case that the surface of the working electrode is modified in order
to improve the electroanalytical characteristics of the electrode. In this section
some of the recent developments in electrode modifications are discussed.
Particular attention is paid to carbon nanomaterials.

1.9.1 Carbon Nanostructures

Carbon nanotubes and graphene (Fig.1.21) have garnered a tremendous
amount of intererst from the scientific community and beyond since their
discoveries in 1991 and 2004 respectively [53, 54]. This is due to their
extraordinary electrical and mechanical properties [55, 56]. These properties,
as well as their large surface to volume ratio, have been exploited extensively
in electrochemical sensors. In 1996, Britto et. al reported for the first time
the modification of a glassy carbon electrode with carbon nanotubes in order
to improve sensor performance in the detection of dopamine [57]. This was
followed by a plethora of papers using carbon nanotubes in a range of different
sensing devices [16]. Similarly, in the aftermath of the discovery of graphene,
a range of studies were reported which showed improved sensor performance
attributed to the use of this material [17].
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Figure 1.21: Graphene as the fundamental 2D building block for a range of
different carbon nanostructures including buckyballs (Cg), carbon nanotubes
and graphite [58]

The motivation for the use of both carbon nanotubes and graphene has often
been explained as offering superior electrocatalytic effects over conventional
electrode materials such as glassy carbon and graphite. However, there has also
been a suggestion that the benefits of using these materials might be somewhat
overstated [59, 60]. This highlights the need to accompany any claim of
enhanced electroanalytical performance resulting from carbon nanostuctures
with the appropriate controls. For example, it has been suggested that the
electroactive sites of carbon nanotubes exist at the edge sites of the structure
and don’t offer superior electrocatalytic activity when compared to edge plane
pyrolytic graphite [59, 60]. Similarly, defects in the basal plane and edge planes
have been shown to be areas of electrochemical activity in graphene.

Graphene oxide has also been used extensively in electrochemical sensors
in recent years. It’s popularity has soared since the discovery of graphene,
however, this material has been known to exist for over a century. As early as
1859, Brodie was able to show that graphite could be oxidised through the use
of potassium chlorate in fuming nitric acid [61]. This method was improved
upon by Staudenmaier by adding the chlorate in small amounts over the course
of the reaction which allowed the procedure to be performed practically in a
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single reaction vessel [62]. The method that is currently used for graphite
oxidation was then developed by Hummers and Offeman in the 1950s [63]. In
this method graphite is reacted with potassium permanganate and concentrated
sulphuric acid[64].

However, despite some reservations carbon nanomaterials continue to play
a significant role in sensor development today. One reason for this is
that graphene and carbon nanotubes can now be functionalised to allow
enhanced binding of biomolecules. For example, shortened single walled
carbon nanotubes have been deposited on electrode surfaces creating a so called
nanotube forest which allow the immbolisation of antibodies for immunosensor
applications [65].

1.9.2 Electrochemistry of sp? Carbon

In this thesis, screen printed graphite, graphene, reduced graphene oxide and
multiwalled carbon nanotube electrodes are used. These sp? carbon based
electrodes are amongst the most commonly used in electroanalysis today.
Despite their popularity, and the fact the they have been in use for centuries (see
timeline below), the fundamental electrochemical properties of these materials
is still an ongoing research topic. In particular, the role played by the edge plane
versus the basal plane has been explored extensively in recent years (illustrated
in Fig. 1.22). Two opposing schools of thought have emerged.

The most prevalent theory is that the electrochemical activity occurs exclusively
at edge plane sites and that the basal plane is practically inert [59, 66, 67]. This
insight emerged from work on carbon nanotubes which brought into question
the electrocatalytic properties of nanotubes as first reported by Britto and
co-workers and further developed by Wang et. al in the early 2000s [57, 16].
Control experiments in which basal plane pyrolytic graphite (BPPG) electrodes
were modified with graphite powder as well as carbon nanotubes showed that
both modifications produced a similar electrocatalytic effect [68]. The same
group followed this paper with a comparison of multiwalled carbon nanotube
modified electrodes and edge plane pyrolytic graphite electrodes (EPPG) [69].
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TIMELINE 1: Electrochemistry of sp? carbon electrodes

19th Century -e Humphry Davy uses graphite electrodes in the
production of alkali metals

1960s -e First description of carbon nanotubes

1985 -e Sir Harry Kroto discovers Cgg

1991 -e Seminal publication by Iijima on carbon nanotubes

1996 -e Britto et. al describe first carbon nanotube modified
electrode for electroanalysis

2004 -e¢ Geim and Novoselov produce graphene for the first
time from the mechanical exfoliation of graphite
2005/2006 -e Compton and Banks show that the edge sites of
graphite to be the sites of electrochemical activity

2014-2016 - Unwin and co-workers contradict work of Compton

and Banks
Cyclic voltammetry results showed that the electron transfer kinetics were

very similar for both electrodes. It was therefore concluded that the reactive
sites of carbon nanotubes occur at the ends of nanotubes. Furthermore, it
was argued that any electrochemical activity observed from BPPG electrodes
was due solely to defects in plane which exposed edge plane sites. Fix 1.20
shows the proposed microscopic structure of BPPG electrode comprising of
discrete regions with edges which account for the electrodes electroactivity.
This explanation for the electrocatalytic properties of carbon nanotubes was
then extended to graphene electrodes in which its electrochemistry could be
explained again through defect density[70, 71, 72]. This reasoning is now the
textbook explanation for electrochemistry at carbon electrodes [51].

However, recent results by Unwin and co-workers may require a re-think of this
accepted viewpoint. Voltammetry conducted at freshly cleaved BPPG electrodes
suggests that there is in fact little difference between the electrochemical
activity of the basal plane and edge plane [73]. This will no doubt be explored
further in the coming years.
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Figure 1.22: Schematic of the microstructure of graphite showing discrete
regions which contain edge sites. [66]

1.9.2.1 Thin Layer Effects

Work on carbon nanotube modified electrodes has revealed that thin layer
effects due to trapping of the electroactive species in the porous structure
of the carbon nanotube network can have a considerable effect on its
electrochemical characteristics (Fig. 1.23) [74, 75, 76] Differeniating between
purely semi-infinite diffusion and a contribution of thin layers can be done by
graphing the log;o of peak current versus logio of scan rate. A slope of around
0.5 indicates semi-infinite diffusion whereas a slope closer to 1 indicates thin
layer effects. The justification for this is explained in the following paragraphs
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by considering the Randles-Sevcik equation which applies to purely diffusional,
electrochemically reversible behaviour and the contrasting thin layer effects.

Semi-infinite diffusion

Nanotube-modified electrode

Thin layer diffusion

Figure 1.23: Shematic of diffusion at a carbon nanotube modified electrode
surface showing highlighting the contribution of both semi-infinite diffusion
and thin layer diffusion of analyte within the carbon nanotube matrix. [75]

1.9.2.2 Determining the Influence of Thin Layer Effects
The Randles Sevcik equation is given by:

ip = (2.69 x 10%)n2 ADZCv? (1.16)
If we let

(2.69 x 10°)n? AD3C = y (1.17)

then the Randles Sevcik equation can be written as:

iy = U2 (1.18)
Taking the logo of both sides of the equation:
logioi, = loglo[xv%] (1.19)
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Then, if we note that log(AB) = log(A+B), the equation can be written as

logioty, = loglov% + logiox (1.20)

By using the fact that log(x¥) = ylog(x) we find that

1
lOgloip = 5’0 + lOglOX (121)
Hence, a graph of logoi, vs logiovshould have a slope of 1/2 for diffusion
limited processes obeying the Randles Sevcik equation.

Next we can consider the peak current for an n electron, reversible surface
bound process:

n2F?
~ ART

Ip vAI' (1.22)
By taking the log;o of both sides and following a similar process as described
for the Randles-Sevcik equation the following expression is found:

logigi, = v + logion® F2AT[(4RT) ™) (1.23)

Hence, in this case, graphing logyoi, vs logiov will give a slope of 1 indicating
that thin layer effects dominate the voltammetric response.

1.9.2.3 Inner and Outer Sphere Redox Probes

Throughout this thesis, inner and outer sphere redox probes are used to
characterise various electrode materials. In the case of the outer sphere process,
the reaction centre is considered to occur in the outer Helmholtz plane and
doesn’t penetrate the layer of solvation molecules that are adsorbed onto
the electrode surface. In contrast, the inner sphere process occurs through
a common ligand! and are strongly surface dependent [51]. In this thesis,
ruthenium (III) chloride is the outer sphere redox probe that is used. The
ferri/ferrocyanide redox couple is used to investigate surface effects. This redox

la ligand is an ion or molecule attached to a metal atom by coordinate bonding
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probe is described as a weakly interacting outer sphere probe according to
McCreery in Fig 1.24 below.
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Figure 1.24: Inner and Outer Sphere Redox probes at carbon electrodes[77]

1.10 Other Materials for Electrochemical Sensing

In the following sections, some other electrode materials and modifications are
introduced. They are discussed from both a fundamental electrochemistry and
immunosensor development point of view. Although dealt with separately here
it is acknowledged that these materials are often used in conjunction with one
another in biosensor development.

1.10.1 Boron Doped Diamond

Boron doped diamond (BDD) is an sp® hybridised electrode material that has a
number of attractive properties for electrochemical sensor development, most
notably a very high overpotential for both oxygen and hydrogen evolution
[78]. This allows for a wide potential window enabling detection of analytes
that oxidise at high potentials and would otherwise be masked by background
currents. An example of this was the detection of the quorum sensing molecules
PQS and HHQ at potentials of around 1.2 V and 1.5 V vs a Ag/AgCl reference
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electrode with a limit of detection of 1 nM for PQS [79]. These molecules
are indicative of pseudomonas aeruginosa and could be potentially used for
environmental or point of care applications. An SEM image of a BDD electrode
is shown in Fig. 1.25.

Figure 1.25: SEM of as-grown microcyrstalline boron doped diamond [80]

BBD electrodes have also been used in immunosensor applications for I1gG
detection [81]. The electrode was modified with o-aminobenzoic acid allowing
carbonyl groups to be formed on the electrode for antibody immobilisation.
The BBD electrode had a 10 times lower LOD than the GC electrode used in the
study. However, this is one of the few examples of this type of application.

1.10.2 Self Assembled Monolayers

Self assembled monolayers have attracted a considerable amount of interest
in the design of electrochemical immunosensors due to their ability to allow
well orientated attachment of antibodies onto electrode surfaces [82]. Despite
the fact that there are a range different SAMs that can be formed on
electrode surfaces, the majority of research has focused on thiol based SAMs
on gold electrodes. The reason for this is that thiols form an exceptionally
strong bond on gold surfaces [83]. However, the exact nature of this
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interaction is still not fully understood [84] [85]. Both long chain thiols
such as 11-mercaptoundecanoic acid (MUA) and short chain thiols such as
3-mercaptopropionic acid (MPA) have been used in biosensor applications. The
popularity of SAMs owes much to the ease with which electrode surfaces can
be modified by the relevant SAM. The electrode is simply immersed in a dilute
solution of the compound for an optimised period of time, allowing the self
assembled monolayer to form. It is interesting to note that di-thiolated SAMs
[86] which have the potential to offer a more stable scaffold for antibody
immobilisation and also to provide superior antibody spacing have not received
much interest in the detection of food borne pathogens.

1.10.3 Metallic nanoparticles

Nanoparticles are generally defined as particles of size 1 nm to 100 nm whose
properties differ from those of the bulk material [87]. They have gained a
significant amount of interest in biosensor applications due to their unique
electronic, optical and electrocatalytic properties [88]. 5 different ways in
which nanoparticles are used in electrochemical biosensors include biomolecule
immobilisation; catalysis of electrochemical reactions; enhancement of electron
transfer; biomolecule labelling and acting as a reactant [89]. For example,
amperometric enzyme biosensors utilised nanoparticle modifed electrode
surfaces by helping to establish electrical contact between the redox protein
and the electrode material [90].

1.10.4 Polymers

Conducting polymers have been used in electrochemical immunosensor
technology due to their rapid electron transfer and sensitivity, specificity and
biocompatibility [91]. They are characterised by their extended pi orbital
system which allows electron transfer along the back bone of the polymer
[92]. Two of the most well investigated polymers for the immobilisation
of biomolecules are polypyrrole (PPy) and polyaniline (PANI). PANI has
the advantage of excellent stability and processability, however, unlike PPy
cannot be deposited onto electrode surfaces from neutral pH solutions [91].
Poly(3,4-ethylenedioxythiophene) (PEDOT) has also been used extensively in
biosensor applications [93].

39



Introduction Chapter 1

1.10.5 Magnetic beads

Magnetic beads have been used in electrochemical immunosensors for antibody
immobilisation; separation and transport [65]. Their popularity can be
attributed to their high surface area, chemical and physical stability, low toxicity
and biocompatibility [94]. A strategy commonly employed is to allow the
coating antibody to react with the magnetic beads prior to immobilisation
onto the electrode surface with the aid of an external magnet. DropSens now
provide a custom made external magnet to be used with their screen printed
electrodes for exactly this purpose. This approach has the added advantage of
not involving the electrode in the entire immunological chain which can lead to
its passivation [45]. It is often the case that streptavidin coated beads are used
which allow very strong binding to a biotinylated antibody.

1.11 Physical Characterisation Techniques

In this thesis a number of characterisation techniques were used to physically
describe and investigate the electrodes and the various modifications used. This
work was carried out by the following people:

* Scanning Electron Microscopy (SEM) - Vince Lodge, Nanoscale
Characterisation Laboratory, Tyndall National Institute

* X-ray Photoelectron Spectroscopy (XPS) - Dr Cian Cummins (under the
supervision of Professor Mick Morris), CRANN & AMBER, Trinity College
Dublin

* Raman Spectroscopy - Dr Mircea Mondreanu, Tyndall National Institute

In this section a brief introduction is given to each technique in the context of
sensor develoment.

1.11.1 SEM

SEM has now become an indispencible tool for the electroanalytical chemist
by allowing nanoscale imaging of electrode surfaces. These images provide
confirmation of any proposed electrode modification and also help in explaining
the origin of the electrochemical characteristics of the electrode. For example
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in Fig. 1.26 an SEM image of a AuNP/graphene composite for the detection of
AA, DA and UA is shown, confirming that AUNPs have indeed been successfully
deposited onto the graphene surface.

SEM measurements are based on analysing the interaction between high energy,
accelerated electrons and the sample in question. This approach overcomes
the limitations of optical microscopy (diffraction barrier) which is only able
to distinguish between two objects that are half the wavelength of light used
apart. As the optical spectrum is 400-700 nm, features < 200 nm are unable to
be distinguished. In contrast, electron wavelength for an acceleration voltage
of 100 keV is 0.037 Aallowing images to be produced on the nanoscale [95].
The electron beams are produced most commonly by either tungsten hairpin or
lanthanm hexaboride filaments through thermionic emission which are then
focussed on the sample using electromagnetic condenser lenses [96]. The
electrons, after coming in contact with the sample will produce secondary,
Auger?, and backscattered electrons as well as x-rays. Electrons will also pass
through the sample (which can be used in transmission electron microscopy
(TEM)).

for ascorbic acid, dopamine and uric acid detection [97]

1.11.2 X-ray photoelectron spectroscopy (XPS)

XPS is a surface sensitive technique which allows precise elemental analysis
of sample surfaces. Electrochemistry is concerned with the electrode/solution
interface and hence electrode surface composition has a major impact on

2beam electrons can core electrons in the sample which then transfer energy to another
electron which is emitted, the so called Auger electrons
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observed results. In particular XPS has been used on carbon based electrodes by
studying how oxygen content on the electrode surface can have both postitve
and detrimental effects of electrochemical performance [98, 99].

The measurement principle of XPS is based on the photoelectric effect, first
explained by Einstein during his annus mirabilis, 1905. Previously, it had been
observed that electrons are emitted from metals when radiation (light) is shone
onto the metal but that the intensity of the light does not correlate with the
emission rate of the electrons as predicted by classical electromagnetic theory.
Instead, by considering light as quantised discrete packets of energy (photons),
the emission rate of electrons is dependent of the frequecy of the incoming
photons which depends on energy, via the Planck relation, E = hf. So, only
photons with a frequency or energy greater than that of the work function of
the metal will result in electron emission.

The high frequency radiation used in XPS, as the name suggests, comes from
x-rays whose energy is much greater than the work function of the sample. The
energy of the emitted electrons can then be used to determine the electronic
states of atoms, molecules and solids. X-rays penetrate relatively deeply into
the sample but most of the electrons from deeper in the solid are inelastically
scattered producing a broad structure at higher binding energies [95]. The
sharp peaks at lower energies are due to electron emission nearer the surface
and hence XPS is a surface characterisation technique.

1.11.3 Raman Spectroscopy

Raman spectroscopy has emerged as a key technique in the characterisation
of the sp? carbon materials (see Fig.1.27) [100, 101, 102, 103, 104]. In this
thesis it was used in the characterisation of screen printed graphene electrodes
(Chapter 4) to confirm a lack of graphene behaviour. Raman spectroscopy is
a vibrational spectroscopy technique based on the phenomenon of inelastic
scattering of radiation by a solid, liquid or gas [105]. This is in contrast to
more commonly observed elastic Raleigh scattering. Only 10°-10® photons are
scattered inelastically, so Raman scattering is considered an inherently weak
process [106].
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Figure 1.27: Raman Spectroscopy of graphene and graphite [101]

1.12 Target Analytes

This thesis is concerned with the detection of two analytes namely
deoxynivalenol (a B-tricothecene mycotoxin) and caffeine (a methylxanthine).
In this section a brief introduction is given to mycotoxin and methylxanthine
detection. Specfic information relating to deoxynivalenol and caffeine detection
is given at the start of chapters 3 and 4 respectively.

1.12.1 Mycotoxins

Mycotoxins are toxic secondary metabolites produced by various different
fungi the chemical structures are shown in Fig. 1.28. A relationship between
mycotoxins and ill-health has been suspected for centuries and modern studies
have revealed that high mycotoxin content in food leads to mutagenicity,
teratogenicity and carcinogenicity [107][108]. This is a pressing concern
in food safety when it is considered that 25 to 50% of the crops harvested
worldwide are estimated to be contaminated with mycotoxins [109]. This
estimate rises to 80% in tropical regions. Hence the European Union has strict
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rules on the maximum levels of mycotoxins in various foodstuffs as outlined in
Commission Regulation (EC) No 1886,/2006.
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Figure 1.28: Chemically structures of some multiclass mycotoxins [110]

Mycotoxins are small molecules with a small number of binding sites for
antibodies. Hence, sandwich based assays were the antigen is sandwiched
between a primary and labelled secondary antibody are not suitable for
mycotoxin detection due to the requirement for two distinct binding sites.
Instead competitive assays are typically used. Much of this research has been
concerned with the detection of aflatoxin B1 and aflatoxin M1. Aflatoxin Bl
is produced by strains of both Aspergillus flavus and Aspergillus parasiticus
found in grain products. Upon ingestion of these contaminated grains lactating
animals produce aflatoxin M1 which is present in their milk. However, there
is no direct correlation between aflatoxin B1 and M1, so tests are required for
both stages of the food chain. It is also important to note that maximum residue
levels allowable are dependent on the sample being analysed. For example,
the maximum allowable concentrations of deoxynivalenol in wheat, breakfast
cereal and baby food are 1750 u/kg, 500 u/kg and 200 u/kg respectively. Hence,
a more cost effective but less sensitive sensor would be suitable for wheat
samples compared to baby food samples.
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Table 1.2: Recent Developments in Electrochemical Immunosensors for
Mycotoxin Detection in Food Samples

Analyte Sensor modification Electrode  Electrochemical Method LOD Real Sample Ref.
Material

OTA A AuNP labelled antigen SPCE DPV 0.1 ng/ml  Wheat [111]

OTA A Pre concentration with GCE Swv 0.02 pkg?  Wine grapes [112]

magnetic nanoparticles
modified ~ with  amine
groups
AFB1 Graphene/conducting gold Cyclic Voltammetry 1fM Peanut, Milk, Rice, Flour, Soybeans [113]
polymer/gold
nanoparticle/ionic  liquid
composite film

Zearalenone Magnetic beads as GCE Amperometric 0.4 ug/L Infant foods [114]
antibody support

Aflatoxin M1 Magnetic nanoparticles SPCE Chronoamperometry 0.01 ppb Milk [115]
coated with antibodies

Zearalenone MWCNT modified GCE Amperometric 0.77 ppb Corn [116]
electrode

Fumonisins ~ Untreated electrode SPGE Chronoamperometry 5ug/L corn [117]
surface

Zearalenone Magnetic beads coupled SPCE Amperometric 0.007 ug/L  Baby Food [118]
to protein G for
immobilisation of
antibodies

AFM1 Electrochemical microplate SPCE Intermittent Pulse Amperometry 1 pg/mL Milk [119]

AFM1 Unmodified electrode SPCE Amperometric 39 ng/1 Milk [120]

AFB1 Magnetic beads as SPCE DPV 0.6 ng/mL  Corn [121]
immobilisation support

AFB1 AChE inhibition on SPCE Amperometric 2 ppb Olive Oil [122]
Prussian Blue modified
electrodes

AFB1 Magnetic beads modified ITO DPV 6 pg/mL Red Paprika [123]

with CoFe?Otextsubscript4
nanoparticles as the core
and Prussian Blue NP
doped silica as the shell
AFB1 Reduced graphene GCE Impedimetric 10 fg/mL  Corn [124]
oxide/polypyrrole/pyrrolepropylic

acid
FB1,FB2,FB3 Magnetic beads coupled SPCE Amperometric 0.33 ug/L  Beer [125]
to  protein G for
immobilisation of
antibodies

1.12.2 Caffeine

Caffeine is a psychoactive substance that is a constituent of tea, coffee, soft
drinks, energy drinks as well as a range of pharmaceutical formulations.
Regular monitoring of caffeine levels in these products is a necessity for both
food and pharmaceutical companies from both a quality control and food safety
standpoint.

Unlike the mycotoxins discussed in the previous section caffeine is
electrochemically active. Hence, no biological recognition element is required
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for detection. Instead direct voltammetry can be used for caffeine detection
with the mechanism below describing the overall 4 electron, 4 proton oxidation
mechanism (Fig. 1.29).
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Figure 1.29: Proposed mechanism for caffeine oxidation [126]

Chapter 4 of this thesis is concerned with caffeine detection at pretreated and
nafion modified electrodes. Further discussion of the literature of caffeine is
discussed in the introduction of that chapter.

1.13 Sample Preparation

Sample preparation is necessary for most types of food samples in order to
isolate the analyte from its matrix and allow it to be analysed in a liquid form. A
range of methods exist for analyte extraction including liquid-liquid extraction,
microwave assisted solvent extraction, ultrasonication extraction, accelerated
solvent extraction, supercritical fluid extraction, membrane extraction and solid
phase extraction [127]. The main issue with solvent extraction is the need
to use large amounts of solvent and the length of time required to complete
the procedure [128]. Hence, solid phase extraction has become a popular
technique and recent advances have used molecularly imprinted polymers and
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carbon nanotubes in these extraction devices.

For liquid samples, the sample preparation tends not to be as laborious. For
example, in the case of milk, centrifugation of the sample separates it into
layers of fat, cream and skimmed milk which removes interferences that may
be present in the fats [129]. An alternative approach is to use dried milk and
simply dissolve it in water prior to spiking with the antigen of interest [130].

Meat samples provide a greater technical challenge. An example of this was
outlined by Yang et. al who developed an electrochemical immunosensor for
the detection of clenbuterol in pork samples [131]. Prior to analyis with their
biosensor, the pork samples were first broken down, homogenised using HCIO,,
ultrasonicated for 20 mins and heated to 80 degress celcius for 30 minutes.
This was followed by 5 minutes of centrifugation after the sample had cooled,
adjustment to pH 10 and extraction using ethyl acetate.

In biosensor development this has proved to be one of the main stumbling
blocks in producing commercially available devices. The strategies mentioned
above are all “off chip“. In other words, they are performed prior to introduction
onto the device which is an obvious issue for on-site analysis.

1.14 Statistical Analysis

1.14.1 Fitting Immunoassay data

In this thesis a 4 parameter logistic model is used to fit all immunoassasy data.
This is done using the GraphPad Prism software. The equation for the model is:

a—d
=d+ —— 1.24
YO T oy (124
y = the response x = concentration a = lower asymptote d = upper asymptote
¢ = point of inflection - model EC50 value

The bend points, which determine the linear range of the graph can be
described as follows :

a—d
end lower — d 1.25
Ybend 1 1+1/k:+ (1.25)
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a—d

T +d (1.26)

Yvend higher =

where k = 4.6805

The corresponding x values (concentrations) are then given by:

1/b
A — Yvend higer/lower )

Ybend higher/lower — d

Thend higher /lower = C ( (1.27)
This is one of the few mathematically rigourous methods of detemining the
linear range of immunoassay data [132]. It is commonplace for the linear range
to be described without any explanation as to how the values were determined.
As such, when comparing the linear ranges reported in the literature it must be
noted that these are most likely only very approximate ranges.

1.14.2 Limit of Detection

The International Union of Pure and Applied Chemistry define the limit of
detection (LOD) as follows:

rop = ¥ (1.28)
m

A calibration curve is plotted using the signal for a range of concentrations,
including a blank sample. The value of k is taken to be 3 which equates to a
confidence limit of 99.86% that a measured sample is greater than or equal to
3 times the average of the blank signal plus 3 times the standard deviation of
the blank signal [133]. Graphical representations are outlined in Fig. 1.30 and
1.31.
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Figure 1.30: Limit of detection for a linear calibration curve
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Figure 1.31: Limit of detection for an indirect competitve immunoassay

1.14.3 Sensitivity

The sensitivity of a linear calibration curve is given by the slope of the line (m),
where the equation of the line is given by:

and c is intercept of the line with the line.

1.14.4 f-test and p-test

The purpose of both the f-test and t-test is to test the null hypothesis(Hy - the
analytical method is not subject to systematic error. The f test compares the
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standard deviations of two sets of data to see if they are significantly different.
If F >Fccar then Hy is rejected. Conversely, if F <Fcica then Hy is accepted
and their is no significant variation between the methods.

Once it has been established whether there is a significant variation of in the
standard deviations of the data, a t-test can then be performed to see if there
is a significant difference between the two data sets. If tya >tcritical, then Hg is
rejected and the two means differ. Then, if tyac <tcitca Ho is accepted and the

two means have no significant differences.

1.14.5 ANOVA analysis

ANOVA analysis extends significance testing to more than two sets of data. It
indicates whether the variation in variances or means is due to the controlled
factor or from random error. Single factor ANOVA is used when comparing
several sets of observations. On the other hand, two factor ANOVA takes into
account two experimental variables.
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2.1 Objectives and Novelty

The aim of this chapter was to develop a screen printed electrode for
electrochemical immunosensor applications using mouse IgG as a model
analyte. This optimised material would then be used for the detection of
deoxynivalenol in chapter 3.

Two strategies were investigated. Firstly a number of electrochemical
pretreatments previously described in the literature were compared in order to
establish the most effective electrode activation technique. Secondly, MWCNTs
and RGO were compared with the same aim in mind. These materials were
analysed using electrochemical and physical techniques which gave insight into
the fundamental electrochemistry occuring at these modified surfaces. Then,
a model immunosensor was constructed which investigated whether improved
electrochemical activity translates to improved immunosensor performance. It
was found that a MWCNT/Nafion modified electrode offered the lowest LOD for
IgG detection (0.2 x 10 mg/mL) compared to the other modified electrodes
trialled. Hence, this modification was then used in Chapter 3 for deoxynivalenol
detection.

The study in this chapter presents the first time a systematic comparison
has taken place between multiwalled carbon nanotube, reduced graphene
oxide and electrochemically pretreated screen printed electrodes for alkaline
phosphatase based electrochemical immunosensors. Although these materials
have all previously been used for immunosensor applications this type of
comparison provides useful insights for researchers using these modifications
for future studies. This point is emphasised by Yang et. al who described this
lack of comparitve work - “... there have been few head-to-head comparisons of
the relative performance of CNTs and graphene in biosensing, and certainly none
in completely optimized systems ” [1].

2.2 Introduction

2.2.1 Screen Printed Electrodes

Screen printed electrodes are now commonly used in electroanalysis owing to
their high conductivity, ease of fabrication, electrochemical activity and low cost
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[2]. Platinum and gold screen printed electrodes are commerically available
and have been successfully used in sensor applications but for the purposes of
this thesis SPEs refer solely to carbon based electrodes. These electrodes have
been used in the direct detection of electroactive compounds such as dopamine,
the detection of heavy metals as well as for the construction of biosensors based
on enzymes and antibodies [3, 4, 5, 6].

Another supposed advantage of SPEs is the lack of cleaning and polishing
required prior to use, in contrast to other electrode types. Although polishing
of the electrode may not be required, electrochemical pretreatment has been
shown to improve the electrochemical characteristics of SPEs [7, 8, 9, 10]
This improvement is achieved by either performing cyclic voltammograms in
dilute acids or pre-anodising the electrode by applying a fixed potential for an
optimised period of time. Charge transfer properties are said to be improved
through an increase in oxygen functionalities, increase in effective surface
area, exposure of edge plane sites and removal of the insulating polymeric
binder [11]. However, attempts to distinguish between these effects are rarely
discussed or investigated.

In recent years, work by Banks and Compton (discussed in Chapter 1), has
brought a greater understanding to the fundamental properties of carbon
based electrodes. Through studies on carbon nanotube electrodes it was
shown that the end sites of carbon nanotubes are the dominant contributor
to electrochemical activity. As carbon nanotubes can be considered as rolled
up sheet(s) of graphene; and graphite is in turn a stacked layer of graphene
sheets, this observation is important when considering a range of carbon based
electrodes. As such the electrochemistry of SPEs can be soley described by their
edge plane content:

I — EsPE = E[I - Eedge]

where cis described by Davies et. al as a complicated function which takes

into the account relative sizes and areas of electrodes as well as non linear
diffusion [12]. However, as discussed previously, this description of graphite
electrochemistry has been disputed by recent work from the Unwin group
who showed that the basal plane of graphite can also contribute to its
electrochemical activity [13].
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2.2.2 Model Electrochemical Immunosensors

In the development of new materials and methods for electrochemical
immunosensor applications it is often the case that a model analyte is used. One
such example is the use of a mouse or rabbit IgG which bind to commercially
available enzyme conjugated anti-mouse or anti-rabbit antibodies. The
advantage of this approach is the low cost of the reagents in use. For
example, Moore et. al developed a single drop immunsensor protocol for
rabbit IgG prior to applying the method to the detection of phenanthrene [14].
A similar approach was employed to assess the use of conducting polymers
in immunosensor applications [15]. In both cases a competitive approach
was employed whereby an antibody immobilised on the electrode surface
competed with a free antibody in solution for binding sites on an enzyme
labelled secondary antibody (also in solution). In a different approach, a
sandwich assay was employed by Diaz-Gonzalez et. al for the detection of rabbit
IgG by immobilising bio-tinylated anti-rabbit IgG onto a streptavidin coated
screen printed electrode [16]. Rabbit IgG was then allowed to bind to the
anti-rabbit IgG on the surface before alkaline phosphatase labelled anti-rabbit
IgG faciliated electrochemical detection. In this chapter, the competitive assay
approach of Moore et. al and Darain is used to compare pretreated and
nanocarbon modified screen printed electrodes for mouse I1gG detection.

2.2.3 Screen Printed Carbon Pretreatment

It has been shown over the last number of years that pretreatment of screen
printed carbon and carbon paste electrodes has a significant impact on the
electrode kinetics. Many of these techniques are based on the pre-anodisation of
the electrode surface. For example, Wang et. al applied potentials ranging from
1.5V to 2V for short periods (30 s - 3 mins) to electrodes in a 0.05M phosphate
buffer, pH 7.4 [7] which drastically decreased the peak separation in cyclic
voltammetry measurements of acetaminophen and catechol. Dock et. al and
Cui et. al also improved electrode performance by applying a 1.2 V potential
for 5 minutes to the electrodes in saturated sodium carbonate solution [8, 9].
Another approach is to cycle the electrode in a weak acid in order to strip the
surface of the electrode, removing any insulative material present [10]. This
method enabled a 50% decrease in peak separations when investigating the
ferri/ferrocyanide redox couple. A similar method was employed by Kadara et.
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al who potential cycled the electrode in 0.1 M NaOH between -1.0 V and 1.0 V
for 10 minutes [11].

2.2.4 Nanocarbon modified electrode based Electrochemical

Immunosensors for IgG Detection

As discussed in Chapter 1, carbon nanomaterials have been used extensively
in the design of electrochemical immunosensors, motivated by their
electrocatalytic effects and large surface area. These approaches have been
investigated in a small number of cases for IgG detection in model systems. Aziz
et. al developed a sensor for mouse IgG that used an indium tin oxide electrode
modified with carboxylated multiwalled carbon nanotubes and poly(ethylene
glycol)-silane copolymer which achieved a very low limit of detection of 10
pg/mL [17]. Interesting work was also carried out by the Pumera group which
compared a range of graphenes ( graphite oxide, graphene oxide, thermally
reduced graphene oxide, electrochemically reduced graphene oxide) for the
detection of IgG using a label free impedance approach [18]. Thermally
reduced graphene oxide was deemed to be the most effective of the materials
studied. However, repeatability of their results doesn’t appear to be satisfactory
suggesting that this approach, whilst straighforward, would be susceptible
to false positive and negative results. In this chapter simliar comparisons
are undertaken, However, in this case, an enzyme labelled immunosensor is
investigated.

2.3 Materials and Methods

2.3.1 Reagents

Phosphate Buffer Saline (PBS) tablets, sulphuric acid, potassium chloride,
sodi-um carbonate, sodium bicarbonate, sodium hydroxide, potassium hexa
cyanoferrate (III), potassium hexa cyanoferrate (II) trihydrate, hexaammine
ruthenium (III) chloride, mouse IgG, anti-mouse AP labelled, bovine serum
albumin (BSA), trizma base, p-nitrophenol phosphate, diethanolamine were
purchased from Sigma Aldrich (Dublin, Ireland). 50 mL 0.05 M PBS
solution was obtained by dissolving 1 PBS tablet in 40 ml of nanopure water.
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4-aminophenyl phosphate monosodium salt hydrate was purchased from Gold
Biotechnology (St. Louis, USA). Carboxylic acid functionalised multi-walled
carbon nanotubes (>8 % carboxylic acid functionalised, avg. diam. x L 9.5
nm x 1.5 um) and reduced graphene oxide (> 80 % carbon content) were
purchased from Sigma Aldrich (Wicklow, Ireland).

2.3.2 Buffer Preparation

50 mM Carbonate/bicarbonate pH 9.5 buffer was prepared by making
up equimolar solutions of sodium hydrogen carbon carbonate and sodium
carbonate which were then mixed together until a pH 9.5 was achieved. 100
mL of 50 mM Tris-HCl solution (Tris buffer) was made by adding 0.605 grams of
Trizma base to nanopure water and adjusting to pH 7.4 with 1 M HCl. Washing
buffer consisted of 50 mM Tris buffer with the addition of 0.05 % Tween 20
solution. 100 mL of 0.1 M DEA buffer pH 9.5 containing 1 mM MgCl, was
made by first adding 0.0203 grams of MgCl, to 100 mL of nanopure water.
Next 962 uL of water is removed from the container and is replaced with 962
uL of DEA solution. The solution is then adjusted to pH 9.5 using 1 M HCI.

2.3.3 Screen Printed Electrodes

Screen Printed electrodes were purchased from Kanichi Research Limited
(Manchester, UK). They consisted for a central graphite working electrode
(area = 0.071 cm?), graphite counter electrode and Ag/AgCl paste reference
electrode. In Fig 2.1, an array of electrodes as purchased is shown.
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Figure 2.1: Sheet of commercial Kanichi Limited screen printed carbon
electrodes as purchased. Each individual sensor consists of a graphite working
and counter electrode as well as Ag/AgCl reference electrode.

2.3.4 Electrode Modifications

Initially, 2 mg/ml concentrations of RGO and MWCNTs were prepared in DMF
and sonicated for at least 1 hour in a water bath or until stable solutions were
obtained. These stock solutions were then diluted with nanopure water to give
0.05, 0.1, 0.3, 0.5 and 1 mg/ml solutions of RGO and MWCNT. 2 ul of these
solutions were then pipetted onto a bare working electrode and left to dry
at room temperature. In order to prepare RGO/Nafion and MWCNT/Nafion
solutions, 1 mg of either MWCNTs or RGO were prepared in 0.5 % Nafion
solution which had in turn been prepared in 70 % ethanol. 0.5 ul of these
solutions were then pipetted onto a bare working electrode and left to dry at
room temperature.

2.3.5 Electrode Pretreatment

A number of previously reported electrochemical pretreatment procedures
were compared to evaluated to see which one had the largest impact on SPE
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performance:

* The electrode was cycled in 0.2 M H,SO, solution between 1.2 and 1.5V
[10]

* A 1.2 V potential was applied to the electrode for 5 mins in saturated
Na,COs solution [9]

* The electrode was cycled between -1 V and 1V in 0.1 M NaOH solution
[11]

* A 1.5 V potential was applied to the electrode for 2 minutes in 0.05 M
PBS [7]

* The electrode was cycled between -0.5 V and 2 V in 0.05 M PBS - this
pretreatment was not reported previously but used to investigate the
impact of high potentials on the electrodes

2.3.6 Cyclic Voltammetry

Cyclic voltammetry measurements were carried out using a Palmsens portable
potentiostat (Palmsens BV, the Netherlands) in a home made Faraday cage.
When comparing electrodes at 100 mV/s three separate electrodes were used.
For the scan rate studies, a single electrode was re-used for each scan rate.

Figure 2.2: Set up for electrochemical measurements showing a screen printed
electrode connected to a Palmsens electrode connector inside a Faraday cage.
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2.3.7 Amperometry

Amperometric measurements were carried out using CHI 660B potentistat
(Austin, TX, USA) inside a commerical Faraday Cage (Metrohm Autolab BV,
Kanaalweg, The Netherlands). For p-aminophenol detection, amperometric
measurements were caried out in 0.1 M DEA buffer, pH 9.5. In the case of
electrochemically pretreated electrodes, a wait time of 100 seconds was used
prior to the addition of 10 ul of 5 mM p-aminophenol (prepared in H,SO,)
to 4990 ul DEA buffer and 5 subsequent additions were carried out at 40
second intervals. For nanocarbon modified electrodes, an initial wait time of
200 seconds was used.

2.3.8 Open Circuit Potential

An open circuit potential experiment was carried out in which a two electrode
set up was used with the ’on-chip’ reference electrode connected to the working
electrode cable and an external Ag/Ag/Cl reference used. A 1 M KCl solution
was used. The measurement time was 5 hours.

2.3.9 XPS (TCD)

XPS measurements were performed under ultra-high vacuum conditions (<5 x
1019 mbar) on a VG Scientific ECSAlab Mk II system using Al KoX-rays (1486.6
eV). The analyser pass energy was set to 200 eV for survey spectra recorded. An
electron flood gun was used for charge compensation and the binding energy
scale was referenced to the adventitious carbon 1s core-level at 284.8 eV.

2.3.10 SEM

SEM measurements were carried out on an FEI Quanta 650 SEM. A tilt angle
of 45° was used for the bare and pretreated electrodes and a tilt angle of 0° was
used for the nanocarbon modified electrodes. Acceleration voltages of either
10/20/30 kV were used.
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2.3.11 Contact Angle

Contact Angle measurements were carried out using a Contact Angle System
OCA (Dataphysics Instruments, GmbH, Filderstadt, Germany) (Fig.2.3).
Measurements were carried out in sessile drop mode using a volume of 2 uL
and a flow rate of 4.9 ulL/s.

Figure 2.3: Dataphysics contact angle instrument

2.3.12 ELISA

All bioassay development experiments (both ELISA and on-chip electrochemical
immunoassay) were carried out in a benchtop laminar flow hood (Fig. 2.4).

s il

Figure 2.4: Laminar Flow Hood with ELISA plate

All ELISA measurements were carried out using a Thermoscientific Multiskan
Ex photometer using a 405 nm filter (pictured in Fig. 2.5).
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Figure 2.5: Photograph of the Multiskan Ex Photometer used in all ELISA
experiments

2.3.12.1 Capture ELISA

A 1/5 serial dilution of mouse IgG in carbonate buffer pH 9.5 was carried
out from a 5 mg/ml stock solution

50 uL of each concentration was added to the wells in triplicate before the
plate was covered and incubated at 37° C for 1 hour

After incubation, the contents of the plate were discarded and 200 uL of
washing buffer was added to each well (x3)

200 uL of blocking solution was added to each well and the plate was
covered and incubated at 37° C for 1 hour

Blocking solution was discarded and each well was washed with washing
buffer (x3)

50 wuL anti-mouse alkaline phosphatase labelled antibody (1,/30,000
dilution) was added to each well and the plate was covered and incubated
for 1 hour at 37° C

After discarding the plate contents, 100 uL of pNPP solution (1 mg/mL)
was added to each well and a further incubation at 37° C was carried out
for 1 hour

The plate was then analysed using the plate reader
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2.3.12.2 Competitive ELISA

* 50 uL of a fixed concentration of mouse IgG was added to each well,
covered and incubated at 37° C for 1 hour

 After incubation, the contents of the plate were discarded and 200 uL of
washing buffer was added to each well (x3)

* 200 uL of blocking solution was added to each well and the plate was
covered and incubated at 37° C for 1 hour

* A 1/5 serial dilution of mouse IgG was carried out and 25 uL of each
concentration was mixed with 25 uL anti-mouse AP labelled (1,/30,000
dilution) prior to addition to the plate and incubation at 37° C for 1 hour

e After incubation, the contents of the wells were discarded and washed
with Tris-Tween-HCI (x3)

* After discarding the plate contents, 100 uL of pNPP solution (1 mg/mL)
was added to each well and a further incubation at 37° C was carried out
for 1 hour

* The plate was then analysed using the plate reader

2.3.13 Electrochemical Immunoassay

Electrochemical immunoassay measurements were carried out in a 5 mL glass
beaker with a stirrer bar and external magnetic stirrer providing solution
rotation. 50 uL of 25 mg/mL pAPP solution was added to 4950 uL of stirred
DEA buffer for each measurement step. A typical response is shown in Fig 2.6.
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Figure 2.6: Typical amperometric immunoassay measurement response in
which 25 mg/mL pAPP is added to a stirred solution containing an alkaline
phosphatase labelled antibody in DEA buffer pH 9.5

2.3.13.1 Electrochemical Capture Assay

* All electrodes were activated by applied a fixed potential of 1.2 V for 5
mins

* A 1/5 serial dilution of mouse IgG was carried out in
carbonate/bicarbonate buffer pH 9.5 and 5 uL of each antibody dilution
was added to the working electrode surface (n=3). The electrodes were
incubated in sealed petri dishes at room temperature for 1 hour.

* The electrodes were then washed with 300 uL of Tris-HCI solution pH 7.4
(x2) and 800 uL of nanopure water to remove excess antibody solution.
The electrodes were dried with nitrogen gas.

* 30 uL of 2 % BSA in Tris-HCl pH 7.4 was pipetted onto the electrode
surface and the electrodes were incubated at room temperature for 1 hour.

* The electrodes were then washed with 300 uL of Tris-HCI solution pH 7.4
(x2) and 800 uL of nanopure water to remove excess blocking solution.
The electrodes were dried with nitrogen gas.
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* 5uL of a 1/1000 dilution of alkaline phosphatase labelled anti-mouse IgG
was added to the working electrode surface and incubated for 1 hour at
room temperature

* The electrodes were then washed with 300 uL of Tris-HCIl solution pH
7.4 (x2) and 800 uL of nanopure water to remove excess unattached
secondary antibodies. The electrodes were stored in DEA buffer and kept
at 4° C prior to measurement.

* Measurement was carried out by adding 50 uL of 25 mg/mL pAPP solution
to 4950 uL of stirred DEA buffer

2.3.13.2 Electrochemical Competitive Assay

* All electrodes were activated by applied a fixed potential of 1.2 V for 5
mins

* A 1/5 serial dilution of mouse IgG was carried out in
carbonate/bicarbonate buffer pH 9.5 and 5 uL of each antibody dilution
was added to the working electrode surface (n=3). The electrodes were
incubated in sealed petri dishes at room temperature for 1 hour.

* The electrodes were then washed with 300 uL of Tris-HCI solution pH 7.4
(x2) and 800 uL of nanopure water to remove excess antibody solution.
The electrodes were dried with nitrogen gas.

* 30 uL of 2 % BSA in Tris-HCl pH 7.4 was pipetted onto the electrode
surface and the electrodes were incubated at room temperature for 1 hour.

* The electrodes were then washed with 300 uL of Tris-HCI solution pH 7.4
(x2) and 800 uL of nanopure water to remove excess blocking solution.
The electrodes were dried with nitrogen gas.

* 5 uof a 1/1000 dilution of alkaline phosphatase labelled anti-mouse IgG
was added to the working electrode surface and incubated for 1 hour at
room temperature

* The electrodes were then washed with 300 uL of Tris-HCl solution pH
7.4 (x2) and 800 uL of nanopure water to remove excess unattached
secondary antibodies. The electrodes were stored in DEA buffer and kept

at 4° C prior to measurement.
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2.4 Results and Discussion (Part 1) -
Characterisation of Electrochemically

pretreated graphite electrodes

2.4.1 Thin Layer Effects

Work on carbon nanotube modified electrodes has revealed that thin layer
effects due to trapping of the electroactive species in the porous structure of the
carbon nanotube network can have a considerable effect on its electrochemical
characteristics [19, 20, 21]. Differentiating between purely semi-infinite
diffusion and the contribution of thin layers can be done by graphing the
log,o of peak current versus log,o of scan rate from cyclic voltammetry
measurements. A slope of around 0.5 indicates semi-infinite diffusion whereas
a slope closer to 1 indicates thin layer effects. The justification for this is
explained in Chapter 1 by considering the Randles-Sevcik which applies to
purely diffusional, electrochemically reversible behaviour and the contrasting
thin layer effects.

This analysis was carried out for each electode pretreatment using both
[Fe(CN)]3>/% and hexaammine ruthenium (III) choride. Each graph shows a
linear dependence between logii, and logiov (Fig 2.7). Analysis of the slope

of each graph shows that more “ideal” diffusion only behaviour is observed
for hexaamine ruthenium (III) chloride with slopes of around 0.55 for all the
pretreatments bar the PBS CV treatment which had a slope of 0.6. This increase
may suggest that thin layer effects are occuring and could explain the large
capacitive currents observed. Values within 0.05 of 1/2 have been deemed to
suggest purely diffusionally behaviour and the absence of thin layer effects [22].
The lower slopes of around 0.4 observed for ferri/ferrocyanide also indicate an
absence of thin layer effects but suggest that values such as electrochemical
surface area could not as accurately calculated as for hexaammine ruthenium
(II1) chloride.
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Figure 2.7: Typical graph of log peak current vs log of scan rate for a pretreated
SPE in 1 mM ferri/ferrocyanide. All other graphs are displayed in the appendix
of this thesis.

Table 2.1: Slopes of Log I, vs Log vat electrochemically pretreated electrodes

Slope (Log I, vs Log v) R?

Untreated

Ferri/ferrocyanide 0.297 0.9601

Hexaammine ruthenium (III) chloride 0.519 0.9991
Na,CO;

Ferri/ferrocyanide 0.409 0.9976

Hexaammine ruthenium (III) chloride 0.543 0.9998
H,50,

Ferri/ferrocyanide 0.395 0.9966

Hexaammine ruthenium (III) chloride 0.557 0.9977
NaOH

Ferri/ferrocyanide 0.409 0.9968

Hexaammine ruthenium (IIT) chloride 0.558 0.9991
PBS Anodic

Ferri/ferrocyanide 0.407 0.9967

Hexaammine ruthenium (III) chloride 0.556 0.9982
PBS CV

Ferri/ferrocyanide 0.3825 0.9943

Hexaammine ruthenium (III) chloride 0.600 0.995
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2.4.2 Electrochemical Characterisation at Pretreated
Electrodes - Ferri/Ferrocyanide

Each electrochemical pretreatment, as described in section 2.5.5, was carried
out on the screen printed electrodes (n=3). The performance of which was
then evaluated by cyclic voltammetry in 1 mM ferri/ferrocyanide with a 1 M KClI
supporting electrolyte. It can be seen from Fig. 2.8 that all of the pretreatment
procedures result in an increase of both anodic and cathodic current as well
as a decrease in peak potential separtion (AE). However, in the case of the
CVs in phosphate buffer saline as a pretreatment there is also an increase in
non-Faradaic background current. This type of behaviour is not advantageous
for electrochemical sensing as high background currents leads to low signal to
noise ratios and hence increased limits of detection.

20
{ — Untreated
N32CO3
_' e H2804
10- — NaOH
% 1 — PBS Anodic
e 1 — PBSCV
5 01
5
O
204— : —

-0.2 0.0 0.2 0.4 0.6
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Figure 2.8: Comparison of different pretreatment procedures.  Cyclic
voltammograms were carried out at a scan rate of 100 mV s! in 1 mM
[Fe(CN)e]>/*
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Table 2.2: Peak potential separation and peak anodic current from CV
measurements for different electrochemial pretreatments. n=3

Pretreatment AE (mV) Ipa

H,SO, 145(+8) 10.4 (+ 0.6)
PBS Anodic 144 (+11) 10.6 (£ 0.9)
PBS CV 139 (=7) 11.2 (£ 0.7)
NaOH 137 (£ 8) 11.6 (+0.3)
Na,COs3 131 (£4) 123 (£0.4)
Untreated 178 (+9) 8.5(4+0.1)

From Table 2.2, the Na,CO3; pretreatment resulted in the largest peak current
of 12.3 uA (+ 0.4) and smallest AE of 131 mV (& 4) which are a considerable
improvement compared to the untreated values of 8.5 uA (4 0.1) and 178 mV
(£ 9) respectively. As shown in the previous section, graphs of Log I, vs Log v

for ferri/ferrocyanide didn’t produce a slope of 0.5. Hence, the Randles Sevcik
equation wasn’t used to calculate electrode surface areas etc.

2.4.3 Electrochemical Characterisation at Pretreated
Electrodes - Hexaammine Ruthenium (III) Chloride

Next, the same pretreatments were evaluated using hexaamine ruthenium (III)
chloride which is an ideal outer sphere redox probe. In contrast to ferricyanide,
hexaamine ruthenium (III) chloride is independent of surface oxides (discussed
more fully in Chapter 1). Hence, non-surface oxide effects could be evaluated.
Fig. 2.9 (with data tabulated in Table 2.3) shows that in contrast to the
previous section all pretreatments have a similar effect on the electrochemical
behaviour of the SPEs apart from the PBS CV pretreatment. In fact, there
is a slight increase in AE, in contrast to the decrease that was observed for
ferri/ferrocyanide. As can be observed from Fig 2.9 and table 2.3, there is only
a slight difference in oxidation peak current. Similarly to ferri/ferrocyanide,
CV cycling in PBS completely distorts the voltammogram with large oxidation
current and background non-Faradaic current.

As mentioned previously, the electrodes displayed more ideal behaviour for
hexaamine ruthenium (III) chloride as opposed to ferricyanide. Hence,
electrochemical surface areas and % roughness could be calculated from the
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Randles-Sevcik equation. The surface area was determined by equating the
slope of a graph of the anodic peak current vs square root of scan rate (the
actual graphs are displayed in section 2.5.4.1) to 268,600n*2ADY2C. Hence,
the electrochemical surface area could be calculated. The diffusion coefficient
used was 8.4 x 10® cm?/s [23].

Table 2.3: Oxidation and Reduction peak separation at pretreated electrodes in
hexaamine ruthenium (III) chloride

Pretreatment AE (mV) Ipa Agrs (cm?) % Roughness Factor
H,SO, 134 (£ 1) 4.5 (£ 0.3) 0.669 94.2
PBS Anodic 130 (£ 1) 4.07 (£ 0.03) 0.0707 98.8
PBS CV 234 (£ 1) 5.3 (£ 0.7) 0.1638 203.1
NaOH 135 (+ 1) 4.63 (+0.02 0.0742 104.5
Na,COs3 136 (=1) 4.73 (£ 0.04) 0.0749 105.4
Untreated 116 (1) 4.41 (£ 0.0.5) 0.0633 89.1
10_
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5_- N82CO3
1— H,SO,
. 1 — NaOH
< 0{ — PBS Anodic
E e
o ]
3 5
-10
T T —
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Figure 2.9: Comparison of different pretreatment procedures.  Cyclic
voltammograms were carried out at a scan rate of 100 mV s! in 1 mM
hexaamine ruthenium (III) chloride
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Figure 2.10: CV in PBS pretreated with 1 mM hexaamine ruthenium (III)
chloride in PBS pH 7.4 at a scan rate of 100 mV/s

2.4.4 Scan Rate Studies

Scan rate studies were carried out using both ferri/ferrocyanide and
hexaammine ruthenium (III) chloride. Both showed a linear relationship
between peak current and square root of scan rate indicating a diffusion limited
response in all cases (Fig 2.11 and Fig 2.12) A shift in peak potential with
increasing scan rate was also observed which is expected for a quasi reversible
reaction. For a theoretically ideal 1 electron oxidation/reduction reaction this
shift would not be observed. The individual results are displayed over the next
two pages.
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2.4.4.1 Scan Rate Studies - Hexaammine Ruthenium (III) Chloride
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Figure 2.11: CVs at 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV/s at
pretreated electrodes in hexaamine ruthenium (III) chloride
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Figure 2.12: CVs at 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV/s at each
pretreated electrode in hexaamine ruthenium (III) chloride

2.4.4.2 Scan Rate Studies - Ferri/Ferrocyanide
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Figure 2.13: CVs of 1 mM Ferri/ferrocyanide at an untreated SPE at varying
scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV/s
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Figure 2.14: CVs of 1 mM Ferri/ferrocyanide at electrochemically pretreated
SPEs at varying scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV/s
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Figure 2.15: CVs of 1 mM Ferri/ferrocyanide at an SPE pretreated with PBS at
varying scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 mV/s

2.4.5 Amperometric Detection of p-aminophenol

For electrochemical immunosensors utilising an alkaline phosphatase labelled
secondary antibody, the electrochemically active compound p-aminophenol is
produced from the enzyme reacting with a p-aminophenyl phosphate substrate.
Hence, electrode materials that display a favourable response towards p-amino-
phenol should be promising for this type of immunosensor development.
Hence, the pretreated electrodes were used to detect p-aminophenol
amperometrically. This electrochemical technique is a common choice for
immunosensor development. DEA buffer pH 9.5 was used as this is an optimal
buffer system for the AP/pAPP reaction that will be used in subsequent sections
of this thesis. 10 uL additions of pAP were carried out at 20 second intervals as
shown in Fig 2.16 at a fixed potential of 0.28 V. Normally a voltage of 0.3 V is
used for p-aminophenol detection vs a Ag/AgCl but in this case 0.28 V is used
due to the potential difference between the on chip and an external reference
elecrode (see section 2.6.3). It would appear indicate that the PBS anodic
pretreatment provides the greatest improvement in analytical signal compared
to the bare electrode.
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Figure 2.16: Standard addition of 5mM stock solution of pAP to DEA buffer ph

9.5 under stirred conditions at bare and electrochemically pretreated electrodes
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Figure 2.17: Calibration curve for p
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This can be seen further confirmed by viewing the calibration curve (Fig. 2.17

above) and analysis of the calibration curve sensitivities (Table 2.4 below).
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However, upon carrying out an ANOVA analysis on the calibration curve for
each electrode a P value of 0.05748. In other words if the slopes were
identical there is a 5.7 % chance of randomly choosing data points with
slopes this different. Hence, there is no significant difference between all
slopes/sensitivities.

Table 2.4: Sensitivity for amperometric p-aminophenol detection at pretreated
electrodes

Slope/Sensitivity (uA/uM) R?

H,SO, 0.0454 0.0966
Na,COs; 0.0435 0.9887
NaOH 0.0462 0.8927
PBS Anodic 0.0534 0.7497
Untreated 0.0346 0.8507

2.5 X-ray Photon Spectroscopy (XPS)

XPS measurements were carried out in order to further investigate the role
of oxygen functionalities and polymeric binder in the electrochemical activity
of pretreated SPEs. The XPS spectra for the bare and pretreated electrodes
(shown in Appendix A), display characteristic binding energies for the C1 s
peak at 285 eV, Cl 1s peak at 200 eV and O 1s peak at 520 eV. Unfortunately, it
was not possible to de-convolute the C 1s peak to establish the exact nature of
the oxygen functionalities created by the pretreatments as had been achieved
in some other studies [24, 25]. This was due to the insensitivity of the
instrumentation involved. Interestingly though, the dramatic drop in polymer
binder (CI content) was observed for the H,SO, pretreatment.
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Table 2.5: Atomic %s of carbon, oxygen and chlorine at the surface of pretreated
SPEs

Pretreatment C1sAt% O 1sAt% Cl2pAt%

Untreated 80.65 11.16 8.2
Na,CO3 81.85 6.68 11.47
H,SOy4 79.79 14.38 5.84
NaOH 77.84 11.11 11.05
PBS Anodic  81.15 11.22 7.63
PBS CV 79.33 10.99 9.68

2.5.1 Scanning Electron Microscopy (SEM)

SEM images were taken at both untreated and modified electrodes (Fig. 2.18)
It is not obvious from the two magnifications used (5000x and 2500x) that
there is any significant change in the surface morphology of the electrodes
after pretreatment in comparison to the untreated electrode (A and B). This
is in contrast to Cui et. al who suggested that SEM of Na,COj3 pre-anodised

electrodes showed clear evidence of the removal of polymeric binder [9].
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m | 2

Figure 2.18: Scanning Electron Micrographs of untreated (A,B), Na,CO3; (C,D),
H,SO, (E,F), NaOH (G,H), PBS Anodic (I1,J), PBS CV (K,L)
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2.5.2 Contact Angle Measurements

Analysis of the hydrophilicity of the electrodes after each pretreatment was
carried out using contact angle measurements. As seen from Fig.2.19 and
more accurately from table 2.6, the contact angle decreases at each pretreated
electrode. This is most pronounced for the electrode pretreated by CV scans in
PBS and least pronounced for the NaOH pretreatment. This suggests that the
PBS treated electrode has the greatest surface roughness compared to the other
electrodes. This is in agreement with the electrochemical measurements above.
Oxygen functionalities can also have an impact on surface/water interactions.
For example, it has been shown that freshly cleaved HOPG surfaces can display
an increase of contact angle of 25° after 10 seconds of exposure to ambient
air (from 64-90°) [26]. It has been reported extensively that the water contact
angle for graphite is in the 75-95° range [27, 28] Therefore, it would suggest
that the larger contact angles observed at the bare screen printed electrode is
due to the polymeric binder present in the graphite ink and also a contribution
from ambient contamination in air.

Untreated Na,CO,

D &

NaOH
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PBS CV PBS Anodic

Figure 2.19: Contact Angle (degrees) at pretreated electrodes resultant from 2
uL of water being dispensed on the working electrode surface

Table 2.6: Contact angles at untreated and electrochemically pretreated
electrodes

Electrode Pretreatment Contact Angle

Untreated 130.05 + 3.15
H,SO,4 71.0 + 0.8
NaOH 110.00 + 3.64

Na,CO3 82.6 + 2.7
PBS Anodic 81.45 + 1.48
PBS CV 58.95 4+ 12.35

2.5.3 Reference Electrode

The performance of the on-chip Ag/AgCl paste reference electrode was
compared to a commerically available Ag/AgCl electrode. A difference of
0.2 V was observed in the mesurement of the potential of oxidation of
ferri/ferrocyanide redox couple can be seen in Fig.2.20. The stability of
the reference electrode was then examined throught the use of open circuit
potential measurements. After a settling of the potential after 1 hour, it
remained stable for up to 5 hours (Fig. 2.21).
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Figure 2.20: Comparison of on chip and external reference electrode at bare

screen printed electrode. CV carried out at a scan rate of 100 mV s in 1 mM
[Fe(CN)]%7*
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Figure 2.21: Open Circuit Potential (OCP) measurement for 5 hours in 1 M KClI
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2.6 Part 2 - Immunoassay Development

In part two of this chapter, a competitive electrochemical immunosensor for
mouse IgG is developed using a screen printed electrode pre-anodised in
saturated Na,CO3; which showed the most promising electrochemical properties
as outlined in part one. Firstly, an ELISA was developed and subsequently the
method was then transferred to the pre-anodised electrode.

2.6.1 Capture ELISA

The first step in ELISA development was to carry out a capture assay in which
a 1/5 serial dilution of primary IgG was added in triplicate to an ELISA plate
, followed by washing, blocking measurement as described in section 2.4.12.1
. The purpose of this assay was to establish a coating antibody concentration
that could be used in the competitive assay and also to establish the affinity of
the mouse IgG to the AP-labelled anti-mouse secondary antibody. A schematric
for this assay is shown in Fig. 2.22.

t 4 T4
QL

Capture Assay

mm . v L

Solid Support Blocking Mouse IgG ~ Anti-mouse AP PnPP
labelled

Figure 2.22: Schematic of Capture assay for mouse IgG whereby IgG binds to
AP labelled anti-mouse IgG

It can be seen from Fig.2.23 that saturation is achieved at a primary IgG
concentration of around 0.04 mg/mL.
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Figure 2.23: Capture assay varying mouse IgG concentration from 1 mg/mL to
13 x 10° mg/mL with a fixed AP labelled anti-mouse dilution of 1/30,000. R?

= 0.9932,n = 3.

2.6.2 Competitive ELISA

Next, a competitive ELISA was carried out in which a fixed concentration of
IgG on the surface of the plate and free IgG in solution (varying concentration)
competed to bind with a fixed amount of enzyme labelled secondary antibody.
This format, as seen in Fig. 2.24, is equivalent to that used by Kreuzer et. al

for IgE detection in blood samples [29].

Qif

Direct Competitive Assay

mm . v A

Solid Support Blocking Mouse 1gG Anti-mouse AP PnPP
labelled

Figure 2.24: Schematic of a competitive assay with immobilised IgG competing
with free IgG to bind to AP labelled anti-mouse IgG
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Figure 2.25: Competitve ELISA with coating IgG concentration of 0.04 mg/mL.
R? = 0.9965, n =3.

A fixed concentration of 0.04 mg/mL was used to coat the surface of the plate
as this concentration gave a saturated coverage of IgG as described in the
previous section. However, as can seen in Fig. 2.25, the zero concentration gave
a absorbance reading below that of the lower concentrations. This is tentatively
attributed to the low dose hook effect which is occasionaly seen in competitive
assays [30, 31].

In order to deal with this issue Xu et. al recommend a number of possible
solutions [31]. Two of these were investigated namely, decreasing the coating
antibody concentration and increasing the time allowed in the assay for
competition. Firstly, the coating antibody concentration was decreased to 0.008
mg/mL which from Fig. 2.26 can be seen to have a positive effect on removing
the hook effect. However, a slight decrease in zero concentration still remains.
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Figure 2.26: Competitive ELISAs with coating IgG concentration of 0.008
mg/mL and two different competition step times - 60 mins and 90 mins. n
= 3.

Next, using this decreased coating antibody concentration, the assay
competition time was increased from 60 mins to 90 mins. The combination
of this change in assay time and decreased competition time fully eliminated
this low dose hook effect as seen in Fig. 2.26. The analytical parameters for this
finalised assay are given in the table below.

Table 2.7: Analytical Performance of Competitive Immunoassay for Mouse IgG

Detection

LOD IC50 Linear Range R?

0.75 ppm 9.079 ppm 3.071 - 26.83 ppm 0.9942

2.6.3 Control Assays

Finally, control assays were carried to fully quantify the role each step takes in
the optmised protocol (Fig. 2.27). Unsurprisingly, without either the secondary
antibody or pNPP substrate very low absorbance signals were produced, as
without the enzyme or substrate no reaction leading to a colour change could
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occur. Also, without the primary antibody there was very little binding of
the secondary antibody to the surface of the plate meaning that the blocking
solution of 1 % BSA was effective in preventing non-specific binding of the
secondary antibody. The role of the blocking solution can be further seen in the
assay carried out without BSA. The higher than normal absorbances indicate
that the secondary antibody is binding to the plate, giving absorbances not
related purely to mouse IgG concentration. Also, higher absorbances are seen
in the situation in which washing buffer is not used as the free antibody which
binds to the anti-mouse secondary antibody is not fully washed away after the

competition step.
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Figure 2.27: Competitive assay for 0.002 mg/mL IgG - absorbances for full
assay for assay missing one step of the protocol

2.6.4 Electrochemical Capture Assay

After establishing an optimised ELISA procedure for mouse IgG detection,
this method was then transferred to a pre-anodised screen printed electrode.
Similar steps in assay optimisation were carried out as those described in the
previous sections for optical detection. Firstly, a capture assay was carried
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out using the same parameters as those used for the Capture ELISA, except
incubations were carried out at room temperature as opposed to 37° C to avoid
evaporation of the small volumes of liquid used.

It can be clearly seen from Fig. 2.28 that along with the poor reproducibility of
the results, there is very little separation between the signal achieved for low
and high IgG concentrations.

350
3004

250+

Current (nA)

200+

1 —
10 10 102 100

Mouse IgG Concentration (mg/ml)

Figure 2.28: Electrochemical capture assay varying coating antibody
concentration from 1 mg/mL to 0.000013 mg/mL. R?> = 0.6771, n = 3.

Clearly, optmisation of the assay components was required. Hence, capture
assays were performed using a fixed concentration of mouse IgG and varying
secondary antibody dilution. Blank results were included (0 mouse IgG) to
ensure that increased secondary antibody concentration didn’t also lead to an
increase in non-specific binding of the secondary antibody to the sensor surface.
Fig. 2.29 shows that a dilution of 1/1000 anti-mouse IgG gave a large current
signal without a significant amount of non specific binding and hence this
dilution was used for all further assays.
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Figure 2.29: Optimisation of AP labelled anti-mouse IgG concentration

The capture assay was then repeated using the optimised secondary
antibody concentration (Fig. 2.30) showing a significantly improved result with
saturation being achieved at a concentration of 0.2 mg/mL IgG.
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Figure 2.30: Electrochemical capture assay for mouse IgG using an AP labelled
anti-mouse dilution of 1/1000. R? = 0.971
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2.6.5 Electrochemical Competitive Assay

A competitve assay was then carried out using the coating antibody
concentration of 0.2 mg/mL. Again low dose hook effect was observed (Fig.
2.31).

HA)

Current (

0 ' 10 10+ 102 100
Mouse IgG Concentration (mg/ml)

Figure 2.31: Competitive Electrochemical Immunoassay with a coating

antibody concentration of 0.2 mg/mL exhibiting low dose hook effect

The same approach was taken to solving this issue as for competitive ELISA. So,
competition incubation time was increased to 90 mins and the coating antibody
concentration was decreased to 0.04 mg/mL. The results are seen in Fig. 2.32.
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Figure 2.32: Finalised competitive Electrochemical Immunoassay for Mouse
IgG detection at an electrochemically pretreated screen printed electrode with
a coating antibody concentration of 0.04 mg/mlL and competition incubation
time of 90 minutes. R= 0.9608, n = 3.
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Table 2.8: Analytical Performance of Electrochemical Immunoassay

LOD IC50 Linear Range R?

0.925ppm 2.644ppm 1.4-4.9ppm 0.9608

2.7 Part 3 - Development of Electrochemical
Immunosensor at Nanocarbon modified

Electrodes

In this section, similar analysis is carried out to that undertaken in parts 1 and 2
of this chapter. However, in this part, carbon nanomaterial modified electrodes
are used. In particular, multiwalled carbon nanotubes (MWCNTSs) and reduced
graphene oxide (RGO) are compared.

2.7.1 Optimisation of Nanomaterial Concentration and
Solvent

The first step in optimising the nanomaterial modified electrodes was to choose
a suitable nanomaterial concentration and solvent. Using a solvent of 1:1
DMF to water [32], a comparitive study of various concentrations of RGO and
COOH-MWCNTs was carried out after sonication for at least 1 hour. From an
initial visual test as seen in Fig. 2.33 and Fig. 2.34, dispersion of the RGO sheets
was more successful than that achieved for the MWCNTSs, particularly in the
case of concentrations of 1 mg/mL.
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(left to right) in 1:1 water/DMF

Figure 2.34: MWCNT solutions at concentrations of 0.05, 0.1, 0.3, 0.5 and 1
mg/ml (left to right) in 1:1 water/DMF

CVs were carried out at each concentration in 500 uM of p-aminophenol. From
Fig. 2.35 it can be seen there is an increase in oxidation peak current with a
corresponding increase in background non-Faradaic current.
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Figure 2.35: CV of 500 uM p-aminophenol in a supporting electrolyte of 0.1
M DEA buffer with a scan rate of 100 mV/s at graphite and MWCNT modified
electrodes of the following concentrations: 0.05, 0.1, 0.3, 0.5 and 1 mg/mL

Despite the increase in background current, the overall net peak current still
increases in a near linear fashion with increasing MWCNT concentration as
seen in Fig. 2.36.
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Figure 2.36: Peak anodic current from CV of MWCNT modified electrodes of
varying concentration (from Fig. 2.32)
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Similarly, an increase in RGO concentration corresponds to an increase in peak
current (Figs.2.37 and 2.38). Interestingly however, this increase doesn’t
produce a current value greater than that of grahite - despite the fact that
graphite is the underlying substrate. This would indicate that the DMF/water
solvent itself has a negative effect on the electrochemical characteristics of the
electrodes.
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Figure 2.37: CV of 500 uM p-aminophenol in a supporting electrolyte of
0.1 M DEA buffer at graphite and RGO modified electroes of the following
concentrations: 0.05, 0.1, 0.3, 0.5 and 1 mg/mL
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Figure 2.38: Peak anodic current from CV from RGO modified electrodes of
varying concentration (from Fig. 2.37)
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From these electrochemical measurements it was deemed that 1 mg/mL was an
optimal concentration of both RGO and MWCNT. Prior to further comparison,
these concentrations were then dispersed in Nafion to see the effect of a
different solvent. From Fig.2.39 it is evident that Nafion improves the
dispersion of the nanotubes in agreement with the work of Wang [33].

Figure 2.39: MWCNT/Nafion and RGO/Nafion solutions of 1 mg/mL in 0.5 %
Nafion before and after sonciation

2.7.2 Electrode Characterisation
2.7.2.1 SEM

SEM measurements revealed that in the case of both solvents (DMF/water and
Nafion), MWCNTs completely covered the electrode surface. However, this was
not the case for RGO. Images E-H in Fig. 2.40. show that RGO only partially
covers the electrode. This suggests that any electrochemical behaviour at these
electrodes can be attributed to a mixture of graphite and RGO characteristics.
In particular, at the RGO/Nafion electrode only small amounts of the dropcast
material (highlighted in the red boxes) appeared to have attached to the

graphite substrate.
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Figure 2.40: SEM of modified electrodes at nanocarbon modified electrodes.
MWCNT (A,B) MWCNT/Nafion (C,D) RGO (E,F) RGO/Nafion (G,H)

2.7.3 Contact Angle

In order to further investigate the nature of the surface of these electrodes,
contact angle measurements were again carried out. As expected, the
carbon nanotube modified electrodes displayed a very hydrophobic surface
[34, 35]. Contact angles of around 134° were observed at both MWCNT and
MWCNT/Nafion electrodes in comparison to 102.1° and 107.2° at RGO and
RGO/Nafion electrodes. These results are summarised in table 2.9.
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MWCNT MWCNT/Nafion

o

RGO RGO/Nafion

Figure 2.41: Contact angle droplets at nanocarbon modified electrodes

Table 2.9: Contact Angle (degrees) for pretreated electrodes

Electrode Pretreatment Contact Angle

MWCNT 134.3 £ 2.42
MWCNT/Nafion 134.85 £ 2.78
RGO 102.1 £+ 3.64
RGO/Nafion 107.25 £+ 6.23

2.7.4 Thin Layer Effects

An investigation into the possibility of thin layer effects at the nanocarbon
modified electrodes revealed that there was no evidence of any effect on
the electrode’s electrochemical signal. As seen from Table 2.10, none of the
electrodes displayed slopes approaching 1 which one would expect in the case
of thin layer effects. This is most likely due to the fact that only a small
amount of solution was dropcast onto the working electrode surface (0.5 uL
of RGO/Nafion and RGO; and 2 uL. of RGO and MWCNT). Hence, a thicker
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layer of material wasn’t formed on the surface which would contribute to thin
layer effects. Similarly to the electrochemically pretreated electrodes, more
ideal slopes close to 0.5 were observed when using the hexaamine ruthenium
(IIT) chloride redox probe. Values were closest to 0.5 at the MWCNT, MWCNT
and RGO/Nafion electrodes and therefore the Randles Sevcik equation could
be used for these electrodes to compute accurate electrode areas.

Table 2.10: Slopes of Log I, vs Log v

Slope (Log I, vs Log v) R?
MWCNT
Ferri/ferrocyanide 0.358 0.9835
Hexaammine ruthenium (III) chloride 0.4455 0.998
MWCNT/Nafion
Ferri/ferrocyanide 0.3574 0.9987
Hexaammine ruthenium (III) chloride 0.4817 0.9906
RGO
Ferri/ferrocyanide 0.2554 0.9863
Hexaammine ruthenium (III) chloride 0.3735 0.9937
RGO/Nafion
Ferri/ferrocyanide N/A N/A
Hexaammine ruthenium (III) chloride 0.4457 0.9799
1.2
MWCNT <
1.0
) 0.8
[ ]
0'61.0 15 2.0 25
Log v

Figure 2.42: Log I, vs Log vat a MWCNT modified electrode. The graphs for
the other electrodes are contained in the appendix
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2.7.5 Electrochemical Characterisation - Ferri/Ferrocyanide

Cyclic voltammograms were then carried in 1 mM [Fe(CN)g¢]3/# at a scan
rate of 100 mV/s at the four different nanocarbon modifications. The results
are displayed in Fig. 2.43 in comparison to an unmodified graphite electrode.
Both the MWCNT and MWCNT/Nafion electrodes lead to an increase in anodic
peak current compared to the unmodified electrode. However, this increase is
accompanied with an increase in background non-Faradaic current so that the
net peak currents are in fact similar to the grahite electrode. In contrast, there
is a significant decrease in both anodic peak current and peak potential at the
RGO and RGO/Nafion modified electrodes. This indicates that both the nafion
and RGO have a negative influence on electron transfer kinetics.

20
— Untreated
— MWCNT
104— MWCNT/Nafion
N — RGO
3 RGO/Nafion
g o _
o —
-10-
-20 T T

0.0 0.5
Potential (V)

Figure 2.43: CVs of nanocarbon modified electrodes in 100 uM [Fe(CN)g]37+
in 1 M KCl at a scan rate of 100 mV/s.
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Table 2.11:

Peak potential separation and peak anodic current from CV

measurements for different nanocarbon modified electrodes

Electrode AE (mV) Ipa
MWCNT 176 (+4) 10.2(£0.2)
MWCNT/Nafion 155 (£ 2) 10.6 (£0.2)
RGO 269(+ 50) 7 (£ 2)
RGO/Nafion 279 (+x42) 1.6 (£0.5)

2.7.5.1 Scan Rate Studies - Ferri/Ferrocyanide

Varying the scan rate at 20 mV/s intervals from 20-200 mV/s revealed diffusion
limited processes at the MWCNT, MWCNT/Nafion and RGO modified electrodes
as can be seen in the linear relationship observed between peak current and the
square root of square of scan rate in Fig. 2.44. However, this linear relationship
is not observed at the RGO/Nafion electrode were electrochemical activity was
inhibited significantly. Although it is clear that the peak current increases with
increasing scan rate (bottom left graph in Fig. 2.41), there is also a shift in

background current which negates the increasing Faradaic current.
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3
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] > PC
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Figure 2.44: CVs at scan rates of 20 - 200 mV/s in 1 mM [Fe(CN)¢]*/+ (1 M
KCI supporting electrolyte) at nanocarbon modified electrodes.

2.7.6 Electrochemical Characterisation - Hexaamine
Ruthenium (III) Chloride

Cyclic voltammograms were then carried out in ruthenium (III) chloride at each
modified electrode. Interestingly, at each electrode, a narrowing of the potential
window occured. This was most noticeable at the MWCNT/Nafion modified
electrode as can be seen in Fig.2.45. All modifications resulted in a greater
anodic peak current but the net peak current was only greater at the MWCNT
electrodes. Corresponding electrode areas were carried were calculated for
both MWCNT and for the RGO/Nafion electrodes with the results shown in
Table. 2.12. An electrode area for the RGO electrode was not calculated due to
the fact that a graph of log scan rate vs log peak didn’t produce a graph of slope
near to 0.5 (the exact value was 0.3735).
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Figure 2.45: CVs of 1 mM Hexaamine Ruthenium (III) Chloride in 50 mM PBS

pH 7.4 at nanocarbon modified electrodes.

Table 2.12: Peak potential separation and peak anodic current from CV
measurements for different nanocarbon modified electrodes

Electrode AE (mV) Ipa Agrs (cm?) % Roughness Factor
MWCNT 211 (£9) 14.2(£0.3) 0.1573 221.6
MWCNT/Nafion 160 (& 22) 8(+1) 0.0839 181.1
RGO 154 (£ 11) 5.1(£0.1) N/A N/A
RGO/Nafion 130 (£16) 6.3(£0.1) 0.0559 78.7

2.7.6.1 Scan rate studies - Hexaamine Ruthenium (III) Chloride

Varying the scan rate at 20 mV/s intervals from 20-200 mV/s revealed diffusion
limited processes at the MWCNT, MWCNT/Nafion, RGO and RGO/Nafion
modified electrodes as can be seen in the linear relationship observed between
peak current and the square root of scan rate in Fig. 2.46.
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Figure 2.46: CVs at scan rates of 20 - 200 mV/s in 1 mM Hexaamine Ruthenium

(II1) Chloride
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2.7.7 Amperometric p-aminophenol detection

Next, each electrode was compared for the amperometric detection of
p-aminop- henol as described previously for the electrochemically pretreated

electrodes. From Fig. 2.47 it would appear that the MWCMT/Nafion modified
electrode has the largest analytical signal. ANOVA analysis of the slopes of the
calibration curves (Fig. 2.48) for p-aminophenol result in a P value of 0.00037
which indicates that the sensitivities are statistically different. However, an
unpaired t test between the MWCNT/Nafion and RGO electrodes reveals a
P value of 0.0673 which means there is no statistically significant difference
between these two electrodes.

5
— MWCNT/Nafion
4] — MwWCNT
1 — RGO
< 3] RGO/Nafion ﬂ"\lbwt»
= ] Gl
= : ‘
2 : b
S 2 I
© : Mk
1_: Witk
1 A
] ot
150 200 250 300 350
Time (s)

Figure 2.47: Standard addition of 10 uL of 5 mM stock solution of pAP to
DEA buffer pH 9.5 under stirred conditions at bare and nanocarbon modified
electrodes
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Figure 2.48: Calibration curve for p-aminophenol detection at nanocarbon
modified electrodes - concentrations of 10, 20, 30, 40, 50, 60 uM

Table 2.13: Sensitivity for amperometric p-aminophenol detection at

nanocarbon modified electrodes

Slope/Sensitivity (uA/uM) R?
MWCNT 0.0461 0.8130
MWCNT/Nafion 0.0657 0.9583
RGO 0.0495 0.9510
RGO/Nafion 0.0436 0.9556

However, as was observed in the SEM measurements, the RGO didn’t fully cover

the working electrode surface.

2.7.8 Electrochemical Immunoassay at MWCNT/Nafion

electrode

A competitive electrochemical immunoassay was then carried out at the

MWCNT/Nafion electrode. The same parameters were used as those optimised
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at the electrochemically pretreated electrode with the results displayed in Fig.
2.50 and the results outlined in Table 2.14.

w

0 mg/ml

— 24
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o
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04 T

50 100 150 200
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Figure 2.49: Hydrodynamic amperograms for a range of mouse IgG
concentrations at a MWCNT/Nafion electrode. After a period of 200 seconds 50
uL of pAPP (25 mg/mlL) was added to a stirred solution of 4950 uL. DEA buffer,
pH 9.5. A fixed potential of 0.28 mV was used.

w

Current (uA)
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Figure 2.50: Competitive electrochemical immunoassay for mouse IgG at
a MWCNT/Nafion electrode with parameters optimised in section 2 of this
chapter for a pre-anodised electrode - coating antibody concentration: 0.04

mg/mL, competition incubation time: 90 mins, R? = 0.9286 and n = 3.
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Table 2.14: Electrochemical Immunoassay results at MWCNT/Nafion electrode

Electrode LOD (ppm) IC50 (ppm) LR (ppm) R2

MWCNT/Nafion 0.2 0.3 0.04-2.7 0.9286

2.7.9 Summary of Results and Control Assays

Finally, the electrochemical immunosensors developed previously in this
chapter were compared to immunosensors at a bare graphite electrode (Fig.
2.51) and an electrochemically pretreated electrode with covalent attachment
(Fig. 2.52). Again, the same assay conditions were employed as those optimised
for the pretreated electrode earlier in this chapter.

KT | E

Current (uA)

O-—l I—!—mq——mﬂ"—!ﬁrﬂmm
0 10° 104 10-3 10-2 10" 100
Concentration (mg/mL)

Figure 2.51: Competitive electrochemical immunoassay at untreated electrode.
R? =0.954,n =3
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Figure 2.52: Competitive electrochemical immunoassay at pre-anodised
electrode using covalent attachment. R = 0.976, n = 3

In the comparison of results as shown in Table 2.15 it is clear that the
MWCNT/N-afion electrode has the most promising analytical characteristics
with the lowest LOD and IC50 values. However, it must be noted that the linear
range for this electrode is smaller than for the other electrodes investigated in
this chapter. Despite this it was decided that the MWCNT/Nafion would be used
for future immunosensor applications in this thesis.

Table 2.15: Summary of Electrochemical Immunoassay results for mouse IgG

detection
Electrode LOD (ppm) IC50 (ppm) LR (ppm) R?
Na,COs3(passive adsorption) 0.9 2.6 1.4-49ppm 0.9608
MWCNT/Nafion 0.2 0.3 0.04-2.7 0.9286
Na,CO;(covalent attachment) 4.3 7.5 3.5-16 0.976
Untreated 8.9 5.5 1.9-16.2 0.954
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2.8 Conclusions and Future Prospects

In this chapter a range of electrochemical pretreatments and nanocarbon
electrodes were characterised physically and electrochemically as well as
being compared for mouse IgG detection. It was shown that electrochemical
pretreatments can improve electron transfer kinetics and also be used
for electrochemical immunosensor applications. However, it was found a
MWCNT/Nafion modified had the most promising analytical characteristics
with a LOD of 0.2 ppm compared to 8.9 ppm at a bare electrode. It was
then used for the detection of deoxynivalenol in chapter 3. Although the LOD
at the MWCNT/Nafion electrode was lower it also displayed a significantly
reduced linear range. This would have to be taken into account when applying
the sensor to real world scenarios. Significant electrochemical and physical
characterisaton of each electrode was also carried out at each electrode giving
an insight into their fundamental properties.

Future work could investigate other pretreatments. For example, mechanical
polishing of both carbon and platinum screen printed electrodes have recently
been investigated as a means of improving electrochemical performance
[36, 37]. Of particular significance is that mechanical polishing has
been used to improved IgG adsorption [38]. However, this approach
for IgG hasn’t been extensively used. A possible further study could
compare electrochemically pretreated electrodes with mechanically polished
ones using the competitive immunoassay system used in this chapter.
There is also a possibility to investigate new carbon nanomaterials such
as carbon nanohorns amongst others. A comprehensive comparison could
also be investigated of nanomaterial/polymer composites for electrochemical
immunosensor applications.
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3.1 Objectives and Novelty

The aim of this chapter was to develop an electrochemical immunosensor for
the mycotoxin, deoxynivalenol. Firstly, an indirect competitive ELISA method
was developed. This method was then transferred onto a MWCNT/Nafion
modified electrode which had been established in the previous chapter
as the most promising electrode studied in this thesis for electrochemical
immunosensor applications. Both ELISA and immunosensor methods were
developed with EU limits for wheat samples in mind which would allow the
developed sensor to be used for this application in future work.

This is the first example of an electrochemical immunosensor for
deoxynivalenol detection based on a carboxylic acid functionalised
MWCNT/Nafion modified screen printed electrode. Recently, an immunosensor
based on single walled carbon nanotubes and chitosan has been developed for
DON detection with a very low LOD of 5 pg/mL and a linear range of 0.01
ng/mL - 1000 ng/mL [1]. This LOD is lower than that achieved by the sensor
developed in this chapter (0.95 x 10 mg/mL). However, considering that EU
regulations set a maximum level of 1.75 x 10 mg/mL for DON in raw grain
samples, the sensor developed by Qing et. al doesn’t have the sufficiently wide
linear range to provide accurate quantitative around this maximum level. In
contrast, the sensor developed in this work has a linear range that extends to
6.3 x 10 mg/mL which makes it a practical solution for DON detection in raw
grain samples at the appropriate regulatory levels.

3.2 Introduction

Deoxynivalenol (DON) (Fig. 3.1) is a trichothecene mycotoxin that is produced
from fungi of wheat, cereal and grains. As was previously discussed in Chapter
1 mycotoxins are secondary metabolites produced by molds and fungi. More
specifically, DON is a non-macrocylic B trichothecene characterised by a ketone
group in the C-8 position as seen in Fig. 3.1. In contrast, the type A
tricothecenes such as T-2 toxin, H-2 toxin, neosolaniol and diacetoxyscirpenol
contain a hydrogen or an ester group in this position.
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Figure 3.1: Chemical Structure of Deoxynivalenol

In animal studies, low doses of trichothecenes can cause growth and immune
issues, and at larger doses, diarrhea, emesis, leukocytosis, hemorrhage,
endotoxemia and even death [2]. Although only discovered in the 1970s, there
is historical evidence that DON caused outbreaks of humna gastroenteritis in
Japan as far back as the 1940s [3]. With these risks in the mind, the EU has set

maximum levels on DON in a range of food stuffs as seen in Table 3.1.

Table 3.1: EU limits for Deoxynivalenol in common grains and products

Product

EU limit (ug/kg)
Wheat 1750
Corn 1750
Baby Food 250
Cereal 750
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Figure 3.2: Healthy (left) and fusarium infected maize (right) [4]

The fusarium fungi which leads to be mycotoxin development can be seen

visually in certain cases as shown in the case of an infected corn sample in
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Fig. 3.2 above. However, this isn’t necessarily apparent in processed products
and the extent of degredation isn’t always that extreme. Hence, the need for
analytical technology.

3.3 Methods of Deoxynivalenol Detection

Methods for the detection of DON can be generally described by two different
approaches. The first are rapid screening techniques which are generally
qualitative, low cost methods which should indicate the presence of DON in
samples prior to further more expensive quantitative assessment being carried
out. The aim of these screening techniques is to reduce costs by limiting the
number of samples that require the more expensive techniques.

3.3.1 Fast Screening methodologies

The majority of fast screening techniques are based on immunochemical
methods including ELISA, lateral flow dipsticks (LFDs), fluorescence
polarization immunoassay (FPIA) as well as biosensor methods such as
SPR and electrochemical immunoassay [5]. However, the Association
of Analytical Communities (AOAC) have only approved two commercially
available immunochemical kits for reliable DON detection. These are the
Ridascreen Fast DON and Agra Quant DON ELISA kits which have limits of
detection of < 0.2 mg/kg and 0.2 mg/kg respectively. Both of these kits are
based on competitive assays. This assay format is considered the most suitable
for DON detection as DON is a small molecule and hence less suitable for a
sandwich assay which requires an analyte that has multiple antibody binding
sites.

3.3.1.1 Optical Biosensor techniques

There have been a number of reports of the detection of DON using SPR in the
literature. As mentioned in chapter 1, this technique has the advantage of being
label free and reusable. The use of this technique for the detection of DON was
first reported in 2003 [6]. A commercial Biacore Q system and CMS5 sensor chip
were used in conjunction with a range of DON antibodies. In this inhibition
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assay a DON-casein conjugate and free DON in the sample solution competed
for binding to a free DON antibody. A significant advantage of this technique
was the ability of the sensor to be reused more than 500 times. No LOD was
reported for this sensor but it was able to detect DON in contaminated wheat
samples below the EU limit of 1750 ug/kg. However, in comparison to LC/MS
system used to benchmark the system, there was considerable differences in the
results achieved by the sensor method particularly for dry-ground samples.

Similar work has been carried out more recently again with use of a commercial
Biacore SPR system and inhibition assay [7]. However, in this report the
antibody used cross-reacted with DON and nivalenol (NIV) allowing detection
of both these mycotoxins in wheat samples. This system achieved better
comparison to LC/MS results than the work of Tudos et. al discussed above.

3.3.1.2 Immunoassay techniques

Ji et. al have reported an indirect competitive ELISA for DON detection
in wheat samples [8].This assay uses a 3-O-Hemisuccinyl-DON-Ovalbumin
coating conjugate which competes with DON for binding to anti-DON IgG. Goat
anti-rabbit IgG was used as the secondary antibody (presumably peroxidase
linked) and an ABTS substrate was used.

Compared to other mycotoxins, there have been relatively few reports of
the detection of deoxynivalenol using electrochemical immunosensors, as a
number of recently published reviews have shown [9, 10, 11]. However, some
examples do exist in the literature. Romanazzo et. al reported the use an
Enzyme-Linked-Immunomagnetic- Electrochemical (ELIME) assay using a DON
antibody fragment and external magnetic system which could accomodate 8
seperate screen printed electrodes as shown Fig 3.3. As is often the case for
the detection of trichothecenes, the sensor showed large cross reactivities to
3AcDON but was insensitive to 15AcDON, HT-2, T-2 and Nivalenol.

More recently, there have been more sensitive sensors developed for DON
detection. A SWCNT/Chitosan modified glassy carbon electrode again using
the indirect competitive format with a DON-BSA coating conjugate was able to
achieve a LOD of 5 pg/mL [1]. Differential pulse voltammetry was used which
contributed to the low LOD achieved and didn’t require a stirred solution.

A less sensitive, but label free impedimetric sensor was developed for DON
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detection by Sunday et. al [12]. A gold nanoparticles-dotted 4-nitrophenylazo
functionalised graphene modified glassy carbon electrode was used with a LOD
of 0.3 ug/mL. This LOD was below EU regulatory limits and had the advantage
of being label free in comparison to the other electrochemical immunosensors.

3.3.2 Chromotography based methods

After rapid screening techniques have been used to identify contaminated
batches, chromotography reference methods are then used to accurately and
reliably quantify DON concentrations in samples. Due to the polar nature of the
DON molecule, HPLC is a popular technique for DON detection [13, 14, 15, 16].
A limit of detection of 14 ug//kg was achieved using a UV detector in
conjunction with HPLC. However, this approach has the disadvantage of
requiring the samples to be derivatized in order to reduce the boiling point
to allow vaporisation [17]. Hence, LC-MS and LC-MS/MS are more attractive
solution as derivatization is not required. Using this technique without any
sample clean-up, LODs of 10 ug/kg and 8 ug/kg were achieved for DON
detection in corn and rice samples respectively [18].

3.3.3 Screen Printed Electrodes for Mycotoxin Detection

There have been a number of reports in the literature of the use of screen
printed electrodes for mycotoxin detection. These include two approaches for
the detection aflatoxin M1 (AFM1) in milk samples. AFMI1 is found in milk
samples due to metabolism by the cow of aflatoxin B1 which is extremely
carcinogenic and is structurally similar to AFM1 [19]. Micheli et. al used a
direct competitive assay in which free AFM1 and AFM1 conjugated with HRP
compete to bind with anti-AFM1 antibodies immobilised onto an untreated
screen printed graphite electrode . A LOD of 25 ppt and working range of 30
- 160 ppt were achieved [20]. Parker et. al also utilised a bare screen printed
electrode for AFM1 detection but with a significantly higher LOD of 39,000 ppt
[21]. In this assay an anti-rat capture antibody was first immobilised onto the
electrode surface to allow the oriented capture of the anti-AFM1 antibodies onto
the surface. HRP labelled antigen was utilised in a similar fashion to Micheli’s
paper. The main advantage of this approach was the sample pre-treatment
incorporating 18mM calcium chloride into the washing buffer which stablised
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the whey proteins in the milk and eliminated the interference associated with
these proteins.

3.4 Materials and Methods

3.4.1 Instrumentation

The instrumentation used was the same as described in chapter 2.

3.4.2 Reagents

DON-BSA coating conjugate was purchased from BioTeZ Berlin Buch GmbH
(Germany). Anti-DON antibodies were purchased from antibodies-online.com
(Aachen, Germany). Deoxynivalenol, PBS tablets, sodium carbonate,
sodium bicarbonate, trizma base, hydrocholoric acid, sodium hydroxide,
diethanolamine, alkaline phosphatase labelled anti-mouse IgG, tween 20 was
purchased from Sigma Aldrich (Wicklow, Ireland)

3.4.3 Electrode preparation

Screen printed electrodes were modified with MWCNT/Nafion as described in
chapter 2.

3.4.4 Anti-DON IgG/Anti-mouse IgG binding study (Direct
Capture Assay)

* A 1/5 dilution of Anti-DON IgG was carried out from an initial
concentration of 1 mg/mL in carbonate/bicarbonate buffer. 50 uL of each
each concentration was added to a well of a 96 well plate (x3).

* The plate was incubated at 37° for 1 hour.

* The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) and
200 uL of 1 % BSA was then added to each well. The plate was incubated
at 37 degrees for one hour.
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* The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) to
remove excess BSA solution.

* 50 uL of AP labelled anti-mouse IgG was then added to each well and the
plate was incubated at 37° for 1 hour.

* After a further washing step, 100 uL of pNPP, diluted in DEA buffer was
added to each well and again a 1 hour incubation was carried out at 37°.

* The plate was measured at 405nm using the plate reader.

3.4.5 Chessboard ELISA

* 50 uL of 1/100,1/500 and 1/1000 were added to their section on the 96
well plate as described in Fig 3.4. The plate was then incubated at 37
degrees for 1 hour

* The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) and
200 uL of 1 % BSA was then added to each well. The plate was incubated
at 37 degrees for one hour.

* The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) to
remove excess BSA solution

* A 1/5 serial dilution of anti-DON IgG was carried from an initial
concentration of 0.04 mg/mL and 50 ul. was added to the appropriate
section of the plate as outlined in Fig. 3.4. The plate was incubated at 37
degress for 1 hour.

* The plate was washed with 200 uL of pH 7.4 Tris-Tween to remove excess
and loosely bound anti-DON antibodies and 50 nL AP labelled anti-mouse
IgG was added to each well. The plate was incubated for a further hour
at 37 degrees celcius.

* After a further washing step, 100 uL of pNPP, diluted in DEA buffer was
added to each well and again a 1 hour incubation was carried out at 37
degrees celcius.

* The plate was measured at 405 nm using the plate reader.
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Figure 3.3: Schematic of chessboard titration

3.4.6 AP Labelled Anti-mouse IgG Optimisation (Indirect

Capture Assay)

A 1/100 dilution of DON-BSA was prepared in carbonate/bicarbonate
buffer pH 9.5. 50 uL was added to each well of a 96 well plate. The
plate was incubated at 37° for 1 hour.

The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) and
200 uL of 1 % BSA was then added to each well. The plate was incubated
at 37 degrees for one hour.

The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) to
remove excess BSA solution.

50 uL of 0.04 mg/mL anti-DON IgG was added to added to each well and
the plate was incubated at 37 degrees for 1 hour followed by a further
washing step.

A 1/2 serial dilution of anti-mouse IgG was carried out and 50 uL of each
concentration (in triplicate) was added to the appropriate wells.

Measurement was then carried out for incubation times of 15, 30, 45, 60
and 75 minutes.
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Figure 3.4: Schematic of indirect capture assay showing binding DON-BSA
immobilised onto a surface with a anti-DON antibody and subsequent binding
to anti-mouse AP labelled.

3.4.7 Indirect Competitive ELISA

* 50 uL of 1/100 DON-BSA in pH 9.5 carbonate/bicarbonate buffer was
added to each well. The plate was then incubated at 37 degrees for 1
hour

* The plate was washed with 200 uL of pH 7.4 Tris-Tween solution (x3) and
200 wof 1 % BSA was then added to each well. The plate was incubated
at 37 degrees for one hour.

* The plate was washed with 200 uL of ph 7.4 Tris-Tween solution (x3) to
remove excess BSA solution.

* 25 uL each of 0.008 mg/mL anti-DON IgG was mixed to 25 uL of AP
labelled anti-mouse IgG (1/16,000 dilution) prior to addition to each well.
The plate was incubated at 37 degress for 90 minutes.

* The plate was washed with 200 uL of pH 7.4 Tris-Tween to remove excess
and loosely bound antibodies and 100 uL

 After a further washing step, 100 uL of pNPP, diluted in pH 9.5 DEA buffer
was added to each well and again a 1 hour incubation was carried out at
37 degrees celcius.
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* The plate was measured at 405nm using the plate reader.

3.4.8 Coating Conjugate Optimisation - Indirect Capture
Assay

* 8 uL 0.4M/0.1M EDC/NHS solution was added to each electrode and left
to incubate at room temperature for 1 hour

* A 1/5 dilution was carried of DON-BSA and 8 uL of each concentration
was added to the working electrode surface (x3) and left to incubate at
room temperature for 2 hours.

* The electrodes were washed with 500 uL of 1 % Tris (0.05 % Tween) (x2)
and 800 uL of nanopure water (x1).

* 60 uL of 1 % BSA was added to each electrode and allowed to incubate
for 1 hour at room temperature.

* 10 uL of 1/100 concentration of anti-DON Ab (diluted in tris buffer) was
added to each electrode and incubated for 1 hour at room temperature
and washed with washing buffer and water again.

* 10 uL of AP labelled anti-mouse was then added to each electrode and

allowed to incubate at room temperature for 1 hours
* The electrodes were stored in Tris buffer or nanopure water at 4 degrees

* For measurement, each electrode was placed in a 5 mL glass beaker
containing 4900 uL of DEA buffer pH 9.5. After a period of 200 seconds,
100 uL of pAPP (25 mg/mL) was added manually. A fixed potential of
0.28 mV was used for these amperometric measurements.

3.4.9 Detecting Antibody Optimisation - Indirect Capture
Assay

In order to optimise the DON Ab concentration, an indirect capture assay
was again carried out. A DON-BSA concentration of 0.04 mg/mL was used
(optimised from the previous section). A 1/5 serial dilution of DON Ab was
carried out establish an optimum concentration and all other steps were the
same as outlined from section 3.4.8.
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3.4.10 Blocking Study - Indirect Capture Assay

An indirect capture assay was carried out using the concentrations optimised
in sections 3.4.7 and 3.4.8. At the blocking step stage, 60 uL of 1 % BSA, 2 %
BSA, 1 % casein and 2 % casein respectively were added to the electrodes (x3).

The assay was completed as described in sections 3.4.8.

3.4.11 Indirect Competitive Electrochemical Immunoassay

The assay outlined in this section is for optimised parameters and is outlined

graphically in Fig. 3.5.

8 uL. 0.4 M/0.1 M EDC/NHS solution was added to each electrode and
left to incubate at room temperature for 1 hour

A 0.04 mg/mL concentration of DON-BSA and 8 uL of each concentration
was added to the working electrode surface (x3) and left to incubate at
room temperature for 2 hours.

The electrodes were washed with 500 uL of 1 % Tris (0.05 % Tween) (x2)
and 800 uL of nanopure water (x1).

60 uL of 1 % casein was added to each electrode and allowed to incubate
for 1 hour at room temperature.

A 1/5 dilution of DON antigen was carried out from an initial
concentration of 5 mg/mL. Each respective concentration was mixed with
an equal amount of 0.016 mg/mL anti-DON Ab and mixed gently. 10
uL of each mixture was then added to the working electrode surface and
incubated at room temperature for 90 minutes followed by a washing
step.

10 uL of AP labelled anti-mouse was then added to each electrode and
allowed to incubate at room temperature for 1 hours

The electrodes were stored in Tris buffer or nanopure water at 4 degrees.

For measurement, each electrode was placed in a 5 mL glass beaker
containing 4900 uL of DEA buffer pH 9.5. After a period of 200 seconds,
100 uL of pAPP (25 mg/ml) was added manually. A fixed potential of
0.28 mV was used for these amperometric measurements.
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3.5 Results and Discussion Part 1 - ELISA

3.5.1 Anti-DON/Anti-mouse IgG binding - Direct Capture
Assay

Prior to the development of the electrochemical immunosensor, initial ELISA
experiments were carried out in order to examine the viability of the proposed
assay and to ascertain the affinities of the assay components towards each
other. The first of these experiments investigated the binding of the anti-DON
monoclonal antibody (produced in mouse) to the alkaline phophatase labelled
secondary antibody used in chapter 2. A simple capture assay was employed in
which a serial dilution of anti-DON antibody was immobilised onto the surface
of the plate and a fixed amount of labelled antibody was introduced. From
Fig 3.6. it is clear that successful binding of the anti-DON and anti-mouse
antibodies occured. Saturation of the anti-DON occured at a concentration of
0.2 mg/mL.
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Figure 3.6: Direct capture assay for anti-DON/anti-mouse IgG revealing
saturation at an anti-DON IgG concentration of 0.2 mg/mL. An AP labelled
anti-mouse IgG dilution of 1/30,000 was used.

3.5.2 Chessboard Titration

Chessboard titrations provide a relatively quick and effective way of
simultaneously optimising two separate assay components. In this case, an
indirect capture assay was used in which DON-BSA and anti-DON antibodies
were titrated against each other as outlined in the previous section again
with a 1/30,000 dilution of AP labelled anti-mouse used. Fig 3.7 shows a
3D representation of the obtained data with different colours representing
different absorbance regions. The absorbance increases with both Don-BSA
and anti-DON antibody concentration, reaching a maximum for concentrations
of 1/10 dilution and 0.04 mg/mL respectively. However, in order to conserve
reagents and produce a cost effective assay a DON-BSA concentration of 1/100
was used in conjunction with the 0.04 mg/mL concentration of anti-DON

antibody.
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Figure 3.7: Chessboard titration results in which DON-BSA and anti-DON IgG
concentrations were varied simultaneously with a maximum absorbance at a
DON-BSA concentration of 1/10 and an anti-DON IgG concentration of 0.04
mg/mL.

3.5.3 Anti-mouse IgG Optimisation

Next, using the optimised concentrations of DON-BSA and anti-DON antibody
determined from the previous section, the AP labelled anti-mouse IgG
concentration was optimised. This was again done using the indirect capture
assay format. A 1/2 serial dilution was carried out (from an initial 1/1000
dilution of the stock solution). For each dilution, the plate was measured at
15 minute intervals. From Fig. 3.8, 1/16,000 was chosen as the optimal
secondary antibody dilution with an incubation time of 1 hour. There was
compartively little variation between OD values for different incubation times
at this concentration. This should lead to less inter assay variability and also
negates the need for a stop solution. Also, an OD value of around 1 is obtained
at these parameters. OD values above 2 are not suitable, as they are outside the

linear range of the instrument.
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Figure 3.8: Indirect capture assay were AP labelled anti-mouse IgG
concentration is varied with DON-BSA and anti-DON IgG concentrations of
1/100 and 0.04 mg/mL respectively. n = 3.

3.5.4 Competitive ELISA

An indirect competitive assay was then carried using the parameters optimised
in the previous sections. A competition time of 90 minutes was used as this had
been shown to help negate the low dose effect in Chapter 2. The calibration
curve is shown in Fig. 3.9 and the assay parameters are summarised in table
3.2. The linear range and LOD were calculated as outlined in the statistical

analysis section at the end of chapter 1.
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Figure 3.9: Indirect Competitive ELISA for DON with optimised DON-BSA,
anti-DON IgG and AP labelled anti-mouse IgG of 1/100, 0.04 mg/mL and
1/16,000 respectively. R? = 0.9975, n = 3.

Table 3.2:

IC50 LOD Linear Range Inhibition R? %

6.856 ppm 0.534 ppm 0.9 - 53 ppm 87 % 0.9975

Importantly, the limit of detection (blank - 3 x stdyj.n) of 0.534 ppm is below
the EU regulation limit of 1.75 ppm for DON in wheat samples. However, it is
above the 0.2 ppm limit for baby food meaning that this assay would not be
suitable for that particular application.

3.6 Results and Discussion Part 2 -

Electrochemical Immunoassay

In this section the assay developed in part 1 was then transferred onto the
MWCNT/Nafion modified screen printed electrode for the development of an

electrochemical immunosensor.
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3.6.1 Assay component solution

Initial assay development experiments which attempted to optimise the
DON-BSA concentration on the electrode surface resulted in very high levels of
non-specific binding in which there was little to no difference between varying
concentrations of DON-BSA and the blank control. In these experiments,
both anti-DON IgG and anti-mouse IgG were diluted in Tris solution only. In
order to rectify the issue, it was decided to vary the solution that each assay
component was diluted in. Fig 3.10 shows that complete blocking of the
electrode surface occured when both anti-DON IgG and anti-mouse IgG were
diluted in 2 % casein blocking solution (the decision was taken to change from
BSA to casein as a blocking agent due to its better performance on carbon
nanotube electrodes). However, a clear difference in signal could be achieved if
either the anti-DON IgG or anti-mouse IgG were diluted in casein with the other
in Tris solution. Diluting anti-DON in casein was carried out for subsequent

experiments.
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Figure 3.10: Optimisation of assay component solution
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3.6.2 Coating Conjugate Optimisation

Having obtained an optimal assay component dilution, attention was returned
to optimising DON-BSA concentration on the electrode surface. A fixed 0.04
mg/mL dilution of anti-DON IgG was chosen to conduct the experiment as the
high concentration was guaranteed to give an adequate electrochemical signal.
Similarly to the ELISA assay, saturation was achieved at 0.04 mg/mL DON-BSA
concentration as seen in Fig. 3.11 and hence this concentration was used for
all further experiments.

1000+
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Figure 3.11: Optimisation of DON-BSA coating conjugate using an indirect
capture capture assay with a fixed anti-DON IgG concentration of 0.04 mg/mL
and a 1/1000 dilution of AP labelled anti-mouse IgG. Saturation was achieved
at a DON-BSA concentration of 0.04 mg/mL. n = 3.

3.6.3 Detecting Antibody Optimisation
Using the optimised DON-BSA concentration, a 1/5 serial dilution of anti-DON

IgG was carried out (Fig 3.12). A levelling off of current signal occured at 0.008
mg/mL and this concentration was used for all further experiments.
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Figure 3.12: Optimisation of anti-DON IgG concentration using an indirect
capture assay with DON-BSA concentration of 0.04 mg/mlL, AP labelled
anti-mouse IgG dilution of 1/1000. Current saturation occured at 0.008
mg/mL. n = 3.

3.6.4 Blocking Study

It was stated in section 4.6.1 that the decision was made to change from BSA
from casein solution as it had proved to be a more blocking buffer. This
is possibly due to the fact that BSA doesn’t bind as strongly to hydrophobic
surfaces such as carbon nanotubes[22]. A further investigation into the
blocking buffer to use for this assay was carried out by comparing non-specific
binding in an indirect capture assay. 1 % and 2 % BSA and casein solutions
were compared. Fig 3.13 shows that both casein solutions proved superior to
BSA in preventing non-specific binding. Hence, 1 % casein was used for future
experiments.
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Figure 3.13: An indirect capture assay with DON-BSA concentration of 0.04
mg/mL, AP labelled anti-mouse IgG dilution of 1/1000 and anti-DON IgG
concentration of 0.008 mg/mL. 4 different blocking solutions were compared -
1 % BSA, 2 % BSA, 1 % BSA and 2 % BSA. n = 3.

3.6.5 AP labelled anti-mouse optimisation

The assay parameters established thus far were used to construct an indirect
competitive assay for DON. However, there were significant repeatability issues
as well as there being little variation in electrochemical signal between high
and low DON concentrations. Up to this point in the development of the assay a
concentration of 1/1000 AP labelled anti-mouse IgG had been used. However,
3 other dilutions (1/750, 1/500 and 1/100) were analsyed using an indirect
capture assay with optimised DON-BSA and anti-DON IgG concentrations.
Fig 3.14 shows that the largest current to backround signal was achieved
with the 1/100 concentration and this dilution factor was used in subsequent

experiments.
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Figure 3.14: An indirect capture assay with DON-BSA concentration of
0.04 mg/mL and anti-DON IgG concentration of 0.008 mg/mlL. 3 different
concentrations of AP labelled anti-mouse were compared - 1/750, 1/500 and
1/100. n = 3.

3.6.6 Indirect Competitive Immunosensor

Finally, using the parameters optimised in the previous sections of this chapter
an indirect competitive assay was carried out as described in section 3.4.12.
The analytical parameters are outlined in Table 3.3. The IC50 value of 2 ppm
is particularly interesting considering MRL of DON in wheat samples in 1.75
ppm. Although more sensitive electrochemical immunosensors for DON have
been outlined (discussed in the introduction to this chapter), this approach
appears particularly promising as the assay developed in sensitive to changes
around the relevant concentrations of DON concentrations in grain samples

from regulatory point of view.
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Figure 3.15: Hydrodynamic amperograms for a range of DON concentrations
at a MWCNT/Nafion electrode. After a period of 200 seconds 100 uL of pAPP

(25 mg/mlL) was added to a stirred solution of 4900 uL. DEA buffer, pH 9.5. A
fixed potential of 0.28 mV was used.
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Figure 3.16: Indirect competitive electrochemical immunoassay for DON with
optimised experimental conditions of DON-BSA concentration of 0.04 mg/mL,
AP labelled anti-mouse IgG dilution of 1/100 and anti-DON IgG concentration

of 0.008 mg/mL. 1 % casein was used as a blocking solution. R? = 0.9679, n
= 3.

150



DON Detection Chapter 3

Table 3.3: Summary of results for an optimised electrochemical immunosensor
for DON detection at a MWCNT/Nafion modified electrode.

IC50 LOD Linear Range R?

2ppm 095ppm 0.7-6.3 ppm 0.9679

3.7 Conclusions and Future Work

In this chapter a MWCNT/Nafion modified screen printed electrode was
developed for the detection of the mycotoxin deoxynivalenol with a LOD of 0.95
ppm, linear range of 0.7 - 6.3 ppm and R? value of 0.9769. This compared to
an LOD of 0.534 ppm and linear range of 0.9 - 53 ppm for a customised ELISA.
The LODs achieved should allow detection in wheat and grain samples that is
in line with the sensitivity required by EU regulations ( 1.75 ppm). Various
assay parameters (assay component concentration, blocking solution etc. were
optimised using indirect capture assays for both the ELISA and electrochemical
immunosensor.

The developed sensor is based on an indirect competitive assay. Future work
could also investigate the use of a displacement assay which could decrease
end user steps. Another approach could be to use a direct competitive assay
which could use a enzyme labelled DON antibody which would decrease
overall assay development time by negating the need for an enzyme labelled
secondary antibody. Furthermore, the development of a label free sensor could
be investigated using the MWCNT/Nafion electrode optimised in this study.
Clearly, further work is needed to allow the sensor developed to be used in
real samples. One such approach could be the use of a immunoaffinity column
in order to isolate the analyte from the real sample. It will also be necessary
to investigate how the sensor performs in the presence of other mycotoxins,
in particular 3-Ac-DON which tends to have a strong cross reactivity towards
anti-DON antibodies. Future work would also require comparison of the sensor
with a standardised reference method of DON detection such as a commercially
available ELISA kit.
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4.1 Objectives and Novelty

The central objective of this chapter was to develop a low cost sensor for
caffeine detection. In part one, Nafion modified screen printed graphite
electrodes and electrochemically pretreated screen printed graphite electrodes
were compared and the advantages and disadvantages of each approach were
investigated. It was found that the electrochemically pretreated electrode could
be used as a re-usable sensor for up to 9 consecutive measurements. In contrast,
the Nafion modified electrode was more suitable as a disposable sensor but
lower limits of detection could be achieved. It was also the case that the Nafion
modified electrode peformed significantly better in the real samples.

In part 2, a commercial screen printed graphene electrode was investigated
for its use in caffeine detection. Particular attention was paid to the
characterisation of this electrode towards an appraisal of its graphene type
qualities. It was found that this electrode offered no discernable improvement
compared to the screen printed graphite electrodes used in part 1. Furthermore,
it was found that the electrode was in fact graphite in nature and displayed no
graphene characteristics.

This chapter presents a new electrochemical pretreatment technique which
allows for a significant improvement in electrochemial signal for caffeine
oxidation compared to bare screen printed electrodes. This is the first reported
re-usable, low cost caffeine sensor based on screen printed electrodes. The
only previously published report using SPEs was based on a disposable reduced
graphene modified electrode [1]. Without the need for a nanomaterial modifier
and also the fact that the sensor could be used up to 9 times means that
it provides a signficantly more cost effective solution that those previously
presented in the literature. Furthermore, this chapter also provides the first
physical and electrochemical characterisation of commercial screen printed
graphene electrodes based on graphene ink. It was concluded that these
commercial sensors had the characteristics of graphite as opposed to graphene.

4.2 Introduction

Caffeine (1,3,7-trimethylxanthine) (Fig. 4.1) is a ubiquitous modern drug,
being a constituent of tea, coffee as well as a range of soft drinks. It has been
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Figure 4.1: Chemical structure of caffeine

associated with both positive health effects such as increased cognitive function
[2] as well negative effects such as the increased occurance of headaches
particularly when users suddenly stop taking the substance [3]. Hence, it is
of paramount importance that food companies are able to perform analytical
tests for caffeine in their products. This is particularly the case for so called
energy drinks have a very high caffeine content. Any drinks in the EU now
containing more than 150 mg of caffeine per litre must have a label indicating
high caffeine content. Also were caffeine is added to foods for physiological
effect, the packaging must contain the phrase - ‘High caffeine content. Not
recommended for children or pregnant or breast-feeding women’.

For these reasons there has been a significant amount of research into
techniques enabling the detection of caffeine. Many of these studies were
based on on techniques such as gas chromatography/mass spectroscopy [4],
ion chromatography [5] and high performance liquid chromatography [6].
These techniques, whilst providing good reproducibility and sensitivity, are
expensive to carry out and require highly skilled personnel. For these
reasons electrochemical detection of caffeine provides a low cost, easy
to use alternative. The major difficulty in attempting to detect caffeine
electrochemically, results from the fact that its oxidation occurs at a high
potential (1.2-1.4 V) [7]. Hence, any electrode material used must have a wide
potential range, in order for the oxidation peak to be distinguished from the
background buffer.

A 2013 review of these techniques has been carried out by Svorc [8]. This
review paper indicates that the majority of research on the area is focused
on the detection of caffeine by voltammetric methods using carbon based
electrodes. This trend has continued to the present day. For example, Torres
et al. have developed a simple electrochemical sensor based on a Nafion

modified glassy carbon electrode [9]. Interestingly, they showed that the
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Nafion modified sensor was more sensitive than a multiwalled carbon nanotube
modified electrode or a poly(3,4-ethylenedioxy-thiophene) (PEDOT) modified
electrode achieving a limit of detection of 0.04 uM.

Boron doped diamond is another carbon based electrode material that has
been used for the electrochemical detection of caffeine in both pharmaceutical
formulations [10],[11] and beverage samples [12].

Alizadeh et al. developed a caffeine sensor utlising a molecularly imprinted

polymer synthesised specfically for caffeine and embedded onto a carbon paste
electrode [13]. A limit of detection of 1.5 x 108 mol L' was achieved. A
carbon paste electrode was also used by Sanghavi et al. to achieve a limit
of detection of 8.83 x 10® M . In their case the electrode was modified with
in situ surfactant modified multiwalled carbon nanotubes [14]. A recently
published account compared caffeine detection at a boron doped diamond
electrode and a batch injection analysis system [15]. Slightly better % RSD
of 3.1 % vs 4.1 % was found for the batch injection analysis system but the
electrochemical cell was able to achieve a lower LOD. Considering that LOD
is not a particularly significant parameter in food samples with high caffeine
content, this automated system shows promise for high throughput analysis.
Another important consideration in caffeine sensor development is the ability
of the sensor to detect caffeine in potentially interfering compounds. With that
in mind, Jesny et. al developed a sensor that could detect caffeine the presence
of xanthine, theophylline and uric acid using square wave voltammetry [16].
Well defined oxidation peaks were observed for each analyte.

4.2.1 Nafion modified electrodes

Nafion is a perfluorinated polymer first synthesised in the 1960s by DuPont.
As an excellent conductor of protons, it has been used extensively in the
devlopment of fuel cell applications [17]. However, Nafion has also been useful
in the construction of electrochemical sensors. This can be attributed to its
unique ion-exchange, discriminative and biocompatibility properties. It has
also been used as a stable solvent for carbon nanotubes, in the construction of
hydrogen peroxide based biosensors and the detection of NADH [18]. Nafion
can also improve graphene based sensors by re-orienting graphene layers to
expose their edge planes, hence improving electron transfer rates [19]. In
the case of caffeine detection, Nafion has proved to be a very useful electrode
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modification allowing a dramatic increase in peak current densities.

4.2.2 Screen Printed Graphene Electrodes

In the previous chapters of this thesis the use of nanomaterials has been
facilitated through the use of the drop cast method. However, this process
of pipetting a small amount material that has been dispersed in a solvent onto
an electrode surface has a number of limitations. Firstly, the need to modify
electrode surfaces is a time consuming process that also incurs the extra cost
of the modifier. Also, the drop-cast method tends to produce electrode surfaces
that are less reproducible. Hence, it is advantageous to consider materials that
contain the inherent characteristics of the nanomaterial without the need for
any electrode modification. One approach is through the use of graphene inks
for the production of screen printed graphene electrodes.

Despite the potential advantages of this approach, only two reports exist in the
literature on the use of graphene screen printed electrodes for electrochemical
sensing applications. The first, by Ping et al. reported the use of a home
made chemically reduced graphene oxide ink for the detection of ascorbic acid,
dopamine and uric acid [20]. The fabricated graphene sensor had an improved
electrochemical response towards the ferri/ferrocyanide redox couple, ascorbic
acid, dopamine acid and uric acid, in particular the latter three analytes
were detected at different potentials simultaneously. However, Randviir et al.
presented a number of criticisms to this approach [21]. As the graphene used
was produced using the modified Hummers method the electrocatalytic effect
was mostly likely due to the large number of defects on the basal plane surface
of the electrode and also from metal ions which are a byproduct from the strong
acids used in this graphene synthesis method. It was argued that the electrode
was in fact more electrochemically graphite like than graphene like with respect
to edge plane content.

With these criticims in mind Randviir et. al claimed the first reported use
of what they describe as a ’true screen-printable graphene ink’ [21]. Two
commercially available graphene inks were used from Gwent Materials Ltd.
However, only one appeared to exhibit graphene like behaviour with the
other displaying graphite properties as determined by Raman Spectroscopy,
XPS and SEM. Ascorbic acid, uric acid and dopamine were investigated
electrochemically although only at fixed concentrations and a single scan rate
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(100 mV/s). The oxidation potentials for ascorbic acid and dopamine were
noticeably different, but UA and AA had similar peak potentials. So, although
a true screen printable graphene electrode was reported its actual analytical
characteristics were inferior to those reported by Ping et al.

In this chapter, the only currently available commercial screen printed graphene
electrode (Kanichi Research Limited) is analysed for the voltammetric detection
of caffeine and more broadly for its use in other electroanalytical applications.
It becomes clear that this commerically available graphene electrode displays
characteristics very similar to that of a graphite electrode.

4.3 Materials and Methods

4.3.1 Reagents

Caffeine, phosphoric aicd, boric acid, acetic acide, sodium chloride, potassium
chloride and Nafion perfluorinated solution were purchased from Sigma Aldrich
(Wicklow, Ireland). All solutions were made up using de-ionisd water of
resitivity no less than 18.2 m{Qcm. 10 mM stock solutions of caffeine were made
up daily and diluted with supporting electrolyte to the appropriate molarity.
Stock solutions were then sonicated in a water bath for around 20 minutes or
until the caffeine had fully dissolved. All chemicals were of analytical grade.

4.3.2 Electrochemical measurements

All electrochemical measurements were carried out in a 5 mL beaker in a
Faraday cage. The solution was agitated using a magnetic stirrer between
measurements. All electrochemical measurements were carried out on a
PalmSens potentiostat (PalmSens BV, The Netherlands) or CHI Potentiostat
660B (CH Instruments Inc., Austin, Texas). Screen printed graphite and
screen printed graphene electrodes were purchased from Kanichi Research Ltd.
(Manchester, UK).
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4.3.3 Modification of Electrodes with Nafion

Prior to modification, the electrodes were pre-anodised in Na,COs3 as described
earlier in the thesis producing and electrochemically activated, hydrophilic
surface. Next, 5 % nafion was diluted to different concentrations using
de-ionised water. 4 ul of the diluted Nafion samples were then drop cast onto
the working electrode. The solution was allowed to evaporate from the surface
of the electrode for at least 1 hour and stored at 4 degrees celcius.

4.3.4 Effect of pH and Supporting Electrolyte

Britton-Robinson Buffer was prepared by mixing equal volumes 0.04 M
concentrations of boric acid, phosphoric acid and acetic acid. Different buffer
pHs from 2 to 8 were prepared by adjusting the solution using 0.2 M sodium
hydroxide. Cyclic voltammograms were then carried out in 200 uM caffeine
solution.

4.3.5 Real Sample Analysis
Red Bull energy drink was purchased from a local store. The sample was poured

into a glass beaker and allowed to de-gas for around an hour. Then, a 1/10
dilution was carried out with phosphoric acid prior to analysis.

4.3.6 Raman Spectroscopy

Raman Spectroscopy measurements were carried out using an Invia Reflex
MicroRaman Renishaw. The laser wavelength used was 514.5 nm. The grating

used was 2400 lines/mm and the laser power on sample was 2mW.

4.3.7 SEM

SEM measurements were carried out as described in Chapter 2.
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4.3.8 Contact Angle

Contact angle measurements were carried out as described in Chapter 2.

4.4 Results and Discussion

4.4.1 Influence of pH and Supporting Electrolyte

In order to investigate the influence of pH in caffeine oxidation, cyclic
voltammetry measurements of 200 puM caffeine were carried in 0.1 M
Britton-Robinson buffer from pH 2-7 at a bare graphite SPE. This “universal
buffer” is a combination of boric, phosphoric and acetic acid, titrated to
the desired pH with sodium hydroxide. Each of these acids has a different
dissociation constant allowing a wide range of pHs to be established.

In Fig 4.2 it is seen that peak potential decreases linearly with increasing pH
with a slope of 19 mV/pH with an R? value of 0.8485. Similarly, Svorc et.
al [22] and Spataru [7] showed a linear decrease in potential with increasing
pH, in their case at boron doped diamond electrodes. However, both papers
reported a “Nernstian” response of ca 60 mV/pH which was deemed to indicate
that an equal number of protons and electrons were involved in the reaction.
These results were reported without consideration towards the electrochemical
reversibility of the reaction - the only case in which the Nernst equation applies.
One method to determine electrochemical reversibility is through investigation
of scan rate. Scan rate studies for caffeine oxidation as seen in this thesis
(section 4.48) and throughout the literature show a shift in peak potential with
increasing scan rate [22, 23] . This is indicative of a quasi or irreversible process
and hence the Nernst equation should not be applied. Caution is therefore
needed in the analysis of pH variance and a “non-Nernstian” response as seen in
this work should not be viewed as indicative of a different reaction mechanism
at work. Nevertheless, the variation of peak potential with pH does indicate
that protons are involved in the reaction.

The relationship between peak current and pH is of more value when
considering the design of an electrochemical sensor. Fig 4.3 shows that peak
current is maximal at pH 2 and reaches a minimum at pH 4. Also of note
is the poor reproducibility at pH 7. At higher pH values it was difficult to

162



Caffeine Detection Chapter 4

establish a peak current as it became masked by the background discharge of
the supporting electrolyte. Hence, it was established that acidic conditions were
more favourable for caffeine oxidation owing to the large and clearly defined

peak current.
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Figure 4.2: Variation of pH as a function of peak potential of cyclic
voltammetry measurements with a scan rate of 100 mV/s in 200 uM caffeine
(Britton-Robinson supporting electrolyte. R? = 0.8485, n = 3. )
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Figure 4.3: \Variation of pH as a function of peak current of cyclic
voltammetry measurements with a scan rate of 100 mV/s in 200 uM caffeine
(Britton-Robinson supporting electrolyte).
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Hence, cyclic voltammograms of 200 uM caffeine in four different acids,
sulphuric acid , phosphoric acid, nitric acid and hydrochloric acid (all 0.1 M),
were compared in order to choose an appropriate supporting electrolyte.

150
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Figure 4.4: Cyclic voltammograms of 200 uM caffeine in different acidic media
at a scan rate of 100 mV/s with a bare graphite SPE.
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Figure 4.5: Comparison of peak current from cyclic voltammetry measurements
of 200 uM caffeine in a 0.1 M solutions of a range of acidic media.

From Fig.4.4 it is immediately obvious that nitric acid has a large background
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reduction peak and no oxidation peak is present in hydrochloric acid. Hence
these two acids were deemed unsuitable for further use. Phosphoric acid and
sulphuric acid both display similar results with peaks occuring at 1.163 V +
0.002 V and 1.165 V + 0.007 V respectively. The peak currents were also
similar with values of 7.4 uA + 0.3 and 7.6 uA £+ 0.4 in phosphoric acid and
sulphuric acid. Both acids could be used equally well but it was decided to use
phosphoric acid for all further experiments.

4.4.2 Nafion Modified electrodes

A number of different strategies were employed in order to improve the
electrochemical response of the electrodes towards the oxidation of caffeine.
Firstly, modifying the electrodes with Nafion was investigated as it has been
shown that Nafion modification can improve caffeine sensor performance for
both glassy carbon [24, 25] and boron doped diamond [26]

0.1 %, 0.2 % and 0.3 % concentrations of Nafion were using analysed
by cyclic voltammetry for caffeine detection as well as detection of 1 mM
ferri/ferrocyanide in 1 M KCl. The CVs in ferri/ferrocyanide in Fig 4.6
reveal that as Nafion concentration increases the electrode behaves more as
an insulator. At a concentration of 0.1 % redox peaks are clearly visible with
peak separation of 123 mV + 5mV. At 0.2 % the peak separation increases to
155 mV + 23 mV and at 0.3 % no oxidation or reduction peaks are visible
reflecting the insulating nature of Nafion.

For caffeine detection (Fig 4.7), a Nafion concentration of 0.2 % was deemed
to be optimal as a peak current of 24.5 uA + 3.5 pA is observed at this
concentration, compared to peak currents of 21.2 uA + at 0.1 % Nafion and
11.0 uA =+ 3.3 uA at 0.3 % Nafion. This reflects the fact that caffeine oxidation
involves both protons and electrons and hence a material which balances these
two considerations is needed.
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Figure 4.6: Cyclic Voltammograms of 1 mM ferri/ferrocyanide in 1M KCI at
electrodes modified with 0.1 %, 0.2 % and 0.3 % Nafion concentrations.
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Figure 4.7: Cyclic Voltammograms of 200 uM caffeine at electrodes with 0.1 %,
0.2 % and 0.3 % Nafion concentrations
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4.4.3 Electrochemically Pretreated Electrodes

It was seen in Chapter 1 that pretreating these graphite screen printed
electrodes can have a positive impact on their electrochemical characteristics.
The result of those pretreatments was to remove the electrode’s insulating
polymer binder and also to introduce oxygen functionalities onto the electrode
surface which promotes electron transfer particularly in the case of inner sphere
redox probes. In the case of caffeine two different pretreatment methods are
compared - pre anodisation of the electrodes in saturated Na,CO; at 1.2 V for
5 minutes and also performing 30 CV scans on the electrode in 0.1 phosphoric
acid (supporting electrolyte). Fig 4.8 shows that the treatment of the electrodes
in 0.1 M phosphoric acid greatly enhances the electrochemical signal with a
peak current of 22 uA + 1 uA compared to 7.7 uA + 0.2 at the bare electrode. In
contrast, the pre-anodisation technique produces no improved electroanalytical
characteristics (in fact a slight decrease in peak current is observed - 7 uA +
1 nA). This indicates that oxygen functionalities on the electrode surface don’t
play a major role in the oxidation of caffeine. However, removing the insulating
binder can improve sensor performance.
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Figure 4.8: Cyclic Voltammograms of 200 uM caffeine in 0.1 M H3PO, at bare
graphite and electrochemically pretreated graphite electrodes
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4.4.4 SEM
4.4.4.1 Pretreated Electrode

SEM images were taken at electrodes pretreated in H3PO,4. Similarly to the
electrochemical pretreatments used in Chapter 2, there was no discernable
change in the composition of the electrode surface compared to an untreated

electrode.

14.8 mm 15

Figure 4.9: Scanning Electron Micrographs of electrochemically pretreated
electrodes

4.4.4.2 Nafion modified electrode

SEM images were also taken at nafion modified electrodes. Fig 4.10 shows how
the Nafion fully covered the electrode surface (bottom images) compared to the
bare electrode (upper two images). Hence, the electrochemical behaviour at the
modified electrode can be confidently ascribed to the Nafion modification.
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Figure 4.10: Scanning Electron Micrographs of Untreated (above) and Nafion
modified (below) graphite working electrodes

4.4.5 Contact Angle

Contact angle measurements were also carried out at both electrodes. At the
pretreated and Nafion modified electrodes contact angles of 117 4+ 4 and 74 + 4
degrees were observed respectively. The electrochemical pretreatment caused
a decrease in the contact angle due to the introduction of oxygen functional
groups and roughening of the electrode surface.

Nafion

H,PO,

Figure 4.11: Contact angle droplets at both Nafion modified and pretreated
electrodes showing the hydrophilic nature of the pretreated electrode in
comparison to the bare SPE.

4.4.6 Electrochemical Characterisation

Electrochemical characterisation was then carried out at both electrodes,
again using both ferri/ferrocyanide and hexaamine ruthenium (III) chloride as
outlined in the following sections.
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4.4.6.1 Ferri/ferrocyanide

In 1 mM ferri/ferrocyanide both electrodes displayed diffusion limited
behaviour (Fig 4.12 - 4.15). As expected the peak currents were noticeably
decreased at the Nafion modified electrode as Nafion is known to inhibit
electron transfer kinetics (discussed earlier). The electrochemically pretreated
electrode had a peak current at 100 mV/s of 11.9 uA + 0.1 which is a similar
value as those achieved for the different pretreatments in Chapter 2. In the
analysis of graphs of log vvs log peak current (see Thin Layer section of the
appendix for graph) a slope of 0.4334 was obtained. This isn’t considered close
enough to the ideal value of 0.5 to then calculate the electrochemical surface
area. A slope of 0.2327 was obtained at the Nafion modified electrode.
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Figure 4.12: Cyclic voltammograms at an electrochemically pretreated
electrode at scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200
mV/s in 1 mM [Fe(CN)g]3/4 in 1M KCl
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Figure 4.13: Graph of peak anodic and cathodic peak current vs square root of
scan rate from the electrochemically pretreated electrode
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Figure 4.14: Cyclic voltammograms at a Nafion modified electrode at scan rates

of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV/s in 1 mM [Fe(CN)¢]37+
in 1M KClI
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Figure 4.15: Graph of peak anodic and cathodic peak current vs square root of
scan rate from the Nafion modified electrode

4.4.6.2 Hexaamine Ruthenium (III) Chloride

Interestingly the opposite behaviour is observed for hexaamine ruthenium (III)
chloride. Remarkably, a significant increase in peak current is observed at the
Nafion modified electrode at 100 mV/s - 21.9 uA + 0.2 uA An explanation is
unknown as to why there is this significant increase in electrochemical activity
at the Nafion modified electrode. At the electrochemically pretreated electrode
in contrast the peak current at 100 mV/s in a mere 6.0 uA + 0.3 uA. The slopes
to determine thin layer effects were 0.4471 and 0.6506 at the pretreated and
Nafion modified electrode. Hence an electrode area of 0.067 cm? and roughness
factor of 94 % could be established.
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Figure 4.16: Cyclic voltammograms at an electrochemically pretreated
electrode at scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200
mV/s in 1 mM hexaamine ruthenium (III) chloride in 0.1 M PBS
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Figure 4.17: Graph of peak anodic and cathodic peak current vs square root of
scan rate from the electrochemically pretreated electrode
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Figure 4.18: Cyclic voltammograms at a Nafion modified electrode at scan rates
of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV/s in 1 mM hexaamine
ruthenium (III) chloride in 0.1 M PBS
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Figure 4.19: Graph of peak anodic and cathodic peak current vs square root of
scan rate from the Nafion modified electrode
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4.4.7 Cleaning Study

As mentioned in the introduction to this chapter, the electrochemical sensors for
caffeine detection as described in the literature fall into two camps - disposable
sensors using screen printed electrodes and re-usable boron doped diamond or
glassy carbon sensors. In this study the feasibility of developing a a re-usable,
low cost sensor with screen printed electrodes is investigated. During the
process of performing an electrochemical measurement, a certain amount of
caffeine (or possibly some of products of the caffeine oxidation reaction) remain
on the surface of the electrode after the completion of the measurement. This
is not a limiting process as can be seen in the scan rate studies in the following
section. However, if the sensor is to be re-usable, then this residue needs to be
removed, otherwise false positive results would be possible in the subsequent
measurements. The cleaning step used here is to perform scans in 0.1 M
phosphoric acid between measurements. This has the effect of stripping the
outer layer of the electrode and hence removing the contaminating caffeine.
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Figure 4.20: Cyclic Voltammogram in blank 0.1 M phosphoric acid subsequent
to measurement in 200 uM caffeine solution
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Figure 4.21: Consecutive CV measurements in 200 uM caffeine solution with
cleaning step between each measurement

The cleaning process was carried out at bare, pretreated and Nafion modified
electrodes. It was found that the electrochemical signal of the bare electrode
actually increased after successive cleaning steps up to the 10th and 11th
measurements. This was likely due to the removal of the polymer binder
with successive cleaning steps. In contrast, the signal at the Nafion modified
electrodes decreased with successive measurements as Nafion was removed
during the successive cleaning steps. However, at the pretreated electrode the
signal remained stable for 9 measurements which could bring considerable cost
reduction in commercial applications.

Table 4.1: Relative Standard deviation percentages for consecutive 9
measurements of 200 uM caffeine in 0.1 NH3PO,

Electrode % RSD - 9 consecutive measurements
Bare Electrode 24.02
Nafion modified Electrode 20.61
Pretreated (H3PO,) 3.21
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4.4.8 Effect of scan rate

In order to further understand the nature of the caffeine oxidation mechanism,
scan rate studies were undertaken at both pretreated and Nafion modified
electrodes. Both electrodes showed a linear relationship between peak current
and square root of scan rate indicating a diffusion limited process (Fig 4.22
- 4.25). Adsorption has some role to play in the reaction as shown in the
previous section, however scan rate doesn’t scale linearly with peak current
as would be expected for an adsorption limited process. Also, there is a drift in
peak potential with an increase in scan rate which is expected for irreversible
reaction such as this [27].
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Figure 4.22: CVs at a Nafion modified electrode in the presence of 200 uM
caffeine at a range of scan rates
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Figure 4.23: Variation of peak current with square root of scan rate at Nafion

modified electrode in 200 uM caffeine
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Figure 4.24: Variation of peak current with square root of scan rate at n=Nafion

modified electrode in 200 uM caffeine
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Figure 4.25: Variation of peak current with square root of scan rate at Nafion
modified electrode in 200 uM caffeine

4.5 Optimisation of SVW parameters

Square wave voltammetry is typically a more sensitive technique than
cyclic voltammetry and hence was used with the Nafion modified electrode.
Re-producible results could not be achieved at the pretreated electrode and so
it was decided that linear sweep voltammetry would be used to construct a

calibration in that case (see next section).

Optimisation of the experimental parameters is a key factor in SWV
measurements as they can have a considerable influence on the peak current.
Initially, an amplitude of 30 mV was fixed and the frequency was varied
between 10 mV and 60 Hz (Fig 4.26). Peak current was at a maximum for 20
Hz and hence this frequency was chosen for all further measurements. Then,
at a frequency of 20 Hz, the amplitude was varied between 10 mV and 110 mV
(Fig 4.27). The peak current increased with increasing amplitude up until 100
mV, after which a plateau appeared. Similar results were found by Mersal at a
pseudo carbon paste electrode [28].
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Figure 4.26: Variation of SWV frequency at fixed amplitude of 30 mV in 200
uM caffeine solution (diluted in 0.1 M H3PO,).
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Figure 4.27: Variation of SWV amplitude at fixed frequency of 20 Hz in 200 uM
caffeine solution (diluted in 0.1 M H3PO,).
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4.6 Analytical Characteristics of Developed
Sensors

Calibration curves were then constructed at both electrodes as outlined in the
following two sections.

4.6.1 Pretreated Electrode

Successive additions of 5 mM stock solution to 4995 uL. of H3PO4 led to an
increase in oxidation peak current as showin in Fig 4.28. From Fig 4.29 it can
be seen that there are two separate linear regions. The upper region is described
by the equation y = 0.08247x + 3.816 with an R? value of 0.9839 whilst the
lower region is described by the equation y = 0.2473x - 0.5527 with an R?
value of 0.9648. Extrapolating the lower region to estimate the zero value, a
limit of detection of 9 uM was found with a linear range of 10-20 uM.
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Figure 4.28: Linear sweep voltammograms at electrochemically pretreated
screen printed electrode at varying caffeine concentrations - 10 uM, 14 uM,
20 uM, 30 uM, 50 uM, 70 uM, 89 uM, 109 uM, 128 uM, 148 uM
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Figure 4.29: Calibration curve of electrochemically pretreated electrode for
caffeine detection showing two linear regions. The lower region has an R?
value of 0.9648 while the upper region has an R? value of 0.9839. n = 3.

4.6.2 Nafion modified electrode

Using the optimised SWV parameters determined in section 4.5 a calibration
curve at the Nafion modified electrode was constructed (Fig 4.31) described by
the equation y = 0.1362x - 0.0406 after measurment of the SWV response at
multiple concentrations (Fig. 4.30). The linear range for this sensor was 10-128
uM and the LOD was 8 uM. This LOD was very similar to the result achieved
at the pretreated electrode but the pretreated electrode had the advantage of
a lower cost of modification. Lower limits of detection have been achieved in
the literature (see introduction to this chapter) but this isn’t necessarily a key
consideration in food analysis as the caffeine content in energy drinks, coffee
etc. is relatively high.

182



Caffeine Detection

Chapter 4
40
301
—~ Increasing Caffeine
3 Concentration
Z ]
5 ]
s 201
O L
10+
0.6 0.8 1.0 1.2 1.4
Potential (V)
Figure 4.30:

Square voltammograms at Nafion modified screen printed

electrode at varying caffeine concentrations - 10 uM, 30 uM, 50 uM, 70 uM,
89 uM, 109 uM, 128 uand 148 uM
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Figure 4.31:

Calibration curve of Nafion modified electrode for caffeine

detection at a Nafion modified electrode in a 0.1 M H3PO, supporting
electrolyte.
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4.7 Sensor Storage

An important characteristic of any electrochemical sensor is its ability to
perform even after storage in various conditions. Hence, the storage conditions
of both sensors was compared at both room temperature as well as 4 degrees
celcius. It can be seen from Fig. 4.32 that in both storage conditions no loss
of signal is observed at the Nafion modified electrode. However, there is a
significant loss of signal at the pretreated electrode. This suggests that surface
contamination occurs at the pretreated electrode possibly through oxidation
from the ambient air.
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Figure 4.32: Nafion sensor signal for 100 uM caffeine at 4 degrees celcius and
room temperature
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Figure 4.33: Pretreated sensor signal for 100 uM caffeine at 4 degrees celcius
and room temperature

4.8 Interference Analysis

Interference analysis was carried out by investigating the influence of both
sucrose and glucose on caffeine oxidation at both sensors. 100 uM of both
sugars were added to 1 M phosphoric acid containing 100 uM of caffeine. The
LSV peak current (for the pretreated electrode) and SWV peak current (for the
Nafion modified electrode) are outlined in the table below. It can be seen that
there is a significant interference in the caffeine oxidation signal. This type of
interference wasn’t observed by Torres et al. at bare and Nafion modified glassy
carbon electrodes in the presence of fructose, sucrose, glucose, ascorbic acid
and citric acid [9]. This could suggest that the interference is more prevalent at
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screen printed electrodes. Unfortunately, interference studies were not carried

out by Vasilescu et. al using the developed screen printed sensor [1].
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Figure 4.34: Linear sweep voltammogram of 100 uM caffeine in the presence of

100 uM glucose and 100 uM sucrose at electrochemically pretreated electrode
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Figure 4.35: Square voltammogram of 100 uM caffeine in the presence of 100
uM glucose and 100 uM sucrose at Nafion modified electrode

Table 4.2:
Electrode % Signal in presence of interfering compound
Nafion modified Electrode 60 %
Pretreated (H3;PO,) 55 %
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4.9 Real Sample Analysis

Next, both sensors were used to detect caffeine in a commercially available
energy drink sample. Although both sucrose and fructose appeared to have
significant impact on sensor signal, these ingredients within the energy drinks
didn’t influence the sensor to same degree in the case of the Nafion modified
sensor. However, in the case of the pretreated electrode sufficient recovery
percentages were unable to be established. This shows that further work is
required prior to the pretreated electrode before it could be used in real world
applications. The recovery percentages are outlined in Table 4.3.
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Figure 4.36: Linear Sweep voltammogram in 1/10 dilution of Red Bull at an
electrochemically pretreated electrode
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Figure 4.37: Square voltammogram in 1/10 dilution of Red Bull at a Nafion
modified electrode

Table 4.3: Recovery percentages of the caffeine detection in Red Bull samples

Electrode % Recovery

Nafion modified Electrode 87 %
Pretreated (H3PO4) 65 %

4.10 Part 2 - Caffeine Detection at Screen Printed

Graphene

4.10.1 Electrochemical Characterisation

Electrochemical characterisation of the screen printed graphene electrodes was
carried out using the ferri/ferrocyanide and hexaamine ruthenium (III) chloride
redox couples. In the case of hexaamine ruthenium (IIT) chloride, at a scan rate
of 100 mV/s, screen printed graphene displays a peak potential separtion of 129
mV, in comparison to 133.33 mV at the graphite electrode. These similar values
indicate a structurally similar surface in contrast to the different voltammetric
response achieved by Randviir et al. [21].
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Figure 4.38: Cyclic voltammograms at bare SPE and GSPE in 1 mM

hexaammine ruthenium (III) chloride with a supporting electrolyte of 0.1 M
PBS buffer at a scan rate of 100 mV/s.

In contrast, for ferri/ferrocyanide significantly different CVs are observed as can
be seen in Fig. 4.39 with graphene electrode displaying a reduced peak current

of 6.0 A + 0.3 pA and increased peak potential separation of 270 mV + 39
mV.
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Figure 4.39: Cyclic voltammograms at bare SPE and GSPE in 1 mM

ferri/ferrocyanide with a supporting electrolyte of 1 M KCl at a scan rate of
100 mV/s.
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4.10.1.1 Scan Rate Studies

Thin layer effects were also investigated at the graphene electrode (graphs
shown in the appendix) which revealed slopes of 0.3936 and 0.4734 for the
plot of log scan rate vs log of peak current at ferri/ferrocyanide and ruthenium
(II) chloride respectively. As was the case at the pretreated graphite electrodes,
more ideal behaviour was observed for hexaamine ruthenium (III) chloride
oxidation. The following four graphs, (Fig 4.40 - 4.43) of square root of scan
vs peak current at the two redox probes show linear straight line correlation
indicating diffusion limited process’. The graph for hexaamine ruthenium
(I1I1) was then used to calculate the electrochemical surface are and % surface
roughness with values of 0.143 cm? and 202 % respectively.
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Figure 4.40: Cyclic voltammograms at a screen printed graphene electrode at
scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV/s in 1 mM
[Fe(CN)g]374 in 1M KCl
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Figure 4.41: Graph of peak anodic and cathodic peak current vs square root of
scan rate from a screen printed graphene electrode
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Figure 4.42: Cyclic voltammograms at a screen printed graphene electrode at

scan rates of 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 mV/s in 1 mM
hexaamine ruthenium (III) chloride in 0.1M PBS
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Figure 4.43: Graph of peak anodic and cathodic peak current vs square root of
scan rate from a screen printed graphene electrode

4.10.2 SEM

SEM was used in order to characterise the surface morphology of the GSPE.
SEM images were taken at four different magnifications (500x, 1000x, 2,500x
and 5000x) - Fig 4.44. At magnifications of 2500x and 5000x it appears that
the surface is similar to that of screen printed graphite electrodes [29, 30, 31]
and that graphite flakes are clearly visible. The significant surface roughness
suggests a high curing temperature during the production of the electrodes.
At lower curing temperatures a smoother surface is obtained as the polymer
binder and solvents haven’t been evaporated [29] The relatively large graphene
domains observed by Randviir [21] are not seen indicating that the electrodes
have a graphite type structure.
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Figure 4.44: Scanning Electron Micrographs of screen printed graphene
working electrodes at magnifications of 5000x (top left), 2500 (top right)
1000x (bottom left) and 500x (bottom right)

4.10.3 Raman Spectroscopy

Raman Spectroscopy is a spectroscopy technique based on the inelastic
scattering of photons that has been used extensively for the characterisation
of graphitic materials [32, 33, 34]. For this work it is particularly useful
in distinguishing graphite and graphene. In Fig 4.45 the Raman spectra for
unmodified screen printed graphite and and graphene electrodes is shown.
Peaks are seen in both electrodes at 1375 cm!, 1570 cm™ and 2710 cm™. The
first of these peaks is referred to as the D band and is associated with defects
in the material surface. The ratios of the intensity of the D band to the G band
(due to bond stretching of sp? carbon pairs) is then used as a way of quantifying
that disorder. In the case of graphite I(D)/I(G) is ~ 0.2, whilst for graphene this
ratio increases to ~ 0.33. This higher level of disorder can be attributed to the
higher oxygen content in the graphene electrode. The postion of the G peak
can also be used to differentiate between graphite and graphene . In the case
of single layer graphene, this peak upshifts but this is not seen for the graphene
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screen printed electrode [35]. However, this shift is not seen for two graphene
layers and it is not expected that screen printed graphene would actually have
single layer graphene.

The 2D peak is associated with second order of the zone boundary phonons
arising from double resonance Raman scattering with 2 phonon emission. Its
position and shape can also be used to characterise the number of graphene
layers in a material [36]. Both the screen printed graphite and graphene
electrodes have an aysymmetric 2D band peak at 2710 cm!. The shape of the
peak (more easily seen in Fig 4.46) indicates that at least 10 graphene layers
are present in both samples [35] . For single layer graphene a symmetric peak is
observed at less than 2700 cm ! [35]. Randviir et. al were able to observe 6-8
layer graphene [21] in their screen printed graphene electrode but the Raman
analysis in this study indicates graphite behaviour for both the graphite and
graphene electrodes.
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Figure 4.45: Raman spectra for bare SPE and GSPEs
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Figure 4.46: D and G bands at bare SPE and GSPEs

4.10.4 Caffeine Detection at Screen Printed Graphene

4.10.5 Influence of pH

Analysis of the variation of CV oxidation peak current with pH in
Britton-Robinson showed similar results to those achieved at bare graphite
electrodes (Fig. 4.1 and 4.2). A linear relationship was observed between peak
potential (Fig. 4.47) and pH and peak current was at a maximum for pH 2 and
pH 8 (Fig. 4.48).
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Figure 4.47: Variation of pH as a function of peak potential of cyclic
voltammetry measurements with a scan rate of 100 mV/s in 200 uM caffeine
(Britton-Robinson supporting electrolyte) at a graphene SPE. R? = 0.8959, n =
3.
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However, at higher pHs, the peaks were masked by the background buffer
and hence consistent and reliable values couldn’t be determined. Complete
disappearance of the peak current occured at pHs greater than 8.

9.0

®
(@)
1

(uA)
(o]
<

Peak Current
o

o
o

1 2 3 4 5 6 7 8
pH

Figure 4.48: Variation of pH as a function of peak current of cyclic
voltammetry measurements with a scan rate of 100 mV/s in 200 uM caffeine
(Britton-Robinson supporting electrolyte) at a graphene SPE.

4.10.6 Electrochemical Detection of Caffeine

It has been shown in the previous sections of this chapter that behaviour of both
commercial graphite and graphene SPEs was similar enough to suggest that
graphene behaviour was not observed. Similarly this is observed for caffeine
oxidation with similar CVs observed as shown in Fig. 4.39. A peak current for
the graphene electrode of 8.41 uA + 0.07 nA
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Figure 4.49: CVs at bare SPE and GSPE in the presence of 200 uM caffeine

It was decided not to continue with any further analysis of this electrode for
caffeine oxidation as its behaviour was so closely aligned to the previously
analysed graphite SPE.

4.11 Conclusions

In this chapter, electrochemical sensors for caffeine were developed at
electrochemically pretreated, Nafion modified and graphene screen printed
electrodes. Interestingly, it was observed through rigorous characterisation that
the commercial screen printed graphene electrodes were in fact graphitic in
nature. Hence, extensive analysis of these electrodes towards caffeine oxidation
wasn’t carried out. Both the Nafion and pretreated electrodes displayed similar
LODs of 8 uM and 9 uM respectively. However, in the investigation of practical
uses of the sensor, the Nafion modified electrode had better % recoveries in
real sample analysis and also wasn’t adversely affected after storage in different
conditions for 10 days. Future work will focus on improving the recoverabilities
achievable in real samples.

A summary is given below of the different materials and modifications explored
for caffeine detection in this chapter.
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Table 4.4: Summary of results of the different electrode materials and
modifications used for caffeine detection.

Electrode modification LOD Linear Range Electrochemical Technique
Nafion modified SPE 8uM 10 - 148 uM SWV
Electrochemically Pretreated 9uM 10 - 20 uM LSV
Graphene SPE N/A N/A Ccv

Future work following on from this thesis could focus on the development of
a micro total analysis system that would allow continuous, automated caffeine
detection. This is of particular interest to food companies that need to monitor
caffeine concentrations in their products at regular intervals. It would also be
advantageous to combine a caffeine sensor with other parameters of interest
such as pH or dissolved oxygen content into a single system. These type of lab
on a chip systems incorporating a caffeine sensor promise to be an important

area of research in years to come.
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5.1 Conclusions and Future Prospects

At the end of each experimental chapter in this thesis specfic suggestions for
future work were given with a view of further developing the work. In the
following sections a broader viewpoint is given towards future work. This is
discussed from the viewpoint of both new materials and more importantly how
the assays developed in this thesis could be integrated into a lab on chip device.
A number of different approaches are discussed below.

5.1.1 New Carbon Nanostructures

In this thesis, graphite, reduced graphene oxide, multiwalled carbon nanotubes
and graphene electrodes were all investigated for chemical sensing and
immuonsensing applications. These materials have generally proved to be
the most popular carbon based materials for sensing applications. However,
new forms of carbon materials are beginning to be emerge [1] such as carbon
nanhorns (Fig. 5.1) which could potentially offer improvements compared to
the above mentioned materials.

Figure 5.1: Structure of carbon nanohorns (a) and TEM image (b) [1]
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5.1.2 Paper Based Analytical Devices

An promising new area is the use of paper based analytical devices (PADs)
for analytical measurements. The advantages of paper include its ubiquity,
low cost (typical device cost is < $0.01), ability to transport fluids without
the need of pumps and compatibility with exciting analytical techniques [2].
There exist a range of patterning techniques for feature construction including
photolithography, plotting, inkjet printing, plasma etching, cutting and wax
printing. The basis of these techniques is to pattern hydrophilic channels
currounded by hydrophobic barriers allowing the flow of small volumes of
liquid. Many of the early devices were based on colorimetric detection
such as paper based ELISA [3]. However, electrochemical detection was
soon introduced in order to alleviate the issues traditionally associated with
colorimetric assays such as interferences in real samples. The first example
of this type of sensor was used to detect glucose, lactate and uric acid
[4] by incorporating screen printed electrodes into the hydrophilic region of
photolithography patterned device and immobilising oxidase enzymes onto the
electrode surface. The vast majority of these devices have used screen printed
carbon electrodes, however there are also examples of the use of gold [5] and
pencil drawn graphite [6]. In an analogous fashion ito their incorporation with
conventional electrodes, nanomaterials and polymers have also been used in
paper based analytical devices. Examples include the use of gold nanoparticles
[71, graphene [8], carbon nanotubes [9] and chitosan [10].

5.1.3 Advanced Instrumentation

One of the promises of electrochemical biosensor technology is its ability
to provide portable handheld devices that can replace lab based techniques.
However, the vast majority of research (this thesis included) is still carried
out on bench top electrochemical cells which are used in conjunction with
bulky potentiostats, faraday cages and desktop computers or laptops. Smaller
potentiostats with a more limited range of electrochemical techniques are
currently available from countries such as PalmSens and Ivium Technologies
which could potentially provide a portable system. This could be suitable
for at-line testing but for in-line testing and hand held devices there is a
requirement for truly miniaturised instrumentation. DropSens now provide a
handheld potentiostat that is compatible with their screen printed electrodes
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and can be configured for one LSV, CV, SWV, DPV and amperometry. It
also incorporates an LCD screen which can automatically display analyte
concentration and provides a promising solution. There have been a small
number of ’home-made’ approaches towards potentiostat development but
point of care devices again are driving this research [11, 12]

Another developing area in instrumentation is the use of smartphones in
conjunction with electrochemical sensors. Smartphones offer an excellent
option for portable electrochemical analysis because the technology required to
analyse and communicate results is already embedded within the device [13].
Typically a customised attachment is then added to the phone which allows
the electrochemical detection to take place [14]. An immunosensor for the
detection has already been developed for the detection of the malaria biomarker
pasmodium falcparum histidine-rich protein 2 [15].
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Figure 5.2: Integrated smart phone/electrochemical sensors [13]

5.1.4 Lab on a Chip/MicroTotal Analysis Systems
Lab on a chip technology aims to combine all the aspects of the analytical

experiment onto a single device. Microfluidics, which allows the movement
of liquids in small channels, is a key enabling technology in the development of
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these types of devices. A common approach is the use of polydimethylsiloxane
(PDMS) to construct channels through which small volumes of liquids can
flow with the aid of external pumps. Ultraviolet curable dielectric inks can
also be used for the patterning of microfluidic channels using screen printing
technology. This type of easily fabricated technology has been used for the
detection of mouse IgG as a model analyte [17]. Each step of the assay from
antibody immoblisation through to electrochemical detection can be done on
the device in sealed microfluidic channels. In relation to applications within
the food industry, a commercially available microfluidic chip has been used for
the detection of zearalenone in baby food samples with a limit of detection of 20
ppb [18]. The same group again used a commercial microchip for electrokinetic
injection and pumping in the detection of zearalenone, with this approach
making use of magnetic beads and an external magnetic [19].
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Figure 5.3: Lab on a Chip for Integrated Multiplex Immunoassay [16]

In order for electrochemical sensors to become commercially viable in real
world food analysis applications it is this type of integrated thinking that will
be needed in future studies.
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Figure A.1: XPS spectra of untreated and electrochemically pretreated
electrodes.
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Figure A.2: XPS spectra for bare and pre-treated electrodes
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Thin Layer Effects
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